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Abstract: The aim of this Special Issue on “Plant Natural Products for Human Health” is to compile
a series of scientific reports to demonstrate the medicinal potential of plant natural products, such as
in vitro and in vivo activities, clinical effects, mechanisms of action, structure-activity relationships,
and pharmacokinetic properties. With the global trend growing in popularity for botanical dietary
supplements and phytopharmaceuticals, it is hoped that this Special Issue would serve as a timely
reference for researchers and scholars who are interested in the discovery of potentially useful
molecules from plant sources for health-related applications.

Keywords: plant natural product; drug discovery; human health

Plants have served mankind as an important source of foods and medicines. While we all
consume plants and their products for nutritional support, a majority of the world population also
rely on botanical remedies to meet their health needs, either as their own “traditional medicine” or
as “complementary and alternative medicine” [1,2]. Today we are witnessing a global resurgence
in interest and use of plant-based therapies and botanical healthcare products. For example, herbal
supplement sales in the U.S. increased 8.5% (compared to the previous year), reaching an estimated
total of 8 billion USD in 2017 [3]. The increased interest in herbal medicine and products by the
general public has stimulated a greater scientific awareness in exploring and understanding the
pharmacologically active constituents of medicinal plants.

From the pharmaceutical point of view, many compounds obtained from plant sources have long
been known to possess bio/pharmacological activities, and historically plants have yielded many
important drugs for human use, from morphine discovered in the early nineteenth century to the more
recent paclitaxel and artemisinin. Although most mega pharmaceutical companies are not focusing
on developing natural drugs at this time, natural products remain an important and viable source of
lead compounds in many drug discovery programs. After all, development of natural products for the
prevention and treatment of diseases continue to attract worldwide attention.

This Special Issue on “Plant Natural Products for Human Health” is intended to be a compilation
of scientific reports to cover different aspects of biologically active plant natural products, such
as chemical characterization, in vitro and in vivo activities, clinical effects, mechanism of action,
structure-activity relationship, and pharmacokinetic/pharmacodynamic properties. With the global
trend growing in popularity for botanical dietary supplements and plant-based drugs, it is our hope
that this Special Issue would serve as a reference for researchers and scholars who are interested in the
discovery of potentially useful molecules from plant sources for health-related applications.

We were overwhelmed to receive many high-quality manuscripts from all over the world. A total
of 26 articles have been published in this Special Issue in 2018, covering a wide range of disease targets
such as diabetes, inflammation, cancer, neurological disease, cardiovascular disease, liver damage,

Int. J. Mol. Sci. 2019, 20, 830; doi:10.3390/ijms20040830 www.mdpi.com/journal/ijms1
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bacterial and fungus infection and malarial. They provide important insights into the current state of
research on drug discovery and new techniques in the following areas of plant natural products.

In the diabetes area, Kang et al. reported that the Amadori rearrangement compounds obtained
from heat-processed onion extract were able to suppress carbohydrate absorption through inhibition
of intestinal sucrose, thereby reducing the postprandial increase of blood glucose [4]. On the other
hand, Nagappan et al. reported the in vitro protective activity of gomisin N (obtained from Schisandra
chinensis) against cannabinoid type-1 receptor-induced impairment of insulin signaling, as well as the
in vivo effect of the compound on gluconeogenesis in high-fat-diet-induced-obese mice [5].

The neurological effects of natural products are demonstrated in three reports. Thus, Li et al.
described the neuroprotective activity of phenylethanoid glycosides such as salidroside, acteoside,
isoacteoside, and echinacoside, which were found to interfere with the Nrf2 binding site in Keap1
protein in the adrenal phaeochromocytoma PC12 cells [6]. Gugliandolo et al. reported the
anti-inflammatory and anti-oxidant effects of cannabigerol (obtained from Cannabis sativa) on NSC-34
motor neurons, as demonstrated by a reduction in the IL-1β, TNF-α, IFN-γ and PPARγ protein
levels [7]. Furthermore, Tang et al. demonstrated that catechin and procyanidin A2 (obtained from
lychee seed) were able to suppress neuroinflammation in amyloid-β-treated microglial BV-2 cells [8].

Asperuloside and asperulosidic acid were reported by He et al. to possess anti-inflammatory
activity in lipopolysaccharide-treated RAW 264.7 macrophages through suppression of the NF-κB and
MAPK signaling pathways [9]. A glucan fraction prepared from the stalk of Pleurotus eryngii mushroom
was also shown by Vetvicka et al. to suppress inflammation in a dextran sulfate sodium-induced
mouse model of inflammatory bowel disease. The glucan fraction displayed downregulation effects
on IFN-γ and MIP-2 levels [10].

In cancer studies, the potential of hinokitiol in lung cancer chemoprevention was described by
Jayakumar et al. The compound was shown to inhibit the migration of lung adenocarcinoma A549
cells through several pathways, such as activation of capases-3 and -9, induction of p53/Bax and the
antioxidant enzymes CAT and SOD, as well as reduction of MMP-2 and -9 activities [11]. In another
study, Zheng et al. demonstrated that the flavonoids isolated from Glycyrrhiza uralensis (Chinese
liquorice) could induce differentiation of melanoma B16-F10 cells or promote apoptosis [12].

Four papers have focused on cardioprotection. In a study by Czompa et al., the effects of raw
and aged black garlic were compared using a rat model of post-ischemic cardiac recovery. Both
types of garlic were found to display cardioprotective activity as demonstrated by an enhancement of
post-ischemic cardiac function and a reduction in cardiac infarct size [13]. In another study, Hsia et al.
reported that morin hydrate could inhibit platelet activation through an inhibition of the PLCγ2-PCK
cascade and subsequent suppression of Akt and MAPK activation [14]. On the other hand, Guo et al.
reported dihyromyricetin being able to ameliorate myocardial hypertrophy in a transverse aortic
constriction mouse model, and the authors suggested that the activity of the compound was related
to the suppression of oxidative stress and an upregulation of the SIRT3 pathway [15]. Moreover,
Hung et al. reported that the polar extract and chemical ingredients (such as astragaloside IV) of
Astragalus membranaceus root, which is often used as a tonic herbal drug, exhibited a protective effect
on cardiomyocytes exposed to oxidative stress through an increase in the respiratory capacity and
mitochondrial ATP production [16].

Liver protection formed the theme of three papers. Using a hepatic steatosis model of HepG2
cells treated with free fatty acids, Guo et al. described the preventive activity of pinocembrin and its
glucosides against hepatic steatosis, possibly through the regulation of the SIRT1/AMPK pathway [15].
In another study, fucoidan, a sulphated polysaccharides found in seaweeds, was reported by Wang et al.
to be able to protect against hepatotoxicity induced by acetaminophen in a mouse model, with a
plausible mechanism related to Nrf2-mediated oxidative stress [17]. Furthermore, the pharmacokinetics
of the hepatoprotective triterpenic acids obtained from Ziziphus jujube fruits was reported by Li et al.
using an UHPLC-MS method to analyze the plasma samples in normal and CCl4-treated rats [18].
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In a screen of phytochemicals isolated from Himalayan medicinal plants, Wangchuk et al. reported
scoulerine and bergapten as immunomodulators [19]. A series of cinnamamide derivatives were
reported by Pospisilova et al. to possess significant antibacterial, antitubercular, and antifungal
activities [20].

The herb-drug interaction between Panax notoginseng saponins and aspirin was investigated by
Subramanya et al. The saponins were found to inhibit aspirin hydrolysis in HepaRG cells, the effect
being ascribed to a suppression of the carboxylesterase-2 enzyme [21].

There are a total of seven review articles included in this Special Issue. They cover various
biomedical areas including antimalarial (Pan et al., [22]), anti-arthritic (Dudics et al., [23]), hair growth
stimulating (Choi, [24]), and anti-hepatotoxic (Subramanya et al., [21]) properties. Two other reviews
have focused on the medicinal plants of Copaifera (da Trindade et al., [25]) and Citrus species (Dosoky
and Setzer, [26]), respectively. Lastly, a review by Thomford et al. discussed the potential of applying
innovative technologies such as automation technology, analytical and computational techniques to
the next generation of plant-based drug discovery [27].

In conclusion, it is clear from these studies that many plant natural products display interesting
bio/pharmacological activities. To better understand their medicinal properties and to establish
stronger evidence of potentials for further development, preclinical and clinical investigations
regarding their mechanisms of action, safety and efficacy are warranted.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Acetaminophen (APAP) is a widely used analgesic and antipyretic drug that leads to
severe hepatotoxicity at excessive doses. Fucoidan, a sulfated polysaccharide derived from brown
seaweeds, possesses a wide range of pharmacological properties. However, the impacts of fucoidan
on APAP-induced liver injury have not been sufficiently addressed. In the present study, male
Institute of Cancer Research (ICR) mice aged 6 weeks were subjected to a single APAP (500 mg/kg)
intraperitoneal injection after 7 days of fucoidan (100 or 200 mg/kg/day) or bicyclol intragastric
administration. The mice continued to be administered fucoidan or bicyclol once per day, and were
sacrificed at an indicated time. The indexes evaluated included liver pathological changes, levels of
alanine aminotransferase (ALT) and aspartate aminotransferase (AST) in the serum, levels of reactive
oxygen species (ROS), malondialdehyde (MDA), superoxide dismutase (SOD), glutathione (GSH) and
catalase (CAT) in the liver, and related proteins levels (CYP2E1, pJNK and Bax). Furthermore, human
hepatocyte HL-7702 cell line was used to elucidate the potential molecular mechanism of fucoidan.
The mitochondrial membrane potential (MMP) and nuclear factor-erythroid 2-related factor (Nrf2)
translocation in HL-7702 cells were determined. The results showed that fucoidan pretreatment
reduced the levels of ALT, AST, ROS, and MDA, while it enhanced the levels of GSH, SOD, and CAT
activities. Additionally, oxidative stress-induced phosphorylated c-Jun N-terminal protein kinase
(JNK) and decreased MMP were attenuated by fucoidan. Although the nuclear Nrf2 was induced
after APAP incubation, fucoidan further enhanced Nrf2 in cell nuclei and total expression of Nrf2.
These results indicated that fucoidan ameliorated APAP hepatotoxicity, and the mechanism might be
related to Nrf2-mediated oxidative stress.

Keywords: fucoidan; acetaminophen; Nrf2; oxidative stress; hepatotoxicity

1. Introduction

Drug-related hepatotoxicity is a common adverse event in clinic, since a large number of drugs
are metabolized in the liver [1,2]. Acetaminophen (APAP) is a widely used analgesic and antipyretic
drug, which is safe at therapeutic doses. However, severe hepatotoxicity resulting from excessive
doses is the leading cause of acute liver failure in the western world [3]. At therapeutic doses, APAP is
mainly metabolized to nontoxic water-soluble metabolites by glucuronidation and sulfation in the
liver, and only a small fraction of APAP is metabolized by various cytochrome P450s (CYPs) such as
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CYP2E1, CYP3A4, CYP1A2, and CYP1A1 to a toxic active product, N-acetyl-p-benzoquinoneimine
(NAPQI) [4,5]. NAPQI forms APAP-glutathione, APAP-cysteine, and APAP-N-acetylcysteine by
conjugating with glutathione (GSH) [6]. However, an APAP overdose exhausts glucuronidation
and sulfation pathways and produces excess NAPQI, subsequently consuming GSH excessively.
Excessive NAPQI forms cysteine adducts by binding to hepatocyte proteins, triggering oxidative stress,
mitochondrial dysfunction, cellular necrosis, apoptosis, and even hepatic injury [7].

Nuclear factor-erythroid 2-related factor 2 (Nrf2), a crucial transcription factor, is required for the
progress of various diseases, particularly those arising from oxidative stress [8]. Upon exposure to
stressors or inducers, Nrf2 enters the nucleus from the cytoplasm and binds to antioxidant response
elements (ARE), then activates downstream target genes, including nicotinamide adenine dinucleotide
phosphate (NAD(P)H)-quinone oxidoreductase 1 (NQO1) and heme oxygenase-1 (HO-1). It has been
reported that Nrf2-deficient mice have a greater severity than wild-type mice in APAP-induced
liver injury [9]. In addition, activation of Nrf2/ARE signaling alleviates cerebral ischemia and
reperfusion injury by inhibiting reactive oxygen species (ROS) generation and neuronal apoptosis [10].
Thus, targeting Nrf2 activation might be effective for the prevention of hepatotoxicity. Furthermore,
oxidative stress also contributes to the phosphorylation of c-Jun N-terminal protein kinases (JNKs) [11].
The translocation of phosphorylated JNK to the mitochondria further aggravates the mitochondrial
oxidant stress and evokes mitochondrial dysfunction and DNA fragmentation, thus ultimately causing
hepatocyte necrosis [12].

Currently, in addition to N-acetylcysteine (NAC), there is no other effective drug for the treatment
of liver damage caused by excess APAP. However, it is most beneficial only at an early phase of APAP
intoxication, and the efficacy decreases at later times [13]. Therefore, it is urgent to explore novel
candidates in preventing and treating APAP-induced hepatotoxicity. Fucoidan, which is mainly found
in various species of brown seaweed, is a sulfated polysaccharide containing L-fucose and sulfate
groups. Numerous studies have indicated that fucoidan exhibited several therapeutic properties both
in vivo and in vitro, such as anticoagulant, antitumor, antiviral, antidiabetic, and anti-inflammatory
activities [14]. It has been reported that cotreatment of fucoidan ameliorated APAP-induced liver
damage and cell death in rats [15]: However, the impacts of fucoidan on APAP-induced liver injury
have not been sufficiently addressed yet. Bicyclol, a synthetic antihepatitis drug in China, possesses
protective effects against experimental liver injury induced by several chemical toxins and alcohol [16].
Since the hepatoprotective mechanism of bicyclol is partly related to the clearance of ROS [17], it was
used as the positive control in this study. The aim of the present study was to investigate the effect of
fucoidan on APAP-induced liver injury and to explore potential molecular mechanisms.

2. Results

2.1. Fucoidan Attenuated APAP-Induced Acute Liver Injury in Mice

The serum levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) are
usually used as biomarkers for evaluating hepatic function [18,19]. To explore the role of fucoidan
against APAP hepatotoxicity, first we detected serum ALT and AST levels in different groups. Starting
from 4 h after APAP injection, a massive hepatic toxicity was induced, as revealed by increased
serum levels of ALT and AST (Figure 1A,B), and these elevations continued until 48 h after APAP
administration (Figure 1E,F). These results indicated that the APAP-induced acute liver injury model
was successful, whereas the increased serum levels of ALT and AST were significantly inhibited in
the mice treated with fucoidan and bicyclol. Furthermore, the histological examination corroborated
the serum ALT and AST results. As shown in Figure 1C, APAP-induced accumulation of erythrocytes
in the central vein and sinusoids, infiltration of inflammatory cells, and disordered arrangement in
hepatocytes were effectively attenuated by fucoidan or bicyclol treatment. However, the liver ratio in
different groups had no significant difference after APAP administration (Figure 1D). These results
indicated that treatment with fucoidan or bicyclol prevented APAP-induced acute liver injury.
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Figure 1. Fucoidan attenuated acetaminophen (APAP)-induced acute liver injury in mice. Male Institute
of Cancer Research (ICR) mice were randomly divided into control, model, fucoidan 100 mg/kg,
fucoidan 200 mg/kg, and bicyclol 200 mg/kg groups. After pretreating with fucoidan or bicyclol
for 7 days, the acute hepatic injury model was induced by intraperitoneal injection of 500 mg/kg
APAP, and the normal group was injected with an equal amount of saline. The mice continued to be
administered fucoidan or bicyclol once per day, and were sacrificed at an indicated time. (A) Serum
level of aminotransferase (ALT) in different groups 4 h after intraperitoneal injection of APAP (n = 8).
(B) Serum level of aspartate aminotransferase (AST) in different groups 4 h after intraperitoneal
injection of APAP (n = 8). (C) Representative images of hematoxylin and eosin (H&E) stained liver
sections from different groups after APAP treatment (bar = 50 μm). (D) Liver ratio in different groups
after APAP treatment (n = 8). (E) Serum levels of ALT at different time points after APAP injection
(n = 6). (F) Serum levels of AST at different time points after APAP injection (n = 6). Data are expressed
as mean ± SD, # p < 0.05, ## p < 0.01 versus control group; * p < 0.05, ** p < 0.01 versus model group.

2.2. Fucoidan Enhanced Antioxidant Capacity and Reduced the Levels of Malondialdehyde (MDA) and ROS in
the Liver of APAP-Treated Mice

Overdose of APAP produces excessive NAPQI, which binds to hepatocyte proteins to form
cysteine adducts, leading to cellular processes such as oxidative stress, mitochondrial damage,
and ultimately hepatocytes necrosis. Oxidative stress is critical in the pathophysiological mechanism
of hepatic injury [12,20], and ROS may be the common pathogenesis of hepatic disease [21,22].
ROS fluorescence probe–dihydroethidium (DHE) staining was performed on frozen sections of mice
liver. As shown in Figure 2A, fluorescence intensity in the model group significantly increased at 4 h
after APAP exposure, and meanwhile, pretreatment with fucoidan and bicyclol attenuated the increase
of fluorescence intensity. The level of MDA suggested tissue lipid peroxidation, and the response was
consistent with the ROS staining (Figure 2B,F). APAP-induced oxidative stress is normally detoxified
by the enzymatic antioxidant defense system. At 4 h after APAP exposure, GSH level, superoxide
dismutase (SOD), and catalase (CAT) activities remarkably decreased compared to those of the control
group, whereas treatment with fucoidan or bicyclol attenuated the above changes (Figure 2C–E).

7



Int. J. Mol. Sci. 2018, 19, 4050

With the aggravation of liver damage, fucoidan continued its protective effects against hepatotoxicity
by enhancing SOD activity at 48 h after APAP injection (Figure 2G). However, no significant change
in CAT activity and GSH content was observed at other time points after APAP administration
(Figure 2H–I). Thus, we speculated that fucoidan postponed the consumption of GSH in the early
phase of liver injury, and this effect was significantly diminished in the later stage. These data suggested
that fucoidan treatment might reduce oxidative stress and restore endogenous antioxidant systems to
prevent APAP-induced hepatotoxicity.

Figure 2. Fucoidan inhibited APAP-induced oxidative stress in mice. Male ICR mice were randomly
divided into control, model, fucoidan 100 mg/kg, fucoidan 200 mg/kg, and bicyclol 200 mg/kg groups.
After pretreating with fucoidan or bicyclol for 7 days, the acute hepatic injury model was induced by
intraperitoneal injection of 500 mg/kg APAP, and the normal group was injected with an equal amount
of saline. The mice continued to be administered fucoidan or bicyclol once a day, and were sacrificed at
an indicated time. Hepatic tissues were taken for frozen sections and other detections. (A) Hepatic
sections (4 h) were stained with dihydroethidium (DHE) fluorescent dye, and the levels of superoxide
anion were observed with a confocal microscope (bar = 100 μm). (B,F) Malondialdehyde (MDA) and
(E,I) glutathione (GSH) levels, (C,G) superoxide dismutase (SOD) and (D,H) catalase (CAT) activities
in the liver were measured for evaluating the level of hepatic oxidative stress. Data are expressed as
mean ± SD, n = 8, # p < 0.05, ## p < 0.01 versus control group; * p < 0.05, ** p < 0.01 versus model group.
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2.3. Fucoidan Decreased Phosphorylation of JNK and Expression of Bax in the Liver of APAP-Treated Mice

It is well known that excessive ROS induced by APAP results in phosphorylation of JNK,
which further amplifies mitochondria oxidative stress [23]. Moreover, the pro-apoptotic protein Bax,
which belongs to the Bcl-2 family of proteins, is highly expressed exposed to an APAP overdose [24–26].
The pathophysiological importance of Bax in APAP hepatotoxicity has been shown by the temporary
inhibition of nuclear DNA fragmentation and delayed cell death in Bax-deficient mice [27]. In the
present study, the APAP-induced upregulation of phosphorylated JNK was abrogated by pretreatment
with fucoidan and bicyclol (Figure 3A,B). Additionally, fucoidan and bicyclol also attenuated the
increased protein expression of Bax after APAP injection (Figure 3C,D). Our results indicated that
fucoidan, like bicyclol, significantly suppressed JNK phosphorylation and Bax protein expression,
and then protected hepatocytes from APAP-induced damage.

Figure 3. Fucoidan inhibited APAP-induced c-Jun N-terminal protein kinase (JNK) phosphorylation
and Bax protein expression in mice. Male ICR mice were randomly divided into control, model,
fucoidan 100 mg/kg, fucoidan 200 mg/kg, and bicyclol 200 mg/kg groups. After pretreating with
fucoidan or bicyclol for 7 days, the acute hepatic injury model was induced by intraperitoneal injection
of 500 mg/kg APAP, and the normal group was injected with an equal amount of saline. Four hours after
injection, the hepatic tissue was taken for further detections. The (A,B) phosphorylation level of JNK
and (C,D) protein expression of Bax were determined by Western blotting analysis. The quantification
of relative protein expression was performed by densitometric analysis, and α Tubulin was used as an
internal control. All results were expressed as mean ± SD, n = 6, # p < 0.05, ## p < 0.01 versus control
group; * p < 0.05, ** p < 0.01 versus model group.

2.4. Fucoidan Attenuated APAP-Induced Acute Injury in HL-7702 Cells

Previous results have indicated that pretreatment with fucoidan attenuated APAP-induced acute
liver injury in vivo. In addition, many studies have reported that fucoidan exhibited several biological
activities in vitro [14]. In order to elucidate the protective mechanism of fucoidan on APAP-induced
liver injury, an acute APAP injury model was established in human normal hepatocyte HL-7702 cell
line. 3-[4,5-dimethylthiazol-2-yl]-2,5- diphenyl tetrazolium bromide (MTT) assay was used to observe
the effect of fucoidan pretreatment on the survival rate of HL-7702 cells injured by APAP. As shown
in Figure 4A, the survival rate of cells was significantly inhibited by incubation with 20 mM APAP
for 24 hours, while pretreatment with 50 or 100 μg/mL fucoidan significantly rescued the decreased
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cell survival rate. The result was further confirmed by detection of lactate dehydrogenase (LDH) in
the culture medium (Figure 4B). In addition, levels of ALT and AST were markedly increased due to
incubation with APAP, while fucoidan pretreatment ameliorated the damage of APAP to HL-7702 cells
(Figure 4C,D).

Figure 4. Effect of fucoidan on APAP-induced acute injury in HL-7702 cells. Cells were treated
with various concentrations of fucoidan (25, 50, or 100 μg/mL) for 4 h and subsequently stimulated
with APAP (20 mM) for 24 h. (A) MTT assay was used to observe the survival rate of HL-7702 cells.
(B) The levels of lactate dehydrogenase (LDH), (C) ALT, and (D) AST were determined to evaluate the
damage of cells. Similar results were obtained from three independent experiments. All results were
expressed as mean ± SD, n = 3, # p < 0.05, ## p < 0.01 versus control group; * p < 0.05, ** p < 0.01 versus
APAP-treated group.

2.5. Fucoidan Enhanced Antioxidant Capacity and Reduced the Levels of MDA and ROS in APAP-Damaged
HL-7702 Cells

As shown in Figure 5A, DHE staining showed that the fluorescence intensity was remarkably
enhanced in APAP-treated cells. Comparing to the model group, fucoidan attenuated the fluorescence
intensity of DHE staining after APAP incubation. Moreover, the variation trend of MDA was similar to
that of ROS (Figure 5B). Furthermore, compared to the control group, an overdose of APAP resulted in
a significant decrease in GSH, CAT, and SOD activities after 24 h of APAP administration. However,
as expected, pretreatment with fucoidan (100 μg/mL) induced a significant increase in GSH content,
CAT, and SOD activities (Figure 5C–E). These data suggested that fucoidan attenuated APAP-induced
oxidative stress by upregulating the activities of antioxidant enzymes in HL-7702 cells.
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Figure 5. Effect of fucoidan on APAP-induced oxidative stress in HL-7702 cells. Cells were treated with
various concentrations of fucoidan (25, 50, or 100 μg/mL) for 4 h and subsequently stimulated with
APAP (20 mM) for 24 h. (A) HL-7702 cells were stained with DHE fluorescent dye (red), and the levels
of reactive oxygen species (ROS) were observed with a confocal microscope (Bar = 25 μm). The nuclei
were stained with DAPI (blue). The levels of (B) MDA, (C) SOD, (D) CAT, and (E) GSH were measured
to evaluate the level of oxidative stress in cells. Similar results were obtained from three independent
experiments. All results were expressed as mean ± SD, n = 3, # p < 0.05, ## p < 0.01 versus control
group; * p < 0.05, ** p < 0.01 versus APAP-treated group.

2.6. Fucoidan Suppressed the Protein Expression of CYP2E1 Both In Vivo and In Vitro

It is widely accepted that the highly reactive intermediate of NAPQI is metabolized by the CYP
pathway (primarily by CYP2E1) [4]. According to the data of protein expression levels of CYP2E1
using Western blot, we observed that APAP alone enhanced the protein levels of CYP2E1 both in
liver tissues and in HL-7702 cells. Meanwhile, with fucoidan or bicyclol, the expression of CYP2E1
was significantly suppressed (Figure 6). These findings suggested that the hepatoprotective effect of
fucoidan might be partially associated with the suppression of CYP enzymes.
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Figure 6. Effect of fucoidan on protein expression of CYP2E1 following an APAP overdose.
(A) Representative blots of CYP2E1 and α Tubulin expression in hepatic tissues. (B) Quantification
of CYP2E1 protein levels in liver tissues (n = 6). (C) Representative blots of CYP2E1 and α Tubulin
expression in HL-7702 cells. (D) Quantification of CYP2E1 protein levels in HL-7702 cells (n = 3).
Similar results were obtained from three independent experiments. All results were expressed as mean
± SD, ## p < 0.01 versus control group; * p < 0.05 versus APAP-treated group.

2.7. Fucoidan Attenuated APAP-Induced Alteration of Mitochondrial Membrane Potential and Phosphorylation
of JNK in HL-7702 Cells

In the case of an APAP overdose, high level of NAPQI depletes cellular glutathione and
forms protein adducts, especially on mitochondria, which then inhibits the electron transport chain,
resulting in leakage of electrons and oxidative stress [28]. The decline of mitochondrial membrane
potential (MMP) is a landmark event in the early stages of mitochondria dysfunction. Compared
to the control group, red fluorescence intensity produced by J-aggregates was markedly attenuated
after APAP treatment, while incubation with fucoidan alleviated this situation (Figure 7A). As a
pro-apoptotic protein, Bax was induced by APAP, and the increased protein expression was inhibited
in fucoidan-treated HL-7702 cells (Figure 7B,C). Apoptosis signal-regulating kinase 1 (ASK1) has
been identified in a JNK cascade during APAP-induced hepatotoxicity [29]. After APAP incubation,
the levels of phosphorylated ASK1 and JNK were also enhanced, and meanwhile being pretreated with
fucoidan suppressed phosphorylation of ASK1 and JNK (Figure 7D–G). Taken together, these results
indicated that the protective effect of fucoidan against APAP-induced injury might be associated with
alleviating mitochondria dysfunction.

12



Int. J. Mol. Sci. 2018, 19, 4050

Figure 7. Effect of fucoidan treatment on APAP-induced mitochondrial membrane potential (MMP)
and the JNK pathway in HL-7702 cells. Cells were treated with various concentrations of fucoidan (25,
50, or 100 μg/mL) for 4 h, and were subsequently exposed to APAP (20 mM) for 24 h. (A) The effect
of fucoidan on mitochondrial membrane potential was tested using the JC-1 method and determined
by a confocal microscope. The J-aggregates produced red fluorescence, and the monomer emitted
green fluorescence (Bar = 25 μm). The nuclei were stained with DAPI (blue). (B,C) Expression of Bax,
(D–G) phosphorylated ASK1, and phosphorylated JNK were determined by Western blotting analysis.
Quantification of relative protein expression was performed by densitometric analysis, and α Tubulin
was used as an internal control. Similar results were obtained from three independent experiments.
All results were expressed as mean ± SD, n = 3, ## p < 0.01 versus control group; * p < 0.05, ** p < 0.01
versus APAP-treated group.

2.8. Fucoidan Enhanced Nrf2 Expression in the Nucleus of HL-7702 Cells

Oxidation damage is one major factor in APAP-induced liver injury. Since the Nrf2-mediated
signaling pathway is essential for the inhibition of oxidative stress, Nrf2 plays an important role in
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the amelioration of APAP-induced hepatotoxicity. Therefore, we examined the expression of Nrf2 in
the cytoplasm and nucleus of HL-7702 cells from different groups by immunofluorescence staining
and Western blot assay. Exposed to APAP, the expression of Nrf2 in the nuclei remarkably increased,
while that in the cytoplasm significantly decreased. In addition, pretreatment with fucoidan further
enhanced the expression of Nrf2 in the nucleus, but had no significant effect on Nrf2 in the cytoplasm
(Figure 8). In brief, protein expression of total Nrf2 and nuclear Nrf2 were enhanced by fucoidan
pretreatment, which might provide a possible mechanism for fucoidan to alleviate APAP-induced
oxidative stress and thus protect against APAP hepatotoxicity.

Figure 8. Effect of fucoidan on APAP-induced nuclear factor-erythroid 2-related factor 2 (Nrf2)
expression and translocation in HL-7702 cells. Cells were treated with various concentrations of
fucoidan (25, 50, or 100 μg/ml) for 4 h, and were subsequently exposed to APAP (20 mM) for 24 h.
(A) The effect of fucoidan on Nrf2 (red) translocation was tested by immunofluorescence staining
and determined by a confocal microscope. The nuclei were stained with DAPI (blue) (Bar = 25 μm).
(B,C) Expression levels of nuclear Nrf2 and cytoplasm Nrf2 were determined by Western blotting
analysis. Quantification of relative protein expression was performed by densitometric analysis,
with histone and α Tubulin acting as controls. Similar results were obtained from three independent
experiments. All results were expressed as mean ± SD, n = 3, ## p < 0.01 versus control group; ** p < 0.01
versus APAP-treated group.

3. Discussion

Currently, APAP overdose-induced hepatotoxicity has become one of the most common causes of
acute liver failure in many countries. NAC, the only Food and Drug Administration (FDA)-approved
antidote, is used for treatment of APAP hepatotoxicity when administered within 8 to 10 h after
APAP overdose [30]. Since the therapeutic options for this disease are rather limited, it is urgent to
seek safe and effective agents for the treatment. Fucoidan, which is available for use in cosmetics,
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functional foods, and dietary supplements, is nontoxic and can be easily extracted from brown
seaweeds [31]. A large number of studies have demonstrated that oral or intraperitoneal injection
of fucoidan inhibits metastases in various cancers [32]. It has also been reported that fucoidan
ameliorated steatohepatitis and insulin resistance by suppressing oxidative stress in experimental
non-alcoholic fatty liver disease [33]. In addition, fucoidan also possesses protective effects against
CCl4-induced liver injury by inhibiting oxidative stress [34]. Due to its broad spectrum of desirable
biological functionalities, fucoidan has become one of the extensively studied macromolecules in the
last few decades.

The liver is an important metabolic organ that is able to be impaired or even to be pathologically
damaged by various chemical reagents and drugs [35]. Oxidative stress is generally seen in several
liver diseases, and ROS plays important roles in the pathogenesis of APAP-induced hepatotoxicity.
The prevention of ROS generation and lipid peroxidation is the most common mechanism of
hepatoprotective natural compounds [36]. In the current study, mice subjected to fucoidan pretreatment
showed significantly decreased lipid peroxidation by scavenging ROS generation. On the other hand,
there is an antioxidant system existing to protect the body against oxidative stress. GSH conjugation is
the major detoxification pathway for the reactive metabolites generated from APAP. SOD, an important
antioxidant enzyme, converts superoxide anion radical induced by NAPQI into hydrogen peroxide
(H2O2) and oxygen. CAT catalyzes the reaction that removes excess H2O2 in mitochondria. In the
present study, GSH level, SOD, and CAT activities in liver tissues were significantly reduced after
APAP administration, and meanwhile, treatment with fucoidan significantly alleviated the reduction
at 4 h APAP exposure. However, the effect of fucoidan on the enhancement of GSH content was not
obvious after 24 h of APAP treatment in vivo (Figure 2). Meanwhile, APAP-induced elevations of
serum ALT and AST levels continued until 48 h after APAP administration, whereas the increased
serum levels of ALT and AST were significantly inhibited in the mice treated with fucoidan or bicyclol
(Figure 1). In addition, pretreatment with fucoidan also significantly alleviated the reduction in GSH
level, SOD, and CAT activities at 24 h after APAP exposure in vitro (Figure 5). Thus, the protective
effects of fucoidan associated with its antioxidant properties might play a role in the early phase
of liver injury, although the effects of fucoidan on APAP-induced hepatotoxicity could last for 48 h
or longer (Figure 1). Since NAPQI is mainly metabolized by the CYP pathway, especially CYP2E1,
the antioxidant properties of fucoidan in APAP hepatotoxicity might be partially associated with the
suppression of CYP enzymes (Figure 6).

JNK, which is expressed in a variety of tissues, is activated in response to a variety of stress
stimuli, including DNA damage, growth factors, oxidative, and genotoxic stresses [29]. Additional
NAPQI leads to increased ROS accumulation (triggering JNK phosphorylation), further amplifies the
mitochondria oxidative stress, and triggers mitochondrial dysfunction [23]. Bax is a pro-apoptotic
Bcl-2 family member located predominantly in the cytosol. Exposed to an APAP overdose, it is
highly expressed [24–26]. It has been reported that APAP-induced mitochondrial Bax expression was
attenuated by the inhibition of JNK activation [11]. Moreover, the upstream kinases of JNK activation
have been reported to be activated by ASK1 in APAP-induced liver injury [37]. The hepatotoxicity
induced by an overdose of APAP was suppressed in ASK knockout mice [38]. Actually, the release of
apoptosis inducing factor (AIF) and endonuclease G into the cytosol and the induction of mitochondrial
permeability transition were caused by amplified oxidative stress combined with translocation of Bax
from the cytosol to the mitochondria [28]. Our data demonstrated that ASK1 and JNK phosphorylation
and Bax protein expression were markedly inhibited in fucoidan-pretreated groups after APAP
administration (Figures 3 and 7), which suggests that fucoidan reducing APAP-induced toxicity
might be associated with alleviating mitochondria dysfunction.

Besides SOD, GSH, and CAT, Nrf2 also belongs to the antioxidant system, which maintains the
balance of ROS in hepatocytes. As a key nuclear transcription factor, Nrf2 enters the nucleus from the
cytoplasm when exposed to stressors or inducers. Subsequently, Nrf2 binds to ARE and regulates the
expression of a battery of cytoprotective genes encoding intracellular detoxifying enzymes, including
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SOD, GSH, and CAT, which are responsible for APAP elimination and detoxification [39,40]. In the
current study, APAP treatment increased the translocation of Nrf2. However, pretreatment with
fucoidan further upregulated nuclear Nrf2 in HL-7702 cells (Figure 8). These observations revealed that
fucoidan pretreatment efficiently stimulated Nrf2 translocation from the cytoplasm into the nucleus,
then enhanced the ability of antioxidant stress and suppressed APAP-induced ROS accumulation
(Figure 9).

In summary, the present study provided an investigation into the protective activities of
fucoidan against APAP-induced liver injury, and the potential mechanism was upregulating the
Nrf2 antioxidant pathway. Thus, our study suggested a possible therapeutic application of fucoidan in
APAP hepatotoxicity.

Figure 9. Nrf2 was involved in the protective effect of fucoidan against acetaminophen-induced
hepatotoxicity. Fucoidan could regulate Nrf2 translocation, which contributes to the inhibition of
APAP-induced oxidant stress. In addition, the inhibition of CYP2E1 by fucoidan might be related to
the enhancement of GSH levels. Moreover, fucoidan attenuated the phosphorylation of ASK1 and JNK
and further decreased the protein expression of Bax. Subsequently, fucoidan alleviated mitochondria
dysfunction and protected hepatocytes against APAP toxicity.

4. Materials and Methods

4.1. Chemicals and Reagents

Fucoidan (purity >98%) was obtained from Cool Chemistry CO., Ltd (Beijing, China). APAP was
provided by Santa Cruz Biotechnology (Santa Cruz, CA, USA). Bicyclol was obtained from Beijing
Union Pharmaceutical Plant (Beijing, China). ALT, AST, MDA, GSH, CAT, and SOD activity test
kits were from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). ROS Fluorescent
Probe-Dihydroethidium (DHE) was from Vigorousbio. CO., Ltd. (Beijing, China). The mitochondrial
membrane potential assay kit (JC-1 Kit) and the LDH kit were obtained from Beyotime Biotechnology
(Haimen, China). Antibodies against Nrf2, CYP 2E1, and ASK1 were obtained from Abcam (Cambridge,
United Kingdom). Antibodies against histone, pASK1, pJNK, JNK, and Bax were obtained from
Cell Signaling Technology (Beverly, MA, USA). Antibody against α tubulin was from Proteintech
(Wuhan, China).

16



Int. J. Mol. Sci. 2018, 19, 4050

4.2. Animals and Treatment

ICR mice were obtained from Nantong University Experimental Animal Center. Animal
experiments were performed in accordance with the National Institutes of Health (NIH) guidelines
for Care and Use of Laboratory Animals. The study was approved by the University Animal Ethics
Committee of Nantong University (approval no. NTU-20170316, 16 March 2017) and was conducted
in accordance with the Declaration of Helsinki.

After 1 week of adaptive rearing, 6-week-old male ICR mice were divided into control, model,
fucoidan (100 and 200 mg/kg), and bicyclol 200 mg/kg groups. The drugs were dissolved in saline
and orally administered for 7 consecutive days. The mice in the control and model groups were
intragastrically administered with an equivalent volume of saline. Two hours after final administration
of medication, the mice were intraperitoneally injected with 500 mg/kg APAP [41], and the normal
group was injected with an equal amount of saline. The mice continued to be administered fucoidan
or bicyclol once per day, and were sacrificed at an indicated time.

4.3. Cell Culture and Treatment

A human normal hepatocyte HL-7702 cell line was obtained from the China Cell Line Bank
(Beijing, China). The HL-7702 cells were cultured in Dulbecco modified Eagle medium (DMEM)
medium containing 10% fetal bovine serum (FBS), 100 U/mL of streptomycin, 100 U/mL of penicillin,
and 3 mM glutamine. The cells were grown in a humidified atmosphere containing 5% CO2 at 37 ◦C.
Besides the control and APAP group, all the cells were treated with fucoidan (25, 50, and 100 μg/mL)
for 4 h and were exposed to APAP (20 mM) for 24 h.

4.4. Biochemical Indexes Assay

All mice were killed 4 h after APAP injection, and the serum and liver were collected for detection
of biochemical indexes. For HL-7702 cells, medium and cells were collected at 24 h after APAP
administration. The levels of ALT and AST were determined according to the manufacturer’s protocol
available with the respective kits. In addition, live tissues and cells were homogenized to analyze the
MDA, SOD, CAT, and GSH levels in accordance with the manufacturer’s instructions. All the results
were normalized by the total protein concentration in each sample.

4.5. MTT and LDH Analysis

Cell viability was determined by MTT assay according to the manufacturer’s instructions. Briefly,
the HL-7702 cells were plated into 96-well plates and treated with APAP for 24 h. After the incubated
period, MTT (5 mg/mL) was added to each well and incubated for another 4 h. Then the supernatant
was removed, and dimethyl sulphoxide (DMSO) was used to lyse the cells. The absorbance values of
each group were measured at 570 nm. LDH levels were detected with an LDH Cytotoxicity Assay Kit,
following the manufacturer’s protocol. The absorbance was measured at 490 nm.

4.6. Histology and Immunofluorescence

The livers were harvested, fixed in 4% paraformaldehyde, and embedded in paraffin. Hematoxylin
and eosin (H&E) staining was used to detect the degree of liver injury. For immunofluorescence
staining, cells were fixed with 4% paraformaldehyde and washed with 0.01 M PBS three times,
then treated with PBS containing 0.3% Triton-X-100 for 30 min. After blocking with 4% bovine serum
albumin (BSA) for 1 h, an antibody against Nrf2 (1:100) was added and incubated overnight at
4 ◦C. The next day, cells were washed three times with 0.01 M PBS and incubated with Alexa Fluor
488-conjugated immunoglobulin G (IgG) (1:1000) for 2 h at room temperature. The nuclei were stained
with DAPI. The images were finally captured with a laser confocal fluorescence microscope.
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4.7. DHE Staining

Liver tissue was embedded in an optimal cutting temperature compound, performed on a frozen
section. Approximately 6 μm thick sections were washed with 0.01 M PBS twice. DHE (2 μM/L) in
hydroxyethyl piperazine ethanesulfonic acid (HEPES) buffer was added on the tissue and mixed well,
and placed in the dark at 37 ◦C for 30 min, then washed with PBS three times. For HL-7702 cells,
DHE was directly added into the medium, and the final concentration was 2 μM/L. After incubation
in the dark for 30 min, the cells were washed with PBS. Laser confocal fluorescence microscopy was
used to photograph the fluorescence intensity.

4.8. JC-1 Assay for Mitochondrial Membrane Potential (MMP)

MMP was measured by JC-1 staining. HL-7702 cells were seeded into 12-well plates at a density
of 2 × 105 cells/well for 12 h. Subsequently, the cells were subjected to different dosages of fucoidan
(25 or 100 μg/mL) for 4 h, followed by exposure to 20 mM APAP for 24 h. Next, the cells were washed
with PBS and incubated with JC-1 (10 μg/mL) at 37 ◦C in the dark for 20 min. Photos were taken by a
laser confocal fluorescence microscope.

4.9. Western Blot Analysis

Hepatic tissues and cells were homogenized and lysed in Radio Immunoprecipitation Assay
(RIPA) Lysis buffer supplemented with phenylmethanesulfonyl fluoride (1:100) for 30 min on
ice, and the protein concentration was determined using a bicinchoninic acid (BCA) kit (Haimen,
China). Cytosolic and nuclear extracts were prepared with a commercially available kit (Beyotime
Biotechnology, Haimen, China) in accordance with the manufacturer’s instructions. Equal amounts of
extracted protein (10–40 μg) were separated on 10% or 12% sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE), and proteins were transferred to a polyvinylidene fluoride (PVDF)
membrane and blocked with tris-buffered saline and Tween 20 (TBST) containing 5% nonfat milk for
2 h at room temperature. Subsequently, the membranes were incubated overnight at 4 ◦C with primary
antibodies and incubated with secondary antibodies for 2 h at room temperature. The relative protein
levels were calculated by quantification of band intensity with a Bio-red imaging system (Bio-red,
Berkeley, CA, USA).

4.10. Statistical Analysis

Data are represented as mean ± SD. Statistical differences were assessed by one-way ANOVA
analysis of Tukey’s multiple comparison test using GraphPad Prism 7.0 software (San Giego, CA,
USA), and p < 0.05 was considered statistically significant.
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Abbreviations

APAP acetaminophen
ALT alanine aminotransferase
AST aspartate aminotransferase
ROS reactive oxygen species
MDA malondialdehyde
SOD superoxide dismutase
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GSH glutathione
CAT catalase
MMP mitochondrial membrane potential
NAQPI N-acetyl-q-benzoquinoneimine
JNK c-Jun N-terminal protein kinases
Nrf2 nuclear factor-erythroid 2-related factor 2
NAC N-acetylcysteine
ASK1 apoptosis signal-regulating kinase 1
DHE dihydroethidium
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Abstract: Plant-derived compounds that modulate the immune responses are emerging as frontline
treatment agents for cancer, infectious diseases and autoimmunity. Herein we have isolated 40
phytochemicals from five Bhutanese Sowa Rigpa medicinal plants—Aconitum laciniatum, Ajania
nubegina, Corydalis crispa, Corydalis dubia and Pleurospermum amabile—and tested 14 purified
compounds for their immunomodulatory properties using a murine dendritic cell (DC) line, and
cytotoxicity against a human cholangiocyte cell line using xCELLigence real time cell monitoring.
These compounds were: pseudaconitine, 14-veratryolpseudaconitine, 14-O-acetylneoline, linalool
oxide acetate, (E)-spiroether, luteolin, luteolin-7-O-β-D-glucopyranoside, protopine, ochrobirine,
scoulerine, capnoidine, isomyristicin, bergapten, and isoimperatorin. Of the 14 compounds tested
here, scoulerine had adjuvant-like properties and strongly upregulated MHC-I gene and protein
expression whereas bergapten displayed immunosuppressive properties and strongly down-
regulated gene and protein expression of MHC-I and other co-stimulatory molecules. Both scoulerine
and bergapten showed low cytotoxicity against normal healthy cells that were consistent with their
immunoregulatory properties. These findings highlight the breadth of immunomodulatory properties
of defined compounds from Bhutanese medicinal plants and show that some of these compounds
exert their mechanisms of action by modulating DC activity.

Keywords: medicinal plants; phytochemicals; scoulerine; bergapten; immunomodulator; adjuvant;
cytoxicity; dendritic cells; immune modulation

1. Introduction

The role of plants in preventing and healing ailments has been known since antiquity.
Plant-derived natural products are used in both modern and traditional medicines for treating various
diseases including but not limited to cancer, malaria, cardiovascular and Alzheimer’s diseases [1–3].
The earliest records show that Mesopotamians (2600 B.C.) used Cupressus and Commiphora species
for treating coughs, colds and inflammation, and the plants are still used to this day for treating the
same conditions. Ancient Egyptians (Ebers Papyrus), Chinese (Huangdi Neijing), Indians (Ayurvedic),
Greeks (Hippocratic-Galenic), Romans (Greco-Roman), Arabs (Unani-Tibb), and Bhutanese (Sowa Rigpa)
used plants in crude forms as traditional medicines, home remedies, potions and oils [2]. These crude
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drugs or crude extracts from plants contain many complex compounds with therapeutic properties.
For example, the crude bark extract from cinchona tree was used for treating malaria since 1632 and
later in 1820, a pure antimalarial compound (quinine) was isolated, which marked the first successful
use of a chemical compound in modern medicine to treat infectious diseases [4]. In 1897, aspirin was
first manufactured as a synthetic analogue of salicylic acid that was isolated from a willow tree [5],
paving the way to the now multi-billion dollar synthetic pharmaceutical industry.

Recent advances in natural product chemistry, spectroscopic and bioscreening technologies
have reinvigorated the use of natural products for human health. Today, both naturally-derived
and chemically synthesized drugs are used with a tremendous impact on disease prevention and
treatment, resulting in the saving of countless lives. Overall, of the 1184 drugs/leads or new chemical
entities approved by the U.S Food and Drug Administration between 1981 and 2006, 52% were natural
products and their derivatives, and only 30% were of synthetic origin [6]. Moreover, about 11% of
the 252 essential drugs currently listed by the World Health Organization (WHO) are exclusively
of plant origin, and 80% of those plant-derived drugs were discovered from medicinal plants used
in traditional herbal medicines [7]. Some drugs were discovered using biorational strategy, which
exploits the knowledge that plants produce various secondary metabolites in response to injury or
attack (e.g., by pathogenic bacteria or fungi). With innovation in bioassay screening tools and life
science robotic technologies, it is estimated that the global market for plant-derived drugs will grow
from $29.4 billion in 2017 to around $39.6 billion by 2022 [8].

Currently, natural products with immune modulating activities are emerging as frontline
treatment agents for cancer, infectious diseases and autoimmunity [9]. Of particular interest in
immunomodulation is the effect of compounds on dendritic cells (DCs) activity. DCs provide a link
between the innate and the adaptive immune responses and are key orchestrators of the adaptive
immune response [9,10]. DCs can be subdivided into interferon-producing plasmacytoid (pDC),
monocyte-derived (MoDC), and classical/conventional dendritic cell (cDC), which in mice have
been further classified into two major subsets as cDC 1 and cDC2 [11]. While cDC1 is specialized
in cross-presentation of CD8+ T cells that are critical for immunity against intracellular pathogens,
viruses and cancer [12], cDC2 promotes CD4+ T cell differentiation into subsets specializing in antiviral,
antifungal or helminth immunity [13]. cDC subset composition in humans depends on the lymph
node tissue site with lung-draining lymph nodes (LN) having the highest proportion of mature DC
compared to other LN sites, and cDC2 subset exhibits predominant maturation phenotypes within LNs
compared to cDC1 [14]. Human CD141+ and CD1c+ cDCs (originally identified in blood) have been
ontogenetically aligned to mouse cDC1 and cDC2, respectively [15]. These cDCs have the capacity to
acquire antigens in peripheral tissues, deliver them to draining LNs, and undergo maturation through
upregulation of major histocompatibility (MHC) and co-stimulatory molecules which are required for
T cell activation [14,16].

To become properly activated, T cells require two signals including antigen presentation and
costimulatory signals. Antigen presentation requires MHC-I and MHC-II expression on the DC for
CD8+ T cell and CD4+ T cell recognition, respectively. The costimulatory signals are provided by the
DC to the T cells such as those mediated by CD80, CD86 and CD28. Compounds that can stimulate
DCs to upregulate these molecules have therapeutic potential as they can strongly enhance T cell
responses and may make good vaccine adjuvants or immunostimulators. Conversely, compounds that
can downregulate DC function may be useful to induce immune tolerance and have therapeutic value
for treating autoimmune diseases, allergies and to promote transplant tolerance. Several studies have
shown that plant products or extracts can affect the behaviour of DCs [17]. For example, pine cone and
Echinacea pupurea extracts have been demonstrated to modulate the expression of MHC and stimulatory
and transmembrane molecules including MHC-II, CD86, and CD54 on DCs [18–20]. Purified secondary
metabolites, such as resveratrol isolated from grapes and triptolide isolated from the Chinese medicinal
plant Tripterygium wilfordii Hook F, have demonstrated suppression of DC maturation and inhibition
of the expression of CD80 and CD86 [21,22]. Plant extracts and their secondary metabolites have also
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been shown to exhibit robust immunomodulatory effects on chronic neuro-inflammation and cognitive
aging [23].

We have previously developed a novel high throughput DC-based assay to assess the ability of
lipopeptide-based nano-vaccine constructs to modulate DC function [24]. This DC assay utilizes the
DC2.4 cell line derived from mouse that is known to present exogenous antigen in the context of both
MHC class I and MHC class II molecules and can cross-present antigen to CD8+ T cells [25–27]. Herein
we have applied this DC-based screening assay together with a cell-based cytotoxicity assay [28]
to investigate the immunomodulatory and cytotoxic properties of plant compounds isolated from
five Bhutanese medicinal plants: Aconitum laciniatum, Ajania nubigena, Corydalis crispa, C. dubia and
Pleurospermum amabile. These five medicinal plants grow in an extreme climatic condition of the
Himalayan alpine mountains of Bhutan at an altitude between 3900–4700 m above sea level and they
are used in the scholarly Bhutanese Sowa Rigpa medicine (BSM) for treating various human health
disorders (see Table 1 for individual plant uses) [29]. The BSM has been adapted from Tibetan medicine,
which is currently practiced worldwide including Nepal, India, China, Mongolia, Russia, Europe and
North America [30]. The plants flower between June–September and that is when the farmers collect
them from their natural habitat. The plants are either sun-dried or shade-dried before preparing them
into multi-ingredient dosage formulations as powders, capsules, tablets, pills, syrup and ointments.

2. Results

2.1. Medicinal Plants, Isolated Phytochemicals and Selected Compounds for In Vitro Assay

Five medicinal plants: A. laciniatum, A. nubigena, C. crispa, C. dubia, and P. amabile were collected for
their roots, aerial parts and whole plant materials from the high altitude Himalayan alpine mountains
of Bhutan (3500–4900 m above sea level). These plants were air-dried, sliced, and extracted using
methanol/ethanol, and then subjected to repeated column and preparative thin layer chromatography
separations. In total, we isolated 40 compounds belonging to alkaloids, flavonoids, terpenoids,
phenylpropanoids and furanocoumarins [31–35]. The plant parts used in the Bhutanese medicine, the
parts collected for this study, total number of phytochemicals isolated from each plant, the major classes
of phytochemicals of isolated compounds, and the phytochemicals selected for the immunoregulatory
and cytotoxicity studies are provided in Table 1. Of the 40 isolated compounds, 14 of them including
pseudaconitine (1), 14-veratryolpseudaconitine (2), 14-O-acetylneoline (3), linalool oxide acetate (4),
(E)-spiroether (5), luteolin (6), luteolin-7-O-β-D-glucopyranoside (7), protopine (8), ochrobirine (9),
scoulerine (10), capnoidine (11), isomyristicin (12), bergapten (13), and isoimperatorin (14) (Figure 1)
were obtained in quantities sufficient for bioactivity screening. Compounds 1–3 belong to the
phytochemical class of C19-diterpenoid alkaloids. Compounds 4–7 belong to the phytochemical
classes of terpenoids and flavonoids. Compounds 8–11 belong to benzylisoquinoline type of alkaloids.
Compounds 12–14 belong to the phytochemical classes of phenylpropanoids and furanocoumarins.
Their purity was determined by GC-MS and NMR (data on each compound is given in Section 4).
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Figure 1. Structures of the compounds isolated from five Bhutanese medicinal plants using methods
described by us previously [31–35], which were tested for their immunomodulatory and cytotoxic
activities. Representative plant photos of Aconitum laciniatum, Ajania nubigena, Corydalis crispa, C. dubia,
and Pleurospermum amabile are shown.
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2.2. Plant Compounds Showed Immunomodulatory Activities in Dendritic Cell (DC)-Based Immunoassay

To gain some insight into the immunomodulatory properties of the 14 selected plant compounds,
we utilized a dendritic cell (DC)-based immunoassay [24]. Briefly, the 14 selected compounds were
prepared in 2% DMSO in cell culture media with 5% FCS (final concentration of 1 mg/mL) and
further titrated in cell culture media (6 mid-log dilutions starting) prior to incubation with DC2.4
cells overnight in 96-well plates. The following day, the cells were harvested and prepared for
flow cytometric analysis using a panel of defined surface markers including MHC-I, MHC-II, CD40,
CD44, CD80, CD86, and CD274 (PDL-1). Dead cells were excluded based on their uptake of a dead
cell stain and the potent DC activator cholera toxin (CT) was included as a positive control [37].
In Figure 2A, representative FACS plots for MHC-I expression are shown for all compounds. Notably,
the Median Fluorescence Intensity (MFI) showed that compound 13 (bergapten, MFI 304) induced
down-regulation of surface MHC-I expression compared to the media only control (MFI 732); this
contrasts with compound 10 (scoulerine), which induced an increase in MHC-I expression (MFI
1582). For all compounds and surface markers tested, we calculated the relative fluorescence intensity
(RFI) by dividing the MFI of the test sample with the appropriate MFI of the media only control.
We next determined the optimal concentration of the compounds by observing the maximal increase
(or decrease) in protein expression; for example, for MHC-I, scoulerine (10) was maximal at the
concentration of 31.6 μg/mL, whereas bergapten (13) was most active (with respect to downregulation
of MHC-I) at the 100 μg/mL (Figure 2B, Table 2).

 

Figure 2. Modulation of immune molecule expression by plant compounds. (A) FACS plots showing
the median fluorescence intensity (MFI) of MHC-I expression for all selected plant compounds, cells
grown in media only, and a control grown with cholera toxin (CT). (B) The concentration at which each
compound (scoulerine and bergapten) was most active was determined by titrating each compound
(four mid-log dilutions starting at 100 μg/mL) and observing the maximal increase (or decrease)
in expression of each fluorochrome (Table 2). Data for duplicate assays is presented. Media Ctrl =
Media control.
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2.3. Modulation of Gene Expression by Plant Compounds

FACS-based assays give an excellent indication of protein expression, but they do not indicate
whether gene expression has been modulated by the compound. Furthermore, possible aberrations
associated with this particular case could include potential autofluorescence of the compound itself
or cellular autofluorescence induced by the compound. Moreover, protein expression detected by
FACS (and particularly surface expression) could be transiently modulated. Hence, measuring
changes in gene expression is a very informative accompaniment to FACS-based assays. Accordingly,
we co-cultured DC2.4 cells overnight with the most active concentration of the compound as
determined above in the FACS-based assay (Table 2). The following day, cells were harvested and
20,000 live cells from each condition were sorted by FACS into RLT buffer and RNA extracted for
mRNA analysis by RT-qPCR. The relative gene expression for each gene was calculated for each
compound and compared to the media control. We then correlated gene expression with protein
expression represented by the FACS RFI (Figure 3). This method allowed us to identify with confidence
the compounds that upregulate expression of the genes of interest and the corresponding protein
expression, which fall in the upper right quadrant of the mRNA gene expression versus FACS RFI
plot. Conversely, compounds that down-regulate the gene and protein of interest fall in the lower left
quadrant (Figure 3). The SUM of the changes for all genes and proteins relative to the media-only
control is summarized in the bottom right corner of Figure 3 SUM.

 

Figure 3. Correlation of modulation of mRNA and protein expression of immune molecules by plant
compounds. The up-regulated and down-regulated gene expression induced by compounds falls in the
upper right quadrant and the lower left quadrant, respectively. Scoulerine (10) and bergapten (13) are
labeled red and blue circles, respectively. Other compounds tested are labeled as black circles. Culture
media is labeled as a pink circle.

Of the 14 compounds tested, scoulerine (10) stands out as a strong up-regulator of several
important genes including MHC-I, CD80 and CD86, suggesting that this compound would make a
good potential adjuvant for a CD8+ T cell vaccine. Conversely, compound bergapten (13) is highlighted
at the other end of the spectrum and it caused suppression of expression of some genes, and notably
MHC-I at both the gene and protein level. Compound 14-O-acetylneoline (3) also showed moderate
up-regulation of gene expression including CD40 and CD274 (PDL-1).

2.4. Cytotoxicity of Compounds with the Immortalized Non-Cancerous H69 Human Cholangiocyte Cell Line

Of the 14 compounds tested in the DC assay, 10 of them: linalool oxide acetate (4), (E)-spiroether
(5), luteolin (6), luteolin-7-O-β-D-glucopyranoside (7), protopine (8), ochrobirine (9), capnoidine (11),
isomyristicin (12), bergapten (13), and isoimperatorin (14), were tested for cytotoxicity against normal
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bile duct H69 cells using an xCELLigence SP system (ACEA Biosciences Inc., San Diego, CA, USA)
as described previously [28]. Quantities of compounds 1, 2, 3 and 10 were not sufficient to allow for
cytotoxicity testing. Amongst the 10 compounds tested, compound 5 (E)-spiroether was the most
cytotoxic with almost complete (96.5%) cell death from 6 h with 100 μg/mL and an IC50 value that
was not able to be calculated with the concentrations assessed (<<<1 μg/mL) (Figure 4). Compound
6 (luteolin) was also reasonably toxic from 6–24 h and showed a 24 h IC50 value of 30 μg/mL (95%
confidence interval 19–38 μg/mL). Protopine (8) showed minor (23%) cell toxicity from 6 h but that
increased to 68% at 24 h, generating a more potent but highly variable IC50 value of 9 μg/mL (95%
confidence interval 1–52 μg/mL).

 

Figure 4. Cytotoxicity of selected plant compounds against immortalized H69 bile duct cells determined
by xCELLigence system (ACEA Biosciences Inc.). (A) Cell toxicity over time as recorded by normalized
cell index when treated with selected compounds. (B) Dose response toxicity curves at the 24 h time
point show cell viability relative to the untreated control against concentration. Compounds 1–3 and
10 were not tested for cytotoxicity due to insufficient quantities available at the time of the study.

Compound bergapten (13) that demonstrated interesting immunomodulatory activity in the DC
assay showed far less potent cytotoxicity with the IC50 value of 126.4 μg/mL (95% confidence interval
76–248 μg/mL). This was consistent with moderate up-regulation of CD274 (Figure 3), which is the
marker for Programmed Death Ligand 1 (PD-L1) known to play a key role in suppressing the immune
system. Compound 10, although not tested in this H69 cell system, has been reported by others to
exhibit significant cytotoxic activity against lung carcinoma (A549) and HT-29 cancer cell lines that
arrest the proliferation of ovarian carcinoma (A2780) and breast adenocarcinoma (SK-B-3 and MCF-7)
cells [38], consistent with its potential adjuvant properties indicated in the DC cell assay.

3. Discussion

Medicinal plants have been an important source of modern drugs for many centuries and
are receiving increasing attention worldwide with advancement in drug discovery techniques and
technologies [39]. Plants produce various secondary metabolites that belong to different major
phytochemical classes including flavonoids, tannins, terpenoids, saponins, triterpenoid saponins,
alkaloids, phytosterols, carotenoids, fatty acids and essential oils, which are used for their defense
and protection against predators/herbivores. Some of these metabolites display immunomodulatory
properties including immunosuppression, immunostimulation and tolerogenicity through dynamic
regulation of the target immune systems [40]. While immunostimulators are typically used for
remedying infections, immunodeficiency and cancers, immunosuppressants are often used in
organ transplantation and for treating autoimmune diseases. Tolerogens on the other hand are
known for making the immune system non-responsive to targets [9]. The use of plant-derived
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secondary metabolites as novel drugs and immunomodulatory agents is a rapidly growing field
of investigation [9]. The main categories of plant-derived secondary metabolites which have been
transformed into modern drugs include terpenes (34%), glycosides (32%), alkaloids (16%) and others
(18%) [41]. These drugs were discovered mostly using three strategies: bio-rational, chemo-rational and
random approaches. One promising avenue of the bio-rational approach is ethno-medically directed
screening based on the observation of pest-plant analysis, plant characteristics and their ecological
adaptations and functions [39]. Among these three search strategies, the ethno-directed bio-rational
approach has been proven to offer a higher hit rate of biological activities owing to a long clinical
history of medicinal plants use by humans for treating various disorders [42]. Such evidence supports
the need to investigate medicinal plant compounds for their usefulness as immunomodulatory agents
or immunotherapies.

In the present study, based on the above rationale, we selected five medicinal plants—A. laciniatum,
A. nubigena, C. crispa, C. dubia, and P. amabile—which are used in the scholarly Bhutanese traditional
medicines for treating various disorders including fever, inflammation, malaria, tumor, leprosy, gout,
mumps, abscess, liver and heart infections (see Table 1 for individual plant uses) [36]. Our initial
phytochemical investigation of these plants for major chemotypes showed that their content was
primarily alkaloids, terpenoids, tannins, and saponins and that their crude extracts possess antimalarial,
antiparasitic, anti-inflammatory and antimicrobial properties [29,36]. To follow up on these findings,
we have isolated 40 compounds belonging to different chemotypes (Table 1) using column and
preparative thin layer chromatography. Their structures were determined using GC-MS and NMR
as described earlier [31–35]. Of these, 14 major compounds were evaluated here for cytotoxicity
and immunomodulatory properties using the xCELLigence system and a DC-based immunoassay,
respectively. This DC-based immunoassay is an unbiased functional screen and a highly sensitive,
high throughput–compatible screening platform for the discovery of DC-targeted small molecule
immunomodulators with clinical applicability. Most of the currently known DC-stimulatory agents
have been identified by testing rationally selected compounds for their in vitro capacity to induce
phenotypic and functional changes that would be expected to accompany DC maturation or by testing
a limited array of natural products for their in vivo capacities to augment protective immune responses
against cancer or infectious microbes [43]. In this study, we combined FACS-based analysis of immune
molecule expression with PCR-based assessment of gene expression. We used this method as we
believe concordance in immune molecule regulation at the protein and gene level provides confidence
in the actions of the compounds. Perhaps not surprisingly, we noted some discord between the relative
effects on gene and protein expression for some compounds [44]. This may be due to several factors,
including temporal differences between gene expression and protein expression, or spatial differences
such as intracellular protein expression that is not accessible to surface staining by antibodies.

Of the 14 compounds tested here, scoulerine (10) strongly up-regulated several important genes
and proteins including MHC-I, CD80 and CD86, suggesting that this compound would potentially
make a good immunologic adjuvant for a CD8+ T cell vaccine. Current vaccines intended for human
use incorporate various adjuvants made from proteins, oligonucleotides, liposomes, complex natural
products and drug-like small molecules [45]. Among the extant adjuvants, small molecule adjuvants
(SMAs) are under-appreciated despite their versatile chemical structures and properties, which can
be tailored to specific biological functions, targets and pathways. A review by Flower [45] described
a number of SMAs derived from natural products as well as fully-synthetic drug-like molecules
and identified as many as 15 natural products that SMAs isolated from plants, fungi, shark oil and
marine bryozoans as peptides, lipids, triterpenes, glucosides, saponins, nucleotides, and macrolide
lactones. For examples, QS-21 and Quil A are the purified saponin-based plant SMAs (derived from
Quillaja saponaria) with defined mechanism of action, which are used as adjuvants in vaccines against
HIV and cancer [46–48].

Since scoulerine (10) is an alkaloid, its mechanism of action may be novel and different
to the saponin-based QS-21 and Quil A adjuvants, and therefore it merits further medicinal
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exploration. Scoulerine (10) has been reported from other plants including opium plant (Croton flavens)
and other Corydalis species including C. calliantha and C. cava [49,50]. Notably, this compound
possesses multiple important pharmacological properties. For example, it showed cytotoxicity against
lung carcinoma (A549), ovarian carcinoma (A2780), breast adenocarcinoma (SK-B-3 and MCF-7)
and gastrointestinal cancer cell lines [38]. It was identified as a potent antimalarial drug lead
compound against multi-drug resistant Plasmodium falciparum [32]. This compound demonstrated
antiemetic, antitussive, antibacterial, antimitotic, antiproliferative, proapoptotic and anti-Alzheimer’s
activities [50,51]. Scoulerine (10) also protects α-adrenoreceptors against irreversible blockades caused
by phenoxybenzamine, inhibits [3H]-inositol monophosphate formation caused by noradrenaline,
acts as a selective α1D-adrenoreceptor antagonist without affecting the aorta contraction, and it
has an affinity for the GABA receptors [52]. With such a diversity of therapeutic properties,
scoulerine (10) is worthy of further exploration either as an independent drug entity or as an
immunomodulator/adjuvant to potentiate other drugs/vaccines, including cancer chemotherapy,
malaria vaccine development and Alzheimer’s disease.

At the other end of the spectrum, bergapten (13) consistently induced down-modulation of MHC-I
and MH-II expression, indicative of anti-inflammatory and/or immunosuppressant activity while
displaying low cytotoxicity. This compound belongs to the chemical class of furanocoumarins which
are also produced by vegetables/herbs/fruits consumed by humans on a daily basis. Indeed, bergapten
(13) has been used in the cosmetic and pharmaceutical industries for treating inflammatory skin
diseases, such as atopic dermatitis, and pigment disorders like vitiligo and psoriasis, which is consistent
with our findings about the ability of this compound to down-regulate DC activity [53–55]. In addition,
bergapten (13) has demonstrated anti-proliferative activity in vitro against HL60 and A431 epithelial
cancer cell lines [56] as well as human hepatocellular carcinoma cell line [57]. These reported activities
are consistent with the immunosuppressive activity identified herein. To the best of our knowledge,
the specific mechanism of action for DC-driven immunomodulation by these two compounds remains
unreported. However, Habartova et al. [38] showed that the potent antiproliferative and pro-apoptotic
function of scoulerine (10) in cancer cells occurs through its action to interfere with the microtubule
elements of the cytoskeleton, checkpoint kinase signaling and p53 proteins. The mechanism of action
of bergapten (13) against breast cancer cells has been illustrated by de Amicis et al. [58], which
indicated that this compound drives autophagy through the upregulation of the oncosuppressor
gene—phosphatase tension homologue (PTEN) expression.

With such a diversity of therapeutic properties, scoulerine (10) and bergapten (13) are worthy
of further exploration either as an independent drug entity or as an immunomodulator/adjuvant to
potentiate other drugs/vaccines, including cancer chemotherapy, malaria vaccines and Alzheimer’s
disease. For a natural product-based drug discovery, isolating and obtaining enough quantities of the
lead compound from natural sources is a big challenge and this has been identified as the bottleneck
for advanced large-scale medicinal experimentations including lead optimization, pharmacokinetics
and clinical trials. While the lead optimization comprises analogue development, total synthesis,
rational drug design and quantitative structure-activity relationship (QSAR); the pharmacokinetics
studies include adsorption, distribution, metabolism, excretion and toxicity (ADMET) evaluations.
Pharmacodynamics study, which is seldom grouped with pharmacokinetics, provides information on
what the drug does to the body and would include dosage formulations. All these drug development
studies require large supplies of the drug lead compound and therefore laboratory synthesis of such a
compound is very critical. Total synthesis or analogue development of the lead compound could take
a synthetic chemist between 1–4 years depending upon the nature and the complexity of the structures.
Synthetic chemistry of natural products is often plagued by low success rate of compound synthesis.
Even if the compound is successfully synthesized, the synthetic steps may be lengthy, expensive or
may afford minute amounts only. Interestingly, both scoulerine (10) and bergapten (13) had been
successfully and efficiently synthesized in the laboratory using a biocatalytic synthetic method and the
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photochemical aromatic annulation strategy, respectively [59,60]. These make the two new drug lead
compounds even more appealing for drug development.

4. Materials and Methods

4.1. Collection and Extraction of Medicinal Plants

As described previously [31–35], we have selected five medicinal plants for this study and their
traditional uses are provided in Table 1. The root of A. laciniatum (Ranunculaceae) was collected
from the opposite site of Lingshi Makhang (altitude: 4183 m; latitude: 27◦50′29.9′′; longitude:
89◦25′41.5′′; global positioning system point number (GPSPN): 138; site number: P138; Slope: 25◦;
aspect: North-East) and was assigned herbarium voucher specimen number (HVSN) 93. The aerial
components of A. nubegina (Compositae) were collected from Lingzhi and were assigned as HVSN
73. The whole plant of C. crispa (Fumariaceae) was collected from Thuphu (altitude: 3962 m; latitude:
27◦51′15.4′′; longitude: 89◦27′12.8′′; GPSPN: 187; site number: P187; slope: 40◦; aspect: South-East) and
was assigned as HVSN 78. The whole plant of C. dubia (Fumariaceae) was collected from Thruenchela
(altitude: 4651 m; latitude: 27◦56′00.1′′; longitude: 89◦26′11.6′′; GPSPN: 167; site number: P167; slope:
30◦; aspect: North-West) and was assigned as HVSN 78. The aerial parts of P. amabile (Umbelliferae)
were collected from Lingzhi (4200 m) and were assigned as HVSN 29. All herbarium specimens were
deposited at the Pharmaceutical and Research Unit, Ministry of Health in Bhutan. The dried plant
material (2 kg) was chopped and made into powder form and was repeatedly extracted with analytical
grade or HPLC grade methanol (5 × 3 L over 48 h). The extract was filtered and then concentrated
using a rotary evaporator at 35–50 ◦C to afford the crude methanol extract of each medicinal plant.

4.2. Isolation and Preparation of Compounds for In Vitro Screening Assays

Since the five target plants contain different phytochemicals, we used two main types of natural
product isolation methods as described by us previously [39]. For alkaloid-containing medicinal plants
including A. laciniatum, C. crispa and C. dubia, we first used an acid-base fraction method to obtain the
total alkaloids present in their MeOH extracts. The MeOH extract of each plant was acidified with HCl
(5%) and fractionated successively using hexane (5 × 60 mL) and CH2Cl2 (5 × 60 mL) to yield hexane
and dichloromethane extracts, respectively. The aqueous solution was then basified (pH 9–11) with
NH4OH solution and fractionated with CHCl3 (5 × 60 mL) to obtain a chloroform extract, which was
rich in total alkaloids. Focusing on alkaloids, these CHCl3 extracts were repeatedly separated using
flash column chromatography (packed with Merck Kieselgel 60 PF254 (Merck, French Forest, Australia))
and pre-coated silica plates (0.2 mm silica thickness, Merck). Finally, a total of 22 pure alkaloids were
obtained from A. laciniatum, C. crispa and C. dubia as amorphous solids or crystals [31,32,35]. Seven
major alkaloids were selected for testing in the DC and cytotoxicity bioassays. Specifically, five
alkaloids were isolated from A. laciniatum, and three of them were selected for bioactivity screening:
pseudaconitine (1), 14-veratryolpseudaconitine (2) and 14-O-acetylneoline (3). From C. crispa, nine
alkaloids were isolated and two major compounds—protopine (8) and ochrobirine (9)—were selected
for bioactivity screening. Eight alkaloids were isolated from the related species, C. dubia, and two of
them—scoulerine (10) and capnoidine (11)—were selected for DC and cytotoxicity studies.

For non-alkaloidal medicinal plants including A. nubigena, we used a solvent-based polarity
fractionation method [33]. First, we fractionated the extract using hexane, followed by ethyl acetate,
to yield hexane and ethyl acetate extracts, respectively. Repeated separation of ethyl acetate extract
using column and preparative thin layer chromatography (Merck, Aluminium backing) resulted in the
isolation of seven compounds (Table 1). Four of the seven compounds were selected for the bioactivity
assays: linalool oxide acetate (4), (E)-spiroether (5), luteolin (6), and luteolin-7-O-β-D-glucopyranoside
(7) (Figure 1). For the isolation of phenylpropanoids and furanocoumarins from P. amabile, as reported
earlier [34], we dissolved the crude MeOH extract in MeOH/water (1:9) and first fractionated with
hexane followed by petroleum spirit. The aqueous portion was acidified with HCl (5%), fractionated
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with CH2Cl2, basified with NH4OH (at pH 9–12) and then finally fractionated with CH2Cl2 to generate
the basified CH2Cl2 extract. This basified CH2Cl2 extract, upon repeated purification using the
chromatographic methods described above, yielded 10 compounds (Table 1). Of these 10 compounds,
three compounds—isomyristicin (12), bergapten (13), and isoimperatorin (14) (Figure 1)—were
obtained in sufficient quantities to carry out the DC and cytotoxicity assays.

The instrumentation for phytochemical identification and structure elucidation were conducted
as reported earlier by us [31–35]. Briefly, for determining physiochemical properties including melting
point and optical rotation values, we used a Reichert hot-stage apparatus and a JASCO 2000 Series
polarimeter, respectively. An average of 10 optical readings were taken to obtain the observed
rotation value. For determining the functional group of a compound, we used a Smart Omni-Sampler
Avator ESP Nicolet spectrometer. For obtaining the LR-ESI-MS mass and the LR-EI-MS mass of a
compound, we used a Micromass Waters Platform LCZ (single quadrupole, MeOH as solvent) and a
Shimadzu GCMS-QP-5050 (DI at 70 eV), respectively. A Micromass Waters Q-ToF Ultima (quadrupole
time-of-flight) mass spectrometer was used for acquiring the HR-ESI-MS-based molecular formula.
GC-MS used NIST and NISTREP mass spectra libraries of GC-MS data for comparing the mass
spectra of the plant compounds. For obtaining NMR spectra (1H-NMR, gCOSY, 13C-NMR, APT,
gHMBC, gHSQC, and gNOESY, deuterated solvents—CD3OD or CDCl3) and structure elucidation of
a compound, we used a 500 MHz Varian Unity Inova, 500 MHz Varian Premium Shield (VNMRS PS
54), and 300 MHz Varian Mercury spectrometer.

Wherever crystals were obtained for a compound, crystal structures were determined using x-Ray
crystallography (PLATON program). Hydrogen atoms were included at calculated positions and
were initially refined to regularize their geometry (C–H in the range 0.93–0.98Å) and on Uiso(H)
(in the range 1.2–1.5 times Ueg of the parent atom). Computing details include data collection:
COLLECT; cell refinement and data reduction: DENZO/SCALEPACK; program (s) used to solve
structure: USER DEFINED STRUCTURE SOLUTION; molecular graphics: ORTEP-II in TEXSAN;
and program(s) used to refine structure and prepare material for publication: CRYSTALS [61]. The
X-ray diffraction images were measured on a Nonius KappaCCD diffractometer (Mo Kθ radiation,
graphite monochromator, θ = 0.71073 Å), data were extracted using the DENZO package and by
direct methods (SUPERFLIP, SIR92) [62]. The structures were refined using the CRYSTALS program
package. Atomic coordinates, bond lengths and angles and displacement parameters have been
deposited at the Cambridge Crystallographic Data Centre (CCDC no. 929725, 929726). These data can
be obtained from https://www.ccdc.cam.ac.uk/ or by emailing data_request@ccdc.cam.ac.uk, or by
contacting The Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK;
Fax: +44-1223-336033.

Detailed characterization of each compound using the above equipment and techniques generated
the data that shows the level of their purity and distinguishes them from each other as follows.

Pseudaconitine (1): Prismic crystals (1.9 g, from CHCl3/MeOH, (1:1)). LR-ESI-MS (m/z): 690 [M +
H+]. LR-EI-MS (m/z): 689 [M+], 675, 658, 642, 629, 614, 598, 585, 464, 432, 330, 266, 252, 236, 202, 182,
178, 165, 137, 86, 75, 58, 45. 1H NMR (500 MHz, CDCl3): δ 3.04–3.20 (1H, m, H-1), 1.95–2.11 (1H, m,
Ha-2), 2.25–2.45 (1H, m, Hb-2), 3.79 (1H, m, H-3), 2.10–2.16 (1H, m, H-5), 4.03 (1H, d, J = 6.5 Hz, H-6),
2.90 (1H, m, H-7), 2.89–2.95 (1H, m, H-9), 2.10–2.15 (1H, m, H-10), 2.55–2.63 (2H, m, H-12), 4.87 (1H, d,
J = 4.5 Hz, H-14), 2.40–2.55 (1H, m, Ha-15), 3.06–3.14 (1H, m, Hb-15), 3.38–3.41 (1H, t, J = 7.5, H-16), 3.02
(1H, br s, H-17), 3.51–3.53 (1H, m, Ha-18), 3.62–3.65 (1H, m, Hb-18), 2.25–2.45 (1H, m, Ha-19), 2.90–2.96
(1H, m, Hb-19), 2.35–2.60 (2H, m, H-20), 1.13 (3H, t, J = 7.0 Hz, 21-Me), 3.26 (3H, s, 1-OMe), 3.17 (3H, s,
6-OMe), 3.54 (3H, s, 16-OMe), 3.30 (3H, s, 18-OMe), 3.91 (3H, s, 3′-OMe), 3.94 (3H, s, 4′-OMe), 1.34 (3H,
s, 8-OAc), 2.10 (1H, s, 3-OH), 3.85 (1H, s, 13-OH), 7.62 (1H, s, H-2′), 6.90 (1H, d, J = 8.5, H-5′), 7.70 (1H,
d, J = 8.0, H-6′).

14-Veratroylpseudaconine (2): Amorphous white solid (28.7 mg). LR-ESI-MS (m/z): 648 [M + H+].
LR-EI-MS (m/z): 647 [M+], 631, 616, 599, 557, 435, 182, 165, 149, 125, 111, 97, 71, 57, 41. HR-ESI-MS
(molecular formula): C34H49NO11. 1H NMR (500 MHz, CDCl3): δ 3.13 (1H, dd, J = 6.5 Hz, H-1),
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2.04–2.11 (1H, m, Ha-2), 2.26–2.46 (1H, m, Hb-2), 3.64–3.77 (1H, m, H-3), 2.04–2.11 (1H, m, H-5), 4.07
(1H, d, J = 6.5 Hz, H-6), 2.46–2.52 (1H, m, H-7), 2.52–2.57 (1H, m, H-9), 2.04–2.11 (1H, m, H-10),
2.03–2.11 (1H, m, Ha-12), 2.31–2.57 (1H, m, Hb-12), 5.12 (1H, d, J = 5.5 Hz, H-14), 2.27–2.41 (1H, m,
Ha-15), 2.51–2.64 (1H, m, Hb-15), 3.33–3.38 (1H, m, H-16), 3.01 (1H, br s, H-17), 3.64–3.77 (2H, m, H-18),
2.43–2.45 (1H, m, Ha-19), 2.88–3.07 (1H, m, Hb-19), 2.39–2.57 (2H, m, H-20), 1.11 (3H, t, J = 7.0 Hz,
21-Me), 3.28 (3H, s, 1-OMe), 3.25 (3H, s, 6-OMe), 3.42 (3H, s, 16-OMe), 3.31 (3H, s, 18-OMe), 3.93 (3H, s,
3′-OMe), 3.94 (3H, s, 4′-OMe), 2.06 (1H, br s, 3-OH), 2.27 (1H, s, 8-OH), 3.67 (1H, s, 13-OH), 7.60 (1H, br
s, H-2′), 6.90 (1H, d, J = 8.5, H-5′), 7.67 (1H, d, J = 8.5, H-6′). 13C NMR (125 MHz, CDCl3): δ 82.7 (C-1),
33.7 (C-2), 72.1 (C-4), 42.5 (C-4), 48.0 (C-5), 82.6 (C-6), 53.6 (C-7), 74.0 (C-8), 47.9 (C-9), 42.1 (C-10), 50.4
(C-11), 35.8 (C-12), 76.0 (C-13), 79.9 (C-14), 42.2 (C-15), 83.3 (C-16), 62.0 (C-17), 77.5 (C-18), 47.6 (C-19),
49.1 (C-20), 13.6 (C-21), 56.0 (C-1′), 57.7 (C-6′), 58.5 (C-16′), 59.3 (C-18′), 166.5 (O = C), 122.5 (C-1), 110.5
(C-2), 148.8 (C-3), 153.3 (C-4), 112.3 (C-5), 123.9 (C-6), 56.2 (C-3′), 56.0 (C-4′).

14-O-Acetylneoline (3): Amorphous white solid (46.9 mg). LR-ESI-MS (m/z): 690 [M + H+].
HR-EI-MS (molecular formula): C26H41NO7. 1H NMR (500 MHz, CDCl3): δ 3.69 (1H, br s, H-1),
1.50–1.63 (2H, m, H-2), 1.57–1.63 (2H, m, H-3), 2.19 (1H, d, J = 7.0, H-5), 4.11 (1H, d, J = 6.0 Hz, H-6),
2.00 (1H, s, H-7), 2.24 (1H, t, J = 5.5 Hz, H-9), 2.60–2.63 (1H, m, H-10), 1.77–1.81 (2H, m, H-12), 2.30–2.35
(1H, m, H-13), 4.85 (1H, t, J = 4.0 Hz, H-14), 1.88–1.93 (1H, m, Ha-15), 2.30–2.32 (1H, m, Hb-15), 3.29–3.30
(1H, m, H-16), 2.67 (1H, s, H-17), 3.23–3.62 (2H, d, J = 8.0 Hz, H-18), 2.31–2.69 (2H, m, H-19), 2.45–2.58
(2H, m, H-20), 1.13 (3H, t, J = 7.0 Hz, 21-Me), 3.34 (3H, s, 6-OMe), 3.26 (3H, s, 16-OMe), 3.32 (3H, s,
18-OMe), 2.06 (3H, s, OCO-Me). 13C NMR (125 MHz, CDCl3): δ 72.2 (C-1), 29.4 (C-2), 30.0 (C-4), 30.2
(C-4), 44.5 (C-5), 83.4 (C-6), 52.7(C-7), 74.7 (C-8), 46.2 (C-9), 36.7 (C-10), 49.7 (C-11), 29.6 (C-12), 43.4
(C-13), 77.2 (C-14), 42.7 (C-15), 82.0 (C-16), 63.4 (C-17), 80.2 (C-18), 57.1 (C-19), 48.4 (C-20), 13.1 (C-21),
58.1 (6-OMe), 56.2 (16-OMe), 59.3 (18-OMe), 21.3 (OCO-Me), 170.5 (O-C-OMe).

Linalool oxide acetate (4): Colourless oil (1.2 g). LR-ESI-MS (m/z): 213 [M + H+]. LR-EI-MS (m/z):
212 (100%), 197, 195, 154, 153, 136, 114, 101, 94, 79, 68, 43. 1H-NMR (CDCl3, 500 MHz): δ 4.63 (1H, m,
H-3), 2.16–2.09 (2H, m, H-4), 1.59–1.83 (2H, m, H-5), 5.92–6.02 (1H, m, H-7), 4.96–5.02 (2H, m, H-8),
1.17 (3H, s, H-9), 1.15 (3H, s, H-10), 1.20 (3H, s, H-11), 2.02 (3H, s, H-13). 13C-NMR (125 MHz, CDCl3):
δ 74.1 (C-2), 76.0 (C-3), 31.8 (C-4), 22.2 (C-5), 73.5 (C-6), 146.0 (C-7), 110.7 (C-8), 31.3 (C-9), 21.9 (C-10),
29.3 (C-11), 170.4 (C-12), 21.2 (C-13).

(E)-spiroether (5): Colourless liquid (87.0 mg). LR-ESI-MS (m/z): 201 [M + H+]. LR-EI-MS (m/z):
200 (M+) (100%), 185, 170, 157, 141, 128, 115, 102, 76. 1H-NMR (CDCl3, 500 MHz): δ 1.98 (3H, s, H-1),
4.92 (1H, br s, H-6), 6.69 (1H, d, J = 5.7, H-8), 6.21 (1H, t, J = 5.0, H-9), 2.00–2.30 (4H, m, H-11/12),
3.87–4.20 (2H, m, H-13). 13C-NMR (125 MHz, CDCl3, APT): δ 4.9 (C-1), 80.8 (C-2), 65.4 (C-3), 79.1 (C-4),
70.9 (C-5), 79.0 (C-6), 167.3 (C-7), 127.6 (C-8), 135.4 (C-9), 121.2 (C-10), 35.8 (C-11), 24.7 (C-12), 69.9
(C-13).

Luteolin (6): White solid (618.0 mg). LR-ESI-MS (m/z): 281 [M+H+]. LR-EI-MS (m/z): 286 (M+), 277,
258, 229, 153 (100%), 124, 96, 77, 69. 1H NMR (500 MHz, CD3OD): δ 6.19 (1H, br s), 6.41 (1H, br s), 6.51
(1H, br s), 6.88 (1H, d, J = 9.0 Hz), 7.35 (1H, s), 7.36 (1H, s). 13C NMR (125 MHz, CD3OD): δ 183.8 (C-4),
166.3 (C-2), 166.1 (C-7), 163.2 (C-5), 159.4 (C-9), 150.9 (C-4), 147.1 (C-3), 123.6 (C-6), 120.2 (C-1), 116.7
(C-5), 114.1 (C-2), 103.8 (C-10), 103.8 (C-3), 100.1 (C-6), 94.9 (C-8).

Luteolin-7-O-β-D-glucopyranoside (7): Faint yellow powder (41.3 mg). LR-ESI-MS (m/z): 449 [M
+ H+]. LR-EI-MS (m/z): 448, 281, 207, 191, 147, 133, 84, 73, 66, 44. 1H NMR (500 MHz, DMSO): δ 7.44
(1H, dd, J = 8.5, 2.5 Hz, H-6′), 7.40 (1H, s, H-2′), 6.88 (1H, d, J = 8.0 Hz, H-5′), 6.77 (1H, d, J = 2.0 Hz,
H-8), 6.74 (1H, s, H-3), 6.43 (1H, d, J = 2.0 Hz, H-6), 5.07 (1H, d, J = 7.0 Hz, glc-1), 3.14–3.70 (6H, m,
glc-2 to glc-6). 13C NMR (125 MHz, DMSO): δ 181.9 (C-4), 164.5 (C-2), 162.9 (C-7), 161.1 (C-5), 156.9
(C-9), 150.0 (C-4′), 145.8 (C-3′), 121.3 (C-1′), 119.1 (C-6′), 115.9 (C-5′), 113.5 (C-2′), 105.3 (C-10), 103.1
(C-3), 99.8 (glc-1), 99.5 (C-6), 94.7 (C-8), 77.1 (glc-5), 76.4 (glc-3), 73.1 (glc-2), 69.5 (glc-4), 60.6 (glc-6).

Protopine (8): Prisms (MeOH/CHCl3, 1.0 g). mp: 209–211 ◦C. Optically inactive. LR-ESI-MS
(m/z) 354 [M + H+]. LR-EI-MS (m/z): 353 [M+], 295, 281, 267, 251, 237, 223, 209, 190, 177, 163, 148
(100%), 134 and this ion fragmentation pattern matched that of protopine reported in the MS library
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(NIST08s, Entry # 26245, CAS: 130-86-9, RetIndex: 2943). HR-ESI-MS (molecular formula): C20H19NO5.
1H-NMR (500 MHz, CDCl3): δ 6.90 (1H, s, H-1), 6.64 (1H, s, H-4), 2.65 (2H, br s, H-5), 2.59 (2H, br s,
H-6), 3.61 (2H, br s, H-8), 6.68 (1H, d, J = 7.5 Hz, H-11), 6.66 (1H, d, J = 8.0 Hz, H-12), 3.75 (2H, br s,
H-13), 5.94 (2H, s, 2,3-OCH2O), 5.92 (2H, s, 9,10-OCH2O), 1.96 (3H, s, 7-NCH3). 13C-NMR (125 MHz,
CDCl3): δ 108.0 (C-1), 145.9 (C-2), 148.0 (C-3), 110.3 (C-4), 132.7 (C-4′), 31.5 (C-5), 57.6 (C-6), 50.9 (C-8),
117.5 (C-8′), 146.2 (C-9), 146.0 (C-10), 106.8 (C-11), 124.9 (C-12), 128.7 (C-12′), 46.1 (C-13), 194.3 (C-14),
136.0 (C-14′), 101.2 (2,3-OCH2O), 41.5 (7-N-CH3), 100.9 (9,10-OCH2O).

Ochrobirine (9): Prisms (MeOH/CHCl3, (60.6 mg)); mp: 203–207 ◦C. [α]D
25 + 38.7◦ (c 0.36, CHCl3).

LR-ESI-MS (m/z): 370 [M + H+]. LR-EI-MS (m/z): 369 [M+], 351, 336, 322 (100%), 293, 264, 204, 190
and this ion fragmentation pattern matched that of ochrobirine in the MS library (NIST08.LIB, Entry
# 154984, CAS: 24181-64-4, RetIndex: 3185). HR-ESI-MS (molecular formula): C20H19NO6. 1H-NMR
(500 MHz, CDCl3): δ 6.85 (1H, s, H-1), 6.64 (1H, s, H-4), 2.54 (2H, br s, H-5), 3.25 (2H, br s, H-6), 4.87
(2H, s, H-8), 6.03 (1H, s, H-11), 6.87 (1H, s, H-12), 5.42 (2H, d, J = 10.5 Hz, H-13), 2.66 (3H, s, N-CH3),
5.83 (2H, s, 2,3-OCH2O), 6.01 (2H, s, 9,10-OCH2O). 13C-NMR (125 MHz, CDCl3): δ 109.4 (C-1), 145.8
(C-2), 146.3 (C-3), 109.8 (C-4), 126.0 (C-4′), 22.5 (C-5), δ 47.4 (C-6), 73.7 (C-8), 121.0 (C-8′), 144.2 (C-9),
148.3 (C-10), 106.7 (C-11), 116.0 (C-12), 140.0 (C-12′), 79.5 (C-13), 75.0 (C-14), 129.5 (C-14′), 37.5 (N-CH3),
100.8 (2,3-OCH2O), 101.6 (9,10-OCH2O).

Capnoidine (10): Orthorhombic crystal (80.3 mg). LR-ESI-MS (m/z): 368 [M + H+]. LR-EI-MS
(m/z): 367 [M+], 207, 190 (100%), 175, 160, 149, 131, 117, 103 and this ion fragmentation pattern matched
that of capnoidine reported in the MS library (NIST08.LIB, Entry # 153894, CAS: 485-49-4, RetIndex:
3142. HR-ESI-MS (molecular formula): C20H17NO6. 1H-NMR (500 MHz, CDCl3): δ 4.02 (1H, d, J =
3.0 Hz, H-1), 3.05–3.07 (2H, m, H-3), δ 2.44–2.74 (1H, m, H-4), 6.40 (1H, s, H-5), 6.67 (1H, s, H-8), 5.62
(1H, d, J = 3.0 Hz, H-9), 6.94 (1H, d, J = 7.5 Hz, H-10), 7.14 (1H, d, J = 8.0 Hz, H-11), 2.53 (3H, s, N-CH3),
5.84 (2H, s, OCH2O), 6.10 (2H, s, OCH2O). 13C-NMR (125 MHz, CDCl3): δ 66.2 (C-1), 51.4 (C-3), 29.2
(C-4), 125.2 (C-4a), 108.2 (C-5), 146.4 (C-6), 146.0 (C-7), 107.6 (C-8), 130.1 (C-8a), 82.9 (C-9), 140.9 (C-9a),
116.0 (C-10), 113.0 (C-11), 148.9 (12), 144.2 (C-13), 110.0 (C-13a), 45.1 (N-CH3), 100.9 (OCH2O) 103.2
(OCH2O), 167.5 (C = O).

Scoulerine (11): Reddish brown solid (9.4 mg). LR-EI-MS: m/z 327 [M+], 326, 312, 178 (100%),
176, 163, 150, 150, 135, 121 and 107. HR-EIMS (molecular formula): C19H21NO4. 1H-NMR (CDCl3,
500 MHz): δ 6.82 (1H, s H-1), 6.59 (1H, s, H-4), 2.67–3.14 (2H, m, H-5), 2.61–3.19 (2H, m, H-6), 3.48 (1H,
d, J = 15.5 Hz, Ha-8) and 4.24 (1H, d, J = 15.5 Hz, Hb-8), 6.72 (1H, d, J = 8.0 Hz, H-11), 6.67 (1H, d, J =
8.0 Hz, H-12), 2.78–2.84 (1H, m, Ha-13) and 3.25 (1H, d, J = 16.5, Hb-13), 3.54 (1H, br s, H-13a), 3.86
(3H, s, 3-MeO), 3.87 (3H, s, 10-MeO). 13C-NMR (125 MHz, CDCl3): δ 109.1 (C-1), 145.1 (C-2), 144.1
(C-3), 111.5 (C-4), 130.8 (C-4a), 29.3 (C-5), 51.7 (C-6), 53.6 (C-8), 121.3 (C-8a), 141.6 (C-9), 144.0 (C-10),
110.8 (C-11), 119.5 (C-12), 128.3 (C-12a), 36.4 (C-13), 59.3 (C-13a), 126.2 (C-13b), 56.3 (3-OCH3), 56.2
(10-OCH3).

Isomyristicin (12): Colourless oil (185.3 mg). LR-ESI-MS (m/z): 193 [M+H+]. LR-EI-MS (m/z): 192
(100%), 177, 165, 161, 147, 131, 119, 103, 91, 77, 65, 53, 39. 1H NMR (500 MHz, CDCl3): δ 6.45 (1H, s,
H-2), 6.55 (1H, s, H-6), 6.29 (1H, d, J = 15.6 Hz, H-1′), 6.07 (1H, m, H-2′), 1.84 (3H, d, J = 6.6 Hz, H-3′),
5.91 (2H, s), 3.87 (3H, s, OMe). 13C NMR (125 MHz, CDCl3): δ 133.2 (C-1), 99.7 (C-2), 143.7 (C-3), 134.5
(C-4), 149.3 (C-5), 106.2 (C-6), 131.0 (C-1′), 124.8 (C-2′), 18.6 (C-3′), 101.5 (OCH2O), 56.7 (OMe).

Bergapten (13): Clear crystals (2.5 g, from MeOH/CHCl3 (1:1)). LR-ESI-MS (m/z): 217 [M + H+].
LR-EI-MS (m/z): 216 [M+], 202 (100%), 192, 173, 158, 145, 131, 118, 102, 89, 74, 69, 63, 51. 1H NMR
(500 MHz, CDCl3): δ 6.27 (1H, d, J = 9.5 Hz, H-3), 8.15 (1H, d, J = 10.0 Hz, H-4), 7.12 (1H, s, H-8), 7.59
(1H, d, J = 2.5 Hz, H-2′), 7.02 (1H, d, J = 2.0 Hz, H-3′), 4.27 (3H, s, 5-OMe). 13C NMR (125 MHz, CDCl3):
δ 161.4 (C-2), 112.7 (C-3), 139.4 (C-4), 106.6 (C-4a), 149.7 (C-5), 112.9 (C-6), 158.5 (C-7), 93.9 (C-8), 152.9
(C-8a), 144.9 (C-2′), 105.2 (C-3′), 60.3 (5-OMe).

Isoimperatorin (14): Clear crystals (143.1 mg, from MeOH/CHCl3 (1:3)). LR-ESI-MS (m/z): 271
[M + H+]. LR-EI-MS (m/z): 270 [M+], 202 (100%), 174, 158, 145, 131, 118, 103, 89, 69, 51. 1H NMR
(500 MHz, CDCl3): δ 6.26 (1H, d, J = 10.0 Hz, H-3), 8.15 (1H, d, J = 9.5 Hz, H-4), 7.14 (1H, s, H-8), 7.59
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(1H, d, J = 2.0, Hz, H-2′), 6.95 (1H, d, J = 1.0 Hz, H-3′), 4.91 (2H, d, J = 7.5 Hz, H-1′′), 5.53 (1H, t, J =
7.0 Hz, H-2′′), 1.80 (3H, s, 4′′-Me), 1.70 (3H, s, 5′′-Me). 13C NMR (125 MHz, CDCl3): δ 161.4 (C-2), 112.7
(C-3), 139.6 (C-4), 107.6 (C-4a), 149.1 (C-5), 114.3 (C-6), 158.1 (C-7), 94.3 (C-8), 152.6 (C-9), 145.0 (C-2′),
105.2 (C-3′), 69.9 (C-1′′), 119.3 (C-2′′), 139.8 (C-3′′), 25.9 (C-4′′), 18.4 (C-5′′).

For immunoregulatory screening, we selected 14 compounds based on their abundance or the
quality isolated from each plant (minor compounds were not tested here). The stock solutions of the
14 compounds selected for cytotoxicity and immunoassays were prepared by initially dissolving 1 mg
of weighed compounds in 10–20 μL of DMSO and then subsequently diluting them with 980–990 μL
of relevant culture media to make the stock concentrations of 1 mg/mL.

4.3. DC Assay Method and Flow Cytometry

DC2.4 cells was a gift of Kenneth L. Rock, University of Massachusetts Medical School and
Dana-Farber Cancer Institute (Boston, MA, USA). The DC2.4 cell line was established from bone
marrow cells of C57BL/6 mice transduced with murine granulocyte macrophage-colony stimulating
factor and retrovirally transfected with raf and myc oncogenes [25]. DC2.4 cells (4000 cells in exponential
phase/200 μL) were cultured in 96-well flat bottom plates overnight with a titration of the test
compound in media (stock concentration of 1 mg/mL and further titrated in tissue culture media at 4
mid-log dilutions starting at 100 μg/mL) or media only (modified DMEM, 50 μM 2-mercaptoethanol
and 216 mg/L L-glutamine, 10% heat-inactivated FCS). Each compound was tested twice, in replicate
assays. The cells were then harvested with trypsin, split in two and transferred to 96-well V-bottom
plates, washed and stained on ice with FC-blocking antibody (2.4G2 supernatant) followed by
combinations of fluorochrome-conjugated antibodies (all Biolegend except MHC-II) in two panels: (1)
MHC-I FITC (H-2Kb), CD86 AF700, MHC-II V500 (BD); (2) CD40 AF647, CD80 FITC, CD44 PeCy7,
CD274 BV421 for 10 min on ice. Samples were then washed and resuspended in buffer with sytox
blue (panel 1) or propidium iodide (panel 2) for dead cell exclusion and run on a LSRFortessa flow
cytometer (BD Biosciences, San Jose, CA, USA). Post-acquisition data analysis was performed with
FlowJo software version 9.1 (Treestar, Ashland, OR, USA); calculations were performed using Microsoft
Excel (version 12, Microsoft Corporation, Washington, NM, USA). The RFI (relative fluorescence
intensity) for each parameter was calculated by dividing the median fluorescence intensity (MFI) of
the test sample by that of the control (media-only) samples.

4.4. Gene Expression Analysis

DC2.4 cells were co-cultured overnight with test compounds as described above. The following
day, cells were harvested and 20,000 live cells from each condition were sorted by FACS into RLT
buffer and stored at −70 ◦C. On the day of extraction, frozen cell lysates were thawed quickly on ice
and mRNA was extracted using the RNEasy micro kit (Qiagen, Chadstone Centre, VIC, Australia)
according to the manufacturer’s instructions. cDNA was synthesized using oligo-dT and AMVRT
(Promega, Sydney, Australia) according to the manufacturer’s instructions. Gene expression was
measured using individual Taqman gene expression assays (Applied Biosystems, Foster City, CA,
USA) and Platinum Taq polymerase (Life Technologies, Carlsbad, CA, USA) in a 15 μL volume reaction
using a Rotorgene 3000 PCR machine (Corbett Research, Mortlake, Australia) with the following
conditions: 2 min at 50 ◦C for calibration of fluorescence gain values, then denaturing at for 2 min
at 95 ◦C, followed by 45 cycles of 5 s at 95 ◦C and 30 s at 60 ◦C. Gene expression was quantified
relative to a standard curve generated from a titration of cloned cDNA and relative gene expression
was calculated by dividing the expression value of the test sample by that of the cells grown in media
only. All assays were conducted in triplicate.

4.5. Determining Cytotoxicity Using xCELLigence RTCA System

The immortalized non-malignant human cholangiocyte cell line H69 is a SV40-transformed human
bile duct epithelial cell line originally derived from a normal liver harvested for transplantation [63,64].
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H69s were grown under similar conditions with growth factor-supplemented specialized complete
media; DMEM/F12 with high glucose, 10% fetal bovine serum (FBS), 1× antibiotic/antimycotic,
25 μg/mL adenine, 5 μg/mL insulin, 1 μg/mL epinephrine, 8.3 μg/mL holo-transferrin, 0.62 μg/mL,
hydrocortisone, 13.6 ng/mL T3 and 10 ng/mL EGF (Life Technologies). Cytotoxicity screening of the
test compounds against the H69 cell line was performed using an xCELLigence SP system (ACEA
Biosciences Inc., San Diego, CA, USA) as described by us previously [65]. All experiments were
carried out as per the manufacturer’s instructions with 0.25–60 min read intervals using the real time
cell assay (RTCA) software (ACEA Biosciences Inc., USA). All assays were conducted in triplicate.
Inter-well spaces were filled with 100 μL of culture medium or PBS to prevent evaporation. The
E-plates containing cells were seeded at 5000 cells/well and incubated overnight at 37 ◦C with 5% CO2.
The cells were then treated with prepared concentrations (50, 100, 500 μg/mL) of the test compounds
and the viability of the cells was monitored continually for 24 h.

4.6. IC50 Calculations of Cytotoxicity

We determined the IC50 values of test compounds based on the normalised cell index (nCI)
for cells, as described previously [66]. Briefly, the 24 h nCI relative to the negative DMSO treated
controls (deemed 100%) on the y-axis was plotted against the log concentration value x-axis. GraphPad
Prism 6.0 used calculated IC50 values using the log (test compound concentration) vs normalised
response (100–0%) with variable slope formula and the least squares fitting method (i.e., y = 100/(1 +
10ˆ((LogIC50 − x) × HillSlope)).

4.7. Research Ethics

All five medicinal plants studied here were collected from Bhutan in 2009 and in a study approved
by Menjong Sorig Phamaceuticals of Bhutan and the National Biodiversity Centre of Bhutan (NBCB).
A Material Transfer Agreement was signed between Phurpa Wangchuk and the NBCB and the
methanol extract samples of these plants were transferred to Australia with approval from Bhutan
Agriculture and Food Regulatory Authority and Australian Quarantine Authority. Their voucher
specimen number and parts collected are given in Table 1. The DC2.4 cell line was generously provided
by Kenneth L. Rock (University of Massachusetts Medical School and Dana-Farber Cancer Institute,
USA). The non-malignant cholangiocyte cell line H69 was obtained from Gregory J. Gores, Mayo
Clinic, Rochester, MN, USA.

5. Conclusions

Five medicinal plants—A. laciniatum, A. nubigena, C. crispa, C. dubia, and P. amabile—which grow in
extreme Himalayan mountain ecology—are used in the scholarly Bhutanese traditional medicines for
treating various disorders that bore relevance to modern disease pathologies including inflammation,
tumor and infections. Inspired by the strong bioactivities of their crude extracts, we isolated a total of 40
phytochemicals and tested 14 of them for their capacity to modulate DC activity, and 10 for cytotoxicity.
Two of the 14 compounds showed robust immunostimulatory or immunosuppressant activities.
Specifically, scoulerine (10) showed strong immunostimulatory activity as indicated by upregulation
of gene and protein expression of key molecules associated with DC activity, whereas bergapten (13)
consistently suppressed expression of DC genes involved in T cell signalling and activation. Our data
are consistent with reports that these two compounds have broad-ranging therapeutic properties that
can be used against cancer, malaria, helminthiasis, inflammation and Alzheimer’s disease. Thus, they
are worthy of further exploration either as independent drug entities or as immunomodulators to
potentiate other drugs/vaccines, including investigating the mechanisms of action of these compounds.
Finding a broad-spectrum drug that could treat multiple diseases or potentiate other drugs and vaccines
is highly desirable and of great interest to the pharmaceutical industry. This study not only identified
potential immunomodulatory compounds from five Bhutanese medicinal plants but also provided
molecular and immunological data to support their reported efficacy.
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Abstract: Pleurotus eryngii is recognized for its prominent nutritional and medicinal value. In our
study, we tested the effect of glucans on lipopolysaccharide (LPS)-induced production of TNF-α.
We demonstrated that glucan extracts are more effective than mill mushroom preparations.
Additionally, the effectiveness of stalk-derived glucans were slightly more pronounced than of
caps. Cap and stalk glucans from mill or isolated glucan competed dose-dependently with
anti-Dectin-and anti-CR-3 antibodies, indicating that they contain β-glucans recognized by these receptors.
Using the dextran sulfate sodium (DSS)-inflammatory bowel disease mice model, intestinal inflammatory
response to the mill preparations was measured and compared to extracted glucan fractions from caps
and stalks. We found that mill and glucan extracts were very effective in downregulating IFN-γ and MIP-2
levels and that stalk-derived preparations were more effective than from caps. The tested glucans were
equally effective in regulating the number of CD14/CD16 monocytes and upregulating the levels of
fecal-released IgA to almost normal levels. In conclusion, the most effective glucans in ameliorating some
IBD-inflammatory associated symptoms induced by DSS treatment in mice were glucan extracts prepared
from the stalk of P. eryngii. These spatial distinctions may be helpful in selecting more effective specific
anti-inflammatory mushrooms-derived glucans.

Keywords: P. eryngii; glucans; inflammation; inflammatory bowel disease

1. Introduction

Pleurotus eryngii is generally recognized as the king oyster mushroom. It was originally consumed
in Europe but is now widely distributed and consumed in other parts of the world including America,
Asia, and Africa [1]. The advantageous nutritional and medicinal properties exerted by P. eryngii
mushrooms are mediated, at least in part, by potent bioactive constituents such as the polysaccharides
fraction (glucans) and other molecules that can confer a variety of health benefits such as strong
immunomodulatory effects [2–4].
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Int. J. Mol. Sci. 2018, 19, 3371

The notable regulatory effects of glucans present in the fruiting bodies of edible mushrooms on
the immune system have received significant attention and extensive studies [5–7]. The regulating
activity of the immune system by mushroom glucans appears to be mediated, at least in part, via direct
activation of macrophages and dendritic cells, which are essential components of the innate immune
system in mammalians [8].

For glucans to induce their biological response, they should bind to their primary targets;
i.e., the inflammatory cells. Several studies have established that, at least for β-glucans, biological effects
are exerted through specific binding to the lectin-binding site of complement receptor type three
(CR3 (CD11b/CD18)) on immune effector cells and NK cells [8]. β-Glucans may also interact with
an additional glucan receptor on inflammatory cells, the Dectin-1 receptor expressed in neutrophils,
macrophages, dendritic cells, and some T-cells. Following binding of glucans to Dectin-1 or to CR3
(CD11b/CD18) receptor, several specific activities, such as modulation of phagocytosis, variations of
release of inflammatory cytokines, and other activities, are modulated [8].

Inflammatory bowel diseases (IBD) are inflammatory disorders of the intestinal tract
and bothersome conditions of unknown etiology that are most common in developed countries,
distressing the quality of life of the affected population. There are two types of IBD, Crohn’s disease
and ulcerative colitis, which both feature an overactive immune response. Treatment of IBD symptoms
is concentrated on the use of nonspecific immunosuppressive therapies (such as steroids), antibiotics,
and some novel biologicals therapies mainly targeting the proinflammatory tumor necrosis factor
(TNF) pathway [9]. Altogether, these treatments are not always effective in all patients. We believe that
ingestion of purified glucans may exert anti-inflammatory effects similar to those previously reported
for P. pulmonarious glucans [6] and none of the adverse effects of the aforementioned therapies.

We recently reported that P. eryngii has the highest total, β- and α-glucan content compared to
other Pleurotus species [10]. We also found that the stalks (stipe) of the fruiting body contained higher
glucan content than the caps (pileus) [10]. In the present study, we addressed the question whether
this spatial distribution has implications on the extent of the anti-inflammatory effect exerted by
the two different parts of P. eryngii mushroom. We, therefore, concentrated our efforts on investigating
whether glucans extracted from stalks and caps are comparable in their anti-inflammatory effects using
a wide variety of experimental designs exemplifying inflammatory disorders such as IBD.

2. Results

2.1. Glucan Content Mushroom Stalk and Cap

The glucan content of the P. eryngii was assessed using the Megazyme kit. Total α-glucan
and β-glucan content was significantly higher in the stalks of the mushrooms compared to
the caps (p < 0.001); however, α-glucan content in stalks demonstrated the most significant difference
(p < 0.0001) (Table 1).

Table 1. Glucan content in cap and stalks from P. eryngii mill and glucan extracts. α, β, and total
glucan concentrations (g/100 g dried matter) in mills and glucan extracts prepared from cap and stalks
harvested from P. eryngii mushrooms. * p < 0.001, ** p < 0.0001 comparison between caps to
respective stalks.

P. eryngii Parts and Preparations α-Glucan (g/100 g) β-Glucan (g/100 g) Total Glucans (g/100 g)

Cap whole mill 0.804 ± 0.006 29.519 ± 0.98 30.32 ± 0.5
Stalk whole mill 4.505 ± 0.35 * 38.412 ± 1.2 * 42.92 ± 0.77 *

Cap glucan extract 6.545 ± 1.38 21.804 ± 1.27 28.5 ± 1.32
Stalk glucan extract 16.9851 ± 1.6 ** 29.807 ± 2.6 * 46.79 ± 2.12 *

44



Int. J. Mol. Sci. 2018, 19, 3371

2.2. P. eryngii-Derived Glucans Suppressed TNF-α Secretion from Lipopolysaccharide-Treated J774.2 Cells

TNF-α is an important inflammatory mediator produced from macrophages corresponding to
inflammation. Therefore, we used TNF-α as an indicator of macrophage response to lipopolysaccharide
(LPS) and glucans. J774.2 cells were incubated with LPS (100 ng/mL) and with/without glucan
for 24 h. Supernatant was collected at different intervals (4, 6, 12, and 24 h) and evaluated for TNF-α
secretion. Cells were incubated with whole mill or glucan extracts at increasing concentrations.
LPS induced TNF-α production in a time-dependent fashion (Figure 1). A significant decrease
(∼50%) in TNF-α secretion was observed when 0.00025% extract from cap was added after 4 h
and at a concentration of 0.025% TNF-α was hardly detected. TNF-α production was suppressed by
both glucans in a dose-dependent manner, showing the greatest consistent effect when glucan extracted
from stalks was added. Glucans from glucan extracts exerted more notorious effects than glucans from
mill preparations.

Figure 1. Secretion of lipopolysaccharide (LPS)-stimulated TNF-α by J774.1 (1 × 106 cells/well)
macrophages in response to several doses of glucans from mill and isolated glucans from (a) caps
and (b) stalks of P. eryngii mushrooms (0.00025%; 0.0025%; 0.025%; i.e., 0.25 or 2.5 or 25 μg/1 mL
media). Concentration of TNF-α in the culture supernatants was measured by ELISA and expressed as
(pg/mL). Data are expressed as means ± SD. Different letters indicate significantly different values
at p < 0.05.

2.3. Inhibition of Staining of CR3 and Dectin-1 Receptors by P. eryngii Glucans

Glucans express their immunostimulating activities via interaction with various surface receptors.
The most important of these receptors are Dectin-1 and CR3 (CD18/CD11b). In order to establish
the affinity of glucans from different parts of the mushroom to these receptors, the next series
of experiments focused on binding to CR3 and Dectin-1 receptors. Our results, summarized in
Figure 2, demonstrated that glucan extracts had a strong dose-dependent inhibition on both receptors.
Glucan extracts competed with both receptors more efficiently than mill. Glucans extracted from
the cap had the strongest inhibition profile on Dectin-1 staining (Figure 2a), but for CR3 binding,
glucans extracted from caps and stalks had similar inhibitory activity (Figure 2b).
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Figure 2. Effect of different concentrations of glucans from mill and isolated glucans from caps
and stalks of P. eryngii mushrooms (0.00025%; 0.0025%; 0.025%; i.e., 0.25 or 2.5 or 25 μg/1 mL media)
on Dectin-1 expressed in human neutrophils (a) or CR3 staining expressed in RAW 264.7 cells (b).
The data shown are the average with error bars indicating the standard deviation. The level of
inhibition with increasing concentrations of P. eryngii isolated glucans is more potent than that obtained
with increasing concentrations of P. eryngii mill preparations. No difference between caps and stalks.
Different letters indicate significantly different values at p < 0.05.

2.4. Effect of Isolated Glucans from Stalk and Cap on Acute Colitis Induction in Mice

Histologic damage is one of the most noticeable results from acute DSS-induced colitis in
mice. Figure 3 clearly demonstrates that dextran sulfate sodium (DSS) administration resulted in
a high histology score of ~12 that was significantly reduced by administration of glucan extracts.
Milled mushrooms had lower effects than glucan extracts, and mill prepared from stalk demonstrated
almost complete ineffectiveness.
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Figure 3. Effect of mill and isolated glucans from caps and stalks of P. eryngii mushrooms
(1 mg glucan/kg mice BW) on histologic damage score in dextran sulfate sodium (DSS)-induced
colitis. DSS was administrated for 7 days and mill and glucan extract treatment started with DSS
treatment and continued until day 16 when all mice were sacrificed and tissue samples were taken
for analysis. Data represent mean ± SD of six mice per group. Different letters indicate significantly
different values at p < 0.01.

2.5. CXCL1, MIP-2, and INF-γ mRNA Expression in Large Intestine

Expression levels of genes related to immune response were analyzed in samples of large intestine
from mice with experimentally-induced acute colitis. INF-γ showed a strong reduction in gene
expression by both whole mill and glucan extracts (Figure 4a); although, there was also a significant
difference between cap- and stalk-derived glucans. MIP-2 also showed a decrease in expression in
treated mice. Mill preparations were less effective than glucan extracts. Additionally, there was also
a difference between cap- and stalk-derived glucans with the latter showing stronger effect (Figure 4b).
The chemokine CXCL1 showed a significant decrease in expression compared to positive control when
mice were treated with glucan extracts but not with whole mill (Figure 4c).

Figure 4. Cont.
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Figure 4. Effect of mill and isolated glucans from caps and stalks of P. eryngii mushrooms
(1 mg glucan/kg mice BW) on (a) INF-γ mRNA levels (b) Mip-2 levels mRNA levels and (c) CXCL1
mRNA levels in colonic samples relative to negative control (no treatment). DSS was administrated
for 7 days and mill and glucan extract treatment started with DSS treatment and continued until
day 16 when all mice were sacrificed and tissue samples were taken for analysis. Data represent
mean ± SD of six mice per group. Different letters indicate significantly different values at p < 0.05.

2.6. Percentages of CD14/CD16 Monocytes in Colitis

Next, we evaluated the percentages of activated monocytes in circulating blood in the different
groups (Figure 5a). The maximum percentage (18.2 ± 3%) of activated monocytes was observed in
the DSS-induced mice, whole mill had no significant effects, while glucan extracts significantly reduced
the percentage of activated monocytes. No difference was detected between caps and stalks.
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Figure 5. Effect of mill and isolated glucans from caps and stalks of P. eryngii mushrooms
(1 mg glucan/kg mice BW) on (a) percent of CD14+/CD16+ monocytes and (b) on secretory IgA in
feces harvested from mice who underwent DSS-induced colitis. Data represent mean ± SD of six mice
per group; data were compared between DSS and mill and isolated glucans from caps and stalks of
P. eryngii mushrooms treated groups. Different letters indicate significantly different values at p < 0.05.

2.7. Secretory IgA in the Colon

Secretory IgA is the most important immunoglobulin secreted towards the mucosal surface in most
mammals and play a key role in the protection of the intestinal epithelium from bacterial and other
pathogens infection. We measured the amount of secretory IgA in the colon of DSS mice in both
treated and untreated mice. Secretory IgA increased significantly after treatment with glucan extracts,
indicating a higher protective status as is expected in the healthy intestine (Figure 5b). No significant
differences were detected in animals treated with whole mill from stalk before DSS and after DSS
without pretreatment.

3. Discussion

This study concentrated on evaluating the functional and spatial variation of glucan type
and concentration in the edible mushrooms P. eryngii. In line with our previous publication [10],
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we demonstrated that the stalks (stipe) of the fruit body contained higher glucan content than the caps
(pileus). Similarly, Park and associates [11] have recently demonstrated that the β-glucan contents were
also higher in stipes of P. eryngii, claiming that this result is probably associated with the development
of the major structural compounds of cell wall in mushrooms allowing for optimal supporting effect of
the cap. Since β-glucans were repetitively demonstrated in a myriad of studies [2,12–18] to induce
immunostimulatory events in mammalian cells, we hypothesized that this spatial variation may also
impinge on the functionality of the different parts of P. eryngii.

In the present study, we measured α-glucan, β-glucan, and total glucan concentrations
in mill preparations and compared these to extracted glucan lyophilized fractions from caps
and stalks prepared from P. eryngii mushrooms. Overall, the net α-glucan, β-glucan, and total
glucan concentrations were significantly higher in the extracted lyophilized glucan fraction from
P. eryngii stalks (Table 1). Additionally, the α-glucan concentration was notably higher in extracted
glucan fractions. Therefore, we hypothesized that glucan extracts from P. eryngii stalks should be
significantly more effective than those from P. eryngii caps since, per gram of extract, there are more
glucans (β-glucans and significantly more α-glucans).

We tested the effect of our glucan samples on LPS-induced production of TNF-α. The results
demonstrated that glucan extracts from caps and stalk were more effective than mill mushroom
preparations (Figure 1), and the effectiveness of stalks was slightly more pronounced. These results
indicated that P. eryngii glucans prepared from either part of this edible mushroom could be used as
an adequate treatment aimed to control diseases associated with TNF-α overproduction resulting from
LPS-mediated inflammation.

In order to demonstrate the putative immunomodulatory effect of P. eryngii glucans derived
from caps and stalks, we tested whether there are some differential abilities of these glucans to
bind to glucan receptors associated with the inflammatory processes expressed on membrane of
immune cells. To accomplish this aim, we tested the putative competitive of these glucans towards
Dectin-1 and complement-3 (CR-3) receptors. Dectin-1 is a transmembrane protein widely expressed
in the cell surface of neutrophils, macrophages, and dendritic cells, and shown to specifically bind
β-glucans secreted by edible mushrooms [8]. We demonstrate herein that cap and stalk glucans from
mill or isolated glucan dose competed similarly with anti-Dectin-1 antibody, indicating that both
structural parts of P. eryngii competed for binding. Nonetheless, competition of glucans prepared from
glucan extracts were more efficient than glucans from mill preparations (this was strikingly evident at
higher concentrations of added glucans). Since the human β-glucan receptor is functionally equivalent
to murine Dectin-1 [19] testing the P. eryngii derived glucans in human and mouse cell lines broadness
the inter-species importance of these molecules.

Similar results were obtained CR-3 receptor. CR3 receptor is a heterodimeric transmembrane
glycoprotein receptor consisting of a β2 subunit (CD18), and bound to a αM subunit (CD11b) [8].
The CR3 receptor is expressed on immune-associated cells such as macrophages or NK cells and on
leukocytes. Similarly to Dectin-1, stalk and cap glucan preparations from P. eryngii did not significantly
differ in their binding ability, indicating that glucans from both mushroom parts can compete with
the glucan receptor CR3. These results may stress the importance of the interactions between the wide
varieties of glucan structures with cells of the immune system. The binding may affect the immune
system and keep it alert to fight pathogens or other opportunistic infections.

Next, we tested the effect of glucan preparations as an in vivo anti-inflammatory treatment for
IBD. For IBD induction, we used the DSS mice model, which is an important animal research tool
that has enormously contributed to our understanding of pathogenetic pathways associated with
IBD [20]. Additionally, drugs used to treat human IBD also ameliorate symptoms of DSS-induced
mouse IBD [21]. Histologic damage score includes colonic crypt alteration, epithelial cell injury,
ulcer formation, and infiltration of inflammatory cells into the colonic lamina propria. Glucan extracts
were equally efficient in diminishing histologic damage scores in the DSS-IBD model (Figure 3);
however, mill preparations were ineffective. We assume that the concentrations or the specific mix of
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glucans (especially α-glucans; see Table 1) were more effective and contributed to their impressive
ameliorating effect.

We measured the intestinal inflammatory response to the treatment of mill preparations of
the DSS-IBD model compared to extracted glucan by assessing pro-inflammatory cytokine transcript
levels in the intestinal tissue by RT-PCR. First, we clearly demonstrated that mill and glucan extracts
were very effective in downregulating IFN-γ levels; however, glucan extracts were more effective
than mill preparations (see Figure 4a). A striking effect was notable following treatment with stalk
preparations compared to caps. This is a very interesting and important result if we take into
consideration that the significant downregulation of a pro-inflammatory cytokine IFN-γ probably
initiated the inflammation in the DSS-IBD model. Ito et al. [22] demonstrated that IFN-γ plays
an essential role in the initiation of colitis induced by DSS treatment; additionally, several chemokines
are produced in response to triggering in an IFN-γ-dependent manner.

These observations were followed up by measurements of MIP-2 intestinal transcript levels.
MIP-2 is specifically expressed in the inflamed areas of the colon in patients with IBD [23] and plays
an indispensable role in its development and progression. MIP-2 is produced by a wide variety of cells
and plays a role as a powerful chemoattractant for immune cells such as monocytes, T and B cells,
and others and thus intensifies the immune-mediated response in colitis. We assumed that MIP-2 is
regulated in an IFN-γ-dependent manner and, as such, the effects on the cytokine levels by P. eryngii
glucan treatment were similar to those exerted on IFN-γ levels. Indeed, mill and glucan extracts were
very effective in downregulating MIP-2 levels; and as for IFN-γ, glucan extracts were more effective
than mill preparations and stalk glucans were more effective than cap glucans (see Figure 4b).

We also measured the effect on CXCL1 levels. CXCL-1 levels are associated with recruitment
of neutrophils into colonic tissues after that the inflammation process is initiated. The response of
treatment to mill preparations compared to extracted glucan lyophilized fractions from caps and stalks
prepared from P. eryngii mushrooms differed to the response of IFN-γ and MIP-2. Mill glucans were
ineffective and glucans extracts from both caps and stalks were equally effective (see Figure 4c).
We assumed that CXCL1 chemokines participate in later stages of inflammation, therefore controlling
their levels was less essential than controlling the effector IFN-γ levels and its downstream response
cytokine MIP-2.

CD14/CD16 monocytes represents a major proinflammatory immune cell population in IBD
in general and in Crohn’s disease specifically [24]. Various researchers have demonstrated that
peripheral CD14+/CD16+ cells play a key role as potential disease indicators and drug targets for
anti-inflammatory treatment [25].

In the present study, we demonstrated that mill glucans were ineffective in regulating peripheral
CD14+/CD16+ cell levels similarly to their effects on CXCL1 chemokines intestinal expression.
On the other hand, glucan extracts from both caps and stalks were equally effective in regulating
the number of CD14+/CD16+ monocytes, indicating that they induce a systemic anti-inflammatory
effect (see Figure 5a). We assumed that CD14+/CD16+ cells, like CXCL1 chemokines, participated in
later stages of inflammation.

One cause of IBD is an abnormally amplified immune response of the intestinal mucosal to
the normal intestinal microbiome. IgA is the primary antibody present in intestinal secretions
and its role is to stop unwanted pathogenic organisms reaching the intestinal epithelial cell surface.
Additionally, IgA deficiency in humans has been closely associated with ulcerative colitis [25].
Our results indicated that intestinal disorders induced by DSS-treatment in mice also involved
downregulation of IgA expression (see Figure 5b). Glucan extracts upregulated the levels of
IgA to almost normal levels; however, mill preparations were found to be almost ineffective in
this regard. We believe that either glucan administration prepared from caps or stalks of P. eryngii
exerts an important effect in the preservation of the epithelial integrity and greatly contributes to
the normal homeostasis phenotype of the intestinal epithelium.
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4. Materials and Methods

4.1. Preparation of Whole Mill and Glucan Extractions from Caps and Stalks from P. eryngii

P. eryngii mushrooms were grown at the Matityahu Experimental Farm (Upper Galilei, Israel).
Fresh mushrooms were harvested when they reached similar cap opening and color. After collection,
P. eryngii were dissected into caps and stalks, the different parts were weighed, dried and milled to pass
a 1.0 mm screen using a Retsch centrifugal mill preparations unit. This preparation provided the whole
mill. Dried powder of these whole mill preparations were subsequently used for glucan extraction
similarly to the methodology used in our previous publication [10]. Glucan extracts were lyophilized
as we previously described [10] and dried pre-weighted glucan extract samples were used for further
glucan analyses.

4.2. Glucans Analysis

Glucan concentrations of mill and glucan extracts from P. eryngii caps and stalks were determined
using a mushroom and yeast-specific β-glucan kit (Megazyme International, Wicklow, Ireland)
based on a colorimetric reaction using the previously described method [10]. The absorbance of
the resulting color complex was measured using a spectrophotometer (Synergy 2, Multi-Mode Reader,
BioTek, Winooski, VT, USA) at 510 nm. Total glucan (% w/w or g/100 g), α-glucan (% w/w)
and β-glucan content (% w/w) were measured as we recently described [10].

4.3. TNF-α Secretion from LPS- and Glucan-treated Mouse Macrophage Cell Line J774.2

Mouse macrophage J774.2 cells (1 × 106/well) were incubated with LPS (100 ng/mL) and different
concentrations of glucans from mill or isolated glucans (dissolved in PBS under mild heating i.e., 60 ◦C)
for 24 h. Supernatants were collected at different time intervals (4, 6, 12, and 24 h) and evaluated for
TNF-α secretion by ELISA employing anti-mouse TNF-α kit (R&D Systems, Minneapolis, MN, USA)
and expressed as pg/mL. Glucan treatment did not affect cell viability as determined by MTT
(3-(4, 5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide) assay as previously described [5].

4.4. Inhibition of CR3 and Dectin-1 Staining by Mill and Glucan Extracts from P. eryngii Caps and Stalks

We evaluated the ability of mill and glucan extracts to compete with specific FITC-labeled
antibodies to CR3 (MN-41) or Dectin-1 (CLEC7A) using flow cytometry. To this end, we incubated
human neutrophils (in case of CR3) and RAW 264.7 cell lines (in case of Dectin-1) with glucans
(0.00025%; 0.0025%; 0.025%; i.e., 0.25 or 2.5 or 25 μg/1 mL media) of each preparation for 45 min at 4 ◦C
then, after washing, we incubated the cells with each of the FITC-labeled antibodies for 30 min on ice.
Flow cytometry was performed with a FACScan (Becton Dickinson, San Jose, CA, USA) flow cytometer
and the data from over 10,000 cells/sample were analyzed. Results are specified as percentage of
inhibition of staining.

4.5. Animals

Female, 8-week-old BALB/c mice (5–10 mice/group) were purchased from the Jackson Laboratory
(Bar Harbor, ME, USA). The protocol for the research project was approved by the University of
Louisville IACUC Committee and conformed to the provisions of the Declaration of Helsinki (as revised
in Edinburgh 2000). Animals were sacrificed by CO2 asphyxiation followed by cervical dislocation.

4.6. Acute Colitis Induction in Mice

Dextran sodium sulfate (DSS) 3% (w/v) in water was provided in the drinking water for 7 days
essentially as previously described [6]. Glucans were used simultaneously with the start of
the treatment at dose 1 mg glucan/kg mice BW dissolved in PBS similarly to in vitro assay.
The glucan treatment continued until day 16. Glucans treatment was provided by gavage.
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Disease severity was evaluated at the end of the study based on evaluation of histology of
the colon (histologic damage score). Histology damage score was performed essentially as we
previously described [6]. After killing, the distal third of the colon was transferred to a 4% buffered
formalin solution. Histological scoring of the fixed (paraffin-embedded), sectioned and haematoxylin
and eosin-stained tissues was performed in a blinded fashion essentially as previously described
by Dieleman et al. [26]. Scoring was performed according to the following criteria: inflammation
(0 (none) to 4 (severe)), extent (0 (none) to 4 (transmural)) and crypt damage (0 (none) to 4 (entire crypt
and epithelium lost)). The three scores were summed to give a total score (0–12). Grading was
performed by two investigators blinded to the treatment groups.

4.7. Monocytes Staining

Mice blood samples were obtained from control, DSS-treated, and glucan and DSS-treated mice.
Inflammatory monocytes (CD14+/CD16+) were stained using anti-CD14-FITC and anti-CD16-PE
antibodies. 20 μL of whole blood was incubated with the labeled antibodies and washed.
Following application of 300 μL erythrocyte lysing buffer, the cells were washed and analyzed by
flow cytometry.

4.8. RNA Preparation and Real-time PCR

Total RNA was isolated from colonic tissue (snap frozen in liquid N2) using the RNeasy Plus Mini
Kit (Qiagen, Santa Clarita, CA, USA) as described in the manufacturer’s protocol. RNA concentration
was quantified by ultraviolet spectrophotometry at 260 nm, and the purity and integrity were
determined using a NanoDrop (Thermo Fisher Scientific, Wilmington, DE, USA).

RT real-time PCR assays were performed to quantify steady-state mRNA levels of selected
molecules CXCL1, IFN-gamma, and MIP-2. cDNA was synthesized from 0.2 μg of total RNA.
Real-time PCR amplification was performed using Primer Express Software (Applied Biosystems,
Foster City, CA, USA). Target probe was labeled with fluorescent reporter dye. PreDeveloped TaqMan
primers and probes were used for the detection. Reporter dye emission was detected by
an automated sequence detector combined with ABI Prism 7700 Sequence Detection System software
(Applied Biosystems). Real-time PCR quantification was then performed using TaqMan 18S
rRNA controls as described [27]. Gene expression was expressed as fold increase relative to
negative control.

The primers used for real-time PCR were as shown in Table 2:

Table 2. Primer sequences used for RT-PCR.

Gene Forward Primer Reverse Primer

MIP-2 5′-TGGGTGGGATGTAGCTAGTTCC 5′-AGTTTGCCTTGACCCTGAAGCC
Cxcl1 5’- GCCACACTCAAGAATGGTCG 5’-TGGGGACACCCTTTAGCATC
INF-γ 5’-GTCTCTTCTTGGATATCTGGAGGAACT 5’-GTAGTAATCAGGTGTGATTCAATGACGC

4.9. Secretory Intestinal IgA

Elisa plates were coated with anti-IgA antibodies, incubated with fecal samples from all treatment
mice groups, and diluted 1:100 in PBS. IgA was developed using anti-IgA-biotin and HRP-streptavidin
as previously reported [28].

4.10. Statistical Analyses

Statistical analyses were performed by one-way repeated-measure ANOVA with Tukey–Kramer
or Dunnett’s test. Results are presented as mean ± SD. All figures show representative results of at
least two independent experiments.
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5. Conclusions

We demonstrate that the most effective glucans in ameliorating IBD-associated symptoms induced
by DSS treatment in mice were glucan extracts prepared from the stalk of P. eryngii. We believe that these
spatial distinctions may be helpful in selecting more effectively appropriate medicinal mushrooms.
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Abstract: Herb–drug interactions strongly challenge the clinical combined application of herbs
and drugs. Herbal products consist of complex pharmacological-active ingredients and perturb
the activity of drug-metabolizing enzymes. Panax notoginseng saponins (PNS)-based drugs are
often combined with aspirin in vascular disease treatment in China. PNS was found to exhibit
inhibitory effects on aspirin hydrolysis using Caco-2 cell monolayers. In the present study, a total of
22 components of PNS were separated and identified by UPLC-MS/MS. Using highly selective
probe substrate analysis, PNS exerted robust inhibitory potency on human carboxylesterase 2
(hCE2), while had a minor influence on hCE1, butyrylcholinesterase (BChE) and paraoxonase
(PON). These effects were also verified through molecular docking analysis. PNS showed
a concentration-dependent inhibitory effect on hydrolytic activity of aspirin in HepaRG cells.
The protein level of hCE2 in HepaRG cells was suppressed after PNS treatment, while the level
of BChE or PON1 in the extracellular matrix were elevated after PNS treatment. Insignificant effect
was observed on the mRNA expression of the esterases. These findings are important to understand
the underlying efficacy and safety of co-administration of PNS and aspirin in clinical practice.

Keywords: Panax notoginseng saponins; aspirin; HepaRG cells; herb–drug interactions

1. Introduction

Herbs have been used for primary health care for thousands of years before the advent of
modern medicines. It is estimated that approximately 80% of the population in Asian countries
currently uses herbs as complementary or alternative medicine [1]. Patients in these countries with
complex diseases use herbs more frequently. However, side effects of herb-drug interactions (HDI)
might occur. Some research reported that herbs perturbed the activities of the metabolizing enzymes
and/or transporters [2–4]. In the past decades, concerns about HDI have been raised. Liver is
the primary drug metabolism site and entails a myriad of chemical reactions. HepaRG cell line,
derived from a hepatocellular carcinoma, could express a large panel of liver-specific enzymes [5–7].
Due to the similarity with primary human hepatocytes, HepaRG cell line was found to be a valuable
human-relevant in vitro model for testing drug interactions [8].

Panax notoginseng saponins (PNS) are the main biologically active constituents in the roots of
Panax notoginseng (family Araliaceae). In China, PNS-based drugs have been developed and widely
used to treat cerebral infarction and ischemia [9], coronary heart disease and atherosclerosis [10].
Aspirin (acetylsalicylic acid) is an important member of the therapeutic arsenal for combating the

Int. J. Mol. Sci. 2018, 19, 3144; doi:10.3390/ijms19103144 www.mdpi.com/journal/ijms56



Int. J. Mol. Sci. 2018, 19, 3144

vascular disease. After administration, aspirin is rapidly hydrolyzed in the body with an elimination
half-life of approximatly 15 min [11,12]. Aspirin and PNS-based drugs are often taken together to
prevent thrombus and clinical benefits have been obtained.

On account of the presence of ester bond, aspirin could be catalyzed by esterases in the intestine,
liver, and plasma [13], which mainly include human carboxylesterase 1 (hCE1) and hCE2 in the liver
and intestine [14,15], and butyrylcholinesterase (BChE) [16], paraoxonase (PON) [17,18] in plasma.
We recently reported that PNS could inhibit aspirin hydrolysis and thereby elevated the level of aspirin
through Caco-2 cell monolayers [19]. However, the influence of PNS on the esterases responsible for
aspirin hydrolysis has not been fully investigated yet. In the current study, we characterized the effects
of PNS on the esterases using highly selective probe substrates and predicted the potential HDI in vivo
on the basis of enzyme kinetic parameters of hCE2. The effects toward hCE2 were verified through
molecular docking with PNS. Further, we explored the possible HDI using the HepaRG cell line.

2. Results

2.1. UPLC/LTQ-Orbitrap MS/MS Analysis

The main chemical components of PNS were detected with UPLC/LTQ-Orbitrap MS/MS analysis.
A total of 22 compounds were identified or tentatively identified (Figure 1). The retention time,
m/z values of adduct ions and MS/MS fragment ions in negative ESI modes, mass error, and formula
of all the identified compounds were listed in Table 1.

Figure 1. The representative total ion current chromatogram of PNS in negative ESI modes.
The corresponding compound names were given in Table 1 (varying from no. 1 to 19).
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Table 1. All the identified or tentatively identified components of PNS and their UPLC-MS/MS data.

No. TR (min)
Theoretical
Mass (m/z)

Experimental
Mass (m/z)

Mass
Error
(ppm)

MS2

Fragment
Ions

Formula Identification

1 4.42 1007.5421 1007.5417 −0.40
799(100),

637(20.49),
475(1.24)

C48H82O19
notoginsenoside

R3/R6

2 4.48 977.5315 977.5316 0.10
799(100),
637(4.13),
475(3.7)

C47H80O18
notoginsenoside

R1

3 4.73 845.4891 845.4893 0.24 637(34.70),
475(32.28) C42H72O14 ginsenoside Rg1

4 7.30 845.4891 845.4890 −0.12 637(10.01),
475(6.54) C42H72O14 ginsenoside F11

5 8.02 815.4787 815.4785 −0.25
637(52.99),
475(100),
391(1.53)

C41H70O13
notoginsenoside

R2 or F3

6 8.30 1107.5946 1107.5994 4.33

945(100),
783(22.44),
621(16.01),
459(3.33)

C54H92O23 ginsenoside Rb1

7 8.62 829.4944 829.4941 −0.36
637(26.69),
475(100),
391(3.34)

C42H72O13 ginsenoside Rg2

8 9.24 683.4365 683.4363 −0.29 945(100),
783(35.03) C53H90O22

ginsenoside Rb2
or Rb3

9 9.55 1123.5895 1123.5892 0.27 637(100),
475(16.41) C36H62O9 ginsenoside Rh1

10 10.31 683.4365 683.4362 −0.44 637(100),
475(45.43) C36H62O9 ginsenoside F1

11 11.08 991.5472 991.5465 −0.71
783(70.63),
675(32.46),

475(3.7)
C48H82O18 ginsenoside Re

12 12.36 991.5472 991.5465 −0.71

783(100),
621(7.47),
459(5.62),
375(0.86)

C48H82O18 ginsenoside Rd

13 13.76 961.5367 961.5376 0.94 783(0.68),
621(8.38) C47H80O17

notoginsenoside
Fd

14 16.09 665.4259 665.4281 3.31 - C36H60O8 ginsenoside Rh4

15 16.47 829.4947 829.4944 −0.36

715(100),
621(9.06),

459(18.43),
375(9.79)

C42H72O13 ginsenoside Rg3

16 16.88 665.4259 665.4261 0.30 - C36H60O8 ginsenoside Rk3

17 19.11 829.4947 829.4944 −0.36

715(100),
621(9.06),

459(18.43),
375(9.79)

C42H72O13 ginsenoside F2

18 24.17 667.4416 667.4431 2.25 - C36H62O8 ginsenoside Rh2

19 24.37 811.4838 811.4843 0.62 603(100) C42H70O12 ginsenoside RK1
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2.2. Enzyme-Specific Probe Substrate Analysis

The chemical analysis was conducted to evaluate the influence on the esterases responsible for
aspirin hydrolysis. Compared with the positive inhibitors (bis-p-nitrophenyl phosphate, tetraisopropyl
pyrophosphoramide and ethylenediaminetetracetic acid, which are abbreviated as BNPP, iso-OMPA
and EDTA in order), PNS exhibited weak or negligible effects on hCE1 (Figure 2A), BChE (Figure 2B),
and PON (Figure 2C). In contrast, PNS strikingly reduced hCE2 activity in a concentration-dependent
manner (Figure 2D). Further, inhibition kinetic analysis was carried out to investigate the mechanism of
PNS toward hCE2. The half inhibition concentration (IC50) of PNS was closed to 23.7 μg/mL (Figure 3).
Lineweaver-Burk plots demonstrated that the inhibition type of PNS toward hCE2 was best fit to a
non-competitive model (Figure 4A). The inhibition constant Ki of 27.9 was obtained from Dixon plots
(Figure 4B).

μ

μ

Figure 2. Inhibitory effects of PNS toward the esterases of hCE1, BChE, PON and hCE2 (A–D in
order) with BMBT (2-(2-benzoyloxy-3-methoxyphenyl)benzothiazole), FD (Fluorescein diacetate),
BuSCh (S-Butyrylthiocholine chloride) and PA (phenyl acetate) as a highly selective substrate of each
esterase. BNPP, iso-OMPA, and EDTA are well-known inhibitors for hCE1 (hCE2), BChE, and PON,
respectively. Data were presented as mean ± SD (n = 3).

μ

μ

Figure 3. Various concentrations of PNS were used to measure the half inhibition concentration toward
hCE2. Each point represents the mean of three independent experiments.
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μ
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μ
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μ

Figure 4. Inhibitory kinetics of PNS toward hCE2 using Lineweaver-Burk plots (A) and Dixon plots
(B). Data were presented as mean ± SD (n = 3).

A clinical study reported that the integrated peak concentration (Cmax) of the top five high-content
compounds (notoginsenoside R1, ginsenoside Rg1, Re, Rb1, and Rd with total amounts over 85%)
was 33.2 μg/mL after intravenous infusion of Xuesaitong injection (with PNS as an ingredient) at a
dosage of 800 mg/d for two weeks [20]. Thus, we figured out that the ratio of the area under the curve
(AUC)(+I)/AUC(control) of Xuesaitong Injection was 2.19, indicating that the AUC(+I) caused by PNS
toward hCE2 increased by 119% compared with that of without PNS.

2.3. Molecular Docking Analysis

Molecular docking programs use scoring functions to evaluate the binding energy of predicting
ligand-receptor complex. The binding scores between PNS and hCE2 were shown in Table 2.
The interaction energy between PNS and the metabolic enzyme varied from −8.8 kJ/mol to
−5.5 kJ/mol reflecting the stability of the complex. Among 22 compounds in PNS, the five main
compounds (notoginsenoside R1, ginsenoside Rg1, Re, Rb1, and Rd) were screened out and found to
bind to a few key amino acid residues in the active pocket of hCE2 (Figure 5). Taking notoginsenoside
R1 as an example, the sugar group formed a conventional hydrogen bond with the residues Glu325
and Met380 to stabilize the space structure of the complex. Moreover, A/B cycle and C-17 side chain
were at hydrophobic area and surrounded by residues Leu258, His322, and Leu533.

Figure 5. Cont.
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Figure 5. Molecular docking mode and interactions between hCE2 (shown in cartoon representation
and colored structure) and notoginsenoside R1, ginsenoside Rg1, Re, Rb1, and Rd (indicated by arrow),
respectively. Three-dimensional illustrations show the interactions of hCE2 with notoginsenoside R1

(A), ginsenoside Rg1 (C), Re (E), Rb1 (G), and Rd (I). Two-dimensional diagrams display interactions
of notoginsenoside R1 (B), ginsenoside Rg1 (D), Re (F), Rb1 (H), and Rd (J) in the active sites of hCE2.
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Table 2. Docking scores between the compounds of PNS and hCE2.

Rank Compound Name
Affinity

(kcal/mol)
Rank Compound Name

Affinity
(kcal/mol)

1 ginsenoside Rg2 −8.8 12 ginsenoside F2 −6.9
2 ginsenoside Rh1 −8.7 12 notoginsenoside F3 −6.9
3 ginsenoside Rh4 −8.6 14 ginsenoside Fe −6.8
4 ginsenoside F1 −8.3 14 ginsenoside Rg3 −6.8
5 ginsenoside R2 −8.1 16 notoginsenoside R1 −6.7
6 notoginsenoside Fd −7.7 16 ginsenoside Rb3 −6.7
7 ginsenoside Re −7.4 18 ginsenoside Rb1 −6.5
8 notoginsenoside R6 −7.3 19 ginsenoside Rb2 −6.1
9 ginsenoside RK3 −7.2 20 ginsenoside F11 −6.0

10 ginsenoside RK1 −7.1 20 notoginsenoside R3 −6.0
10 ginsenoside Rg1 −7.1 22 ginsenoside Rd −5.5

2.4. Cytotoxicology of PNS in HepaRG Cells

The effects of PNS exposure in HepaRG cells was conducted by an MTT assay to set the
concentrations used in the following trials, using the medium-treated cells group as control. As shown
in Figure 6, cell viability of PNS-treated cells changed in a concentration-dependent manner and
exhibited no cytotoxicity effect under the concentration of 100 μg/mL.

Figure 6. Cytotoxicity tests of PNS on HepaRG cells. Data were presented as mean ± SD (n = 5).
** and *** denoted result significantly different from that of the control group (p < 0.01 and
p < 0.001, respectively).

2.5. Aspirin Hydrolysis after PNS Treatment

The property of esterases responsible for aspirin hydrolysis in HepaRG cells was investigated in an
inhibition experiment. The results were presented in Figure 7. The hydrolase activity was significantly
inhibited by the addition of BNPP, a specific inhibitor of hCE1 or hCE2. However, there was no
significant inhibition on aspirin hydrolysis when treated with iso-OMPA or EDTA, hydrolase inhibitors
for BChE and PON, respectively.

Meaningfully, PNS significantly decreased the hydrolase activity of aspirin in a
concentration-dependent manner. There was no significant difference between BNPP (68 μg/mL) and
PNS (150 μg/mL). These data indicated that PNS exhibited an appreciating efficiency in inhibiting
aspirin hydrolysis.

2.6. ELISA Analysis for Esterases

We further explored the role of PNS in the protein expression in HepaRG cells. The results of the
expression of hCE1, hCE2, BChE, and PON1 in HepaRG cells after PNS treatment were presented in
Figure 8. There was no significant influence on hCE1 expression compared to the control (Figure 8A),
while PNS (100 μg/mL) significantly reduced hCE2 protein level (p < 0.05) (Figure 8B). Though BChE
levels intracelluar was not significantly changed compared to the control, PNS (100 μg/mL) led to

62



Int. J. Mol. Sci. 2018, 19, 3144

the great rise in the extracelluler medium (Figure 8C,D). The same situation was also seen in PON1
(Figure 8E,F).

Figure 7. Hydrolysis of aspirin (ASA) in HepaRG cell homogenates treated with PNS. HepaRG cells
homogenates were prepared and then diluted with 50 mM HEPES buffer (pH 7.4). Hydrolysis of ASA
(1.8 μg/mL) in cell homogenates was conducted in the presence/absence of PNS. No significance (ns)
was detected between BNPP (68 μg/mL) and PNS (150 μg/mL) treated group. Data were presented as
mean ± SD (n = 3). *, and ** denoted results significantly different compared with the control group
(p < 0.05, p < 0.01, respectively).

Figure 8. Effects on human carboxylesterase 1 (hCE1) (A), hCE2 (B), BChE (C,D), and PON1 (E,F)
protein level after PNS treatment. Cells were incubated with PNS for up to 24 h. After the removal of
PNS, cell lysates were prepared for ELISA analysis. Data were presented as mean ± SD (n = 3). * and **
denote results significantly different from those of the control group (p < 0.05, p < 0.01, respectively).
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2.7. qRT-PCR Analysis

To elucidate the effect of PNS on the transcription factor contributed to the change of the
protein level of esterases, we also explored mRNA expression in HepaRG cells with PNS treatment.
Compared with the control, there was no significant difference on the mRNA expression of hCE1,
hCE2, BChE, and PON1 (Figure 9).

Figure 9. Effects on mRNA expression of human carboxylesterase 1 (hCE1) (A), hCE2 (B), BChE (C),
and PON1 (D) with PNS treatment. Cells were incubated with PNS for up to 24 h. After the removal of
PNS, total mRNA was prepared for qRT-PCR. Data were presented as mean ± SD (n = 3).

3. Discussion

Multi-drug therapy is now a common therapeutic practice for patients due to their therapeutic
benefits, in both developed and developing countries. As a consequence, drug interactions are
sometimes unavoidable. Apart from cytochrome P450, esterases is an important class of phase
I metabolic enzymes, and plays a vital role in the biotransformation of ester-linked compounds.
Drugs with the ability to inhibit the catalytic activity of esterases in the body might improve systemic
exposure of the drug which is primarily cleared via the esterases. Except for synthetic compounds,
many natural triterpenoids have been reported to exhibit the potent inhibitory effects on esterases in
recent years [21–23].

Aspirin is one of the oldest antiplatelet agents used for antithrombotic therapy. It is rapidly
hydrolyzed to salicylic acid by esterases in the body. Compared with other esterases, it has been
reported that aspirin was primarily hydrolyzed by hCE2 [15]. In China, aspirin and PNS-based drugs
are often taken together under many conditions and produce enhanced therapeutic effects. In our
previous study, the plasma concentration of salicylic acid was highly increased when PNS and aspirin
were co-administrated in SD rats, indicating that the HDI in vivo definitely existed in both drugs [24].
In addition, using Caco-2 cell monolayers model, we demonstrated that PNS exhibited appreciative
inhibitory ability on the activity of the esterases responsible for aspirin hydrolysis, resulting in the
elevated level of aspirin across Caco-2 cell monolayers [19].

Highly-selective probe substrate analysis is extensively used for determination of the inhibitory
potential of a test compound. The basic premise of the methodology is that if test compounds
cannot inhibit a particular metabolic enzyme, the probe substrate will be metabolized to its product
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(metabolite) which can then be measured. Conversely, if test compounds inhibit the enzyme,
the substrate will not be metabolized or the rate of biotransformation and the formation of product
declines [25]. In the study, we used probe substrate analysis to explore the inhibitory effects of PNS
toward esterases. The results demonstrated that PNS exhibited strong inhibitory influence toward
hCE2, whereas displayed weak inhibition toward hCE1, BChE, and PON with IC50 higher than
100 μg/mL, along with well-known inhibitors for verification. We provided convincing evidence
that the activity of esterases responsible for aspirin hydrolysis could be directly inhibited by PNS
treatment with varying potency. Lineweaver–Burk plot analysis showed that the inhibitory pattern of
PNS toward hCE2 could be attributed to a non-competitive model. Hence, we speculated that PNS
could bind to some specific sites of hCE2 and might alter its original spatial conformation, resulting in
the reduced enzymatic activity.

Theoretically, significant enzyme inhibition occurs when the concentration of the inhibitor at
the metabolic site is not lower than the Ki [26]. An apparent Ki value established in vitro defines
the affinity of an inhibitor toward a particular enzyme. The likelihood of an in vivo interactions is
projected on the basis of the [I]/Ki ratio. Generally, the likelihood of interactions in vivo increases
along with the ratio increases. The interactions in vivo were considered significant when the ratio of
[I]/Ki > 1 [27]. In the study, we predicted the likelihood of HDI in vivo for Xuesaitong injection based
on the inhibitory kinetics data obtained from in vitro studies. High possibility of HDI was found to
exist in vivo via moderating hCE2 by PNS. However, since the effect of other metabolic pathways on
drug elimination is not taken into account, and the drug clearance is assumed to be mediated only by
inhibiting hCE2, the possibility of drug interactions between PNS and aspirin might be overestimated.
Applied Cmax as a substitute for [I] might also overestimate the actual HDI effects. Though [I]/Ki

can predict the occurrence of drug interactions, in vivo quantitative prediction on the basis of in vitro
investigations should be further confirmed, and studies should be carried out to explore the potential
pharmacokinetic interactions in vivo.

Molecular docking is the widely used methods to investigate structure-activity relationships
owing to the predictive ability of the conformation of small-molecule ligands within receptor binding
sites [28]. By executing quantitative predictions of binding energetics, molecular docking provided
rankings of docked compounds on the basis of the binding affinity of complexes [29,30]. The main
saponins presented in PNS include notoginsenoside R1 and ginsenosides Rg1, Re, Rb1, and Rd [31].
These ginsenosides contain two to five sugars. The presence of key molecular interactions and
the calculated binding free energy were usually used to evaluate the reliability of the predicting
enzyme-inhibitor complexes. In the current study, the compounds in PNS demonstrated high binding
affinity for hCE2 with the Gibbs free energy. The molecular interactions induced these compounds to
anchor in the binding sites of hCE2. Thus, we speculated that some active sites of hCE2 were occupied
by these compounds and could alter the original catalytic activity of hCE2. These results provided
valuable information on structure-activity relationships between hCE2 and PNS.

Almost all herbal drugs undergo phase I and/or phase II metabolism to yield inactive or
active metabolites. Herbal drugs are made of a complex mixture of pharmacological active
phytochemicals [32]. This complexity may act as inhibitors or inducers of liver drug enzymes,
thus altering the other drug’s concentration in target sites and influencing therapeutic effects [2].
Liver drug enzymes are the common sites of drug interaction in human. HepaRG cell line can express
esterases responsible for aspirin hydrolysis. In the inhibition experiment, we observed an interesting
phenomenon that the hydrolysis of aspirin was inhibited by PNS. Thus, it is possible that the inhibitory
effects of aspirin hydrolysis triggered by PNS occurred as it travels through human liver. The results
further support our studies above and are consistent with our earlier finding that PNS is an effective
inhibitor of esterases.

We further explored the potential effects of PNS on the major esterases expressed in the human
liver. PNS reduced the protein level of hCE2 in HepaRG cells, indicating together regulation of protein
expression other than the catalytic activity. PON1 has been reported to be beneficial in preventing
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atherosclerosis, attributing to its ability to reduce lipid hydroperoxides [33]. Blatter–Garin et al.
reported that aspirin application can increase the PON1 activity in plasma [34]. In this study,
PNS increased the release of PON1 out of the HepaRG cells. Considering PON1 catalyzing the
hydrolysis of aspirin, this may balance the harmful and beneficial actions of PNS. Notably, PNS had
insignificant effects on mRNA expression of four tested esterases. Taken together, it was conceived
that the effects of PNS might be related to the translation, processing, and stability of the esterases.

The findings from our study clearly indicated that PNS possess high potency in the inhibition
of esterases, in particular hCE2. Aspirin hydrolysis inhibited by PNS also had been confirmed on
the cellular level. It is likely that PNS could result in HDI in the clinical practice when combined
with aspirin. In many case, however, the effects of some drug in vitro and in vivo have no inevitable
correlation. A further study is warranted to investigate the HDI of PNS and aspirin in large test animals.

4. Materials and Methods

4.1. Chemicals

Aspirin was obtained from the National Institute for the Control of Pharmaceutical and Biological
Products (Beijing, China). PNS was obtained from Yunnan Sanqi Technology Co., Ltd. (Wenshan,
China). PNS contents were determined as: notoginsenoside R1, 7.4%; ginsenoside Rg1, 26.3%;
ginsenoside Re, 3.7%; ginsenoside Rb1, 27.7%; ginsenoside Rd, 7.6%. All chemicals were of the
highest quality available.

4.2. UPLC/LTQ-Orbitrap MS/MS Analysis

UPLC-MS/MS analysis was conducted on an Ultimate 3000 UPLC system (Thermo Fisher
Scientific, Waltham, MA, USA) equipped with an LTQ-Orbitrap Elite mass spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA). The chromatographic column used was an ACQUICTY UPLC®BEH
C18 column (1.7 μm, 2.1 × 100 mm). A linear gradient elution of 0.1% formic acid aqueous solution
(A) and acetonitrile (B) was employed in the analysis (5–30% solvent B for 2 min, 30–50% solvent B
for 18 min, and 50–100% solvent B for 8 min). The flow rate and injection volume were maintained at
0.3 mL/min and 3 μL, respectively. The MS conditions were set as follows: sheath gas flow, 40 arb;
auxiliary gas flow, 20 arb; spray voltage, 3 kV; source heater temperature, 300 ◦C; capillary temperature,
350 ◦C; capillary voltage, 35 V; tube lens voltage, 110 V, and scan range (m/z), 50 to 2000.

4.3. Enzyme-Specific Probe Substrate Analysis

4.3.1. Enzyme Inhibition Experiments

The highly selectively probe substrates were used to evaluate the influence of PNS on esterases
responsible for aspirin hydrolysis. The chemical assays for hCE1 and hCE2 were performed according
to the methods reported by Wang et al. [35] and Wang et al. [36], respectively. The study on the
effects of BChE was conducted using the method by Gulcin et al. [37]. The influence test for PON
was conducted by the method of Furlong et al. [38] with some modifications. Briefly, the reaction
system contained fresh plasma and freshly prepared paraoxon substrate solution (1 mM) in a total
of 200 μL of assay buffer (pH 8.0, 20 mM Tris-HCl, 1 mM CaCl2), in the presence/absence of PNS.
The assay was conducted at 37 ◦C and initiated by adding the substrate solution, and the absorbance
was continuously monitored at 270 nm for 5 min. A molar extinction coefficient of 1.31 × 103 was used
to calculate the activity.

Known inhibitors were run in triplicate as positive controls: BNPP for hCE1 or hCE2, iso-OMPA
for BChE, and EDTA for PON. The Ki value of PNS was further determined with low IC50 value
(<100 μg/mL).
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4.3.2. Inhibitory Kinetics Evaluation and In Vitro-In Vivo Extrapolation

The likelihood of HDI in vivo was predicted based on the [I] and Ki according to the following
equation [27]:

AUC(+I)/AUC(control) = 1 + [I]/Ki

in which AUC(+I) and AUC(control) represent the area under the concentration–time curve in the
presence/absence of inhibitor, respectively; [I] represents Cmax of inhibitor in the systemic blood.

4.4. Molecular Docking Analysis

Molecular docking studies were performed to investigate the binding mode of PNS to hCE2
by using AutodockVina 1.1.2 (http://autodock.scripps.edu/). To date, there is no complete
crystal structure of hCE2. Thus, we constructed the model with homology modeling method.
The three-dimensional (3D) coordinates of hCE1 (PDB ID, 1MX9; resolution, 2.9 Å) were downloaded
from the Protein Data Bank (http://www.rcsb.org/pdb/home/home.do). The 3D structures of PNS
were drawn using the ChemBio3D Ultra 12.0 software (Cambridge Soft Corporation, Cambridge,
MA, USA). The AutoDock Tools 1.5.6 package (http://mgltools.scripps.edu/documentation/links/
autodock) was employed to generate docking input files. The search grid of hCE2 was identified
as center_x: −1.27, center_y: 32.939, and center_z: 27.6, with dimensions of size_x: 15, size_y:
21, and size_z: 19. For Vina docking, the default parameters were used unless otherwise stated.
The best-scoring pose as judged by the Vina docking score was selected and visually analyzed using
the PyMOL 1.5 software (http://www.pymol.org/).

4.5. Cell Culture

HepaRG cells were generously provided by Du Yanan (Tsinghua University, Beijing, China).
Cells were cultured in growth medium composed of Williams’ E medium supplemented with 12% fetal
bovine serum (FBS), 100 U/mL penicillin, 100 μg/L streptomycin, 5 mg/mL insulin, 2 mM glutamax-I,
and 50 μM hydrocortisone hemisuccinate under 5% CO2/95% humidified air at 37 ◦C.

4.6. Cell Viability Assay

The cell viability was examined by the methyl thiazolyl tetrazolium (MTT) assay. HepaRG cells
were seeded into 96-well plates at 5 × 103 cells per well. After 48 h of incubation, the medium was
replaced with a fresh medium containing increasing concentrations of PNS. After 24 h, 20 μL MTT
(5 mg/mL) solution was added to each well. The MTT solution was discarded and 150 μL DMSO
was added after 4 h. The plates were gently shaken for 5 min and the optical density was measured
at 490 nm using a microplate reader (Thermo, USA). The cell viability of the untreated control was
arbitrarily considered as 100%.

4.7. Hydrolysis Experiments

The changes of aspirin hydrolysis in HepaRG cell homogenates after the addition of PNS was
investigated. The harvested cells were suspended in ice-cold buffer and then homogenized using
an ultrasonic homogenizer under the ice-cold condition. The cell homogenate was diluted with
HEPES buffer to the appropriate protein concentrations. PNS was added to the reaction solution and
pre-incubated for 5 min. The reaction was then started by adding aspirin and terminated by adding
ice-cold methanol. After centrifugation, the supernatants containing acetic acid (final concentration of
2%) were determined using HPLC. The chromatographic separation was achieved using a C18 column
(4.6 mm × 250 mm, 5 μm). The mobile phase comprised of acetonitrile-water-acetic (29:69:2, v/v) at a
flow rate of 1.0 mL/min. An injection volume of 10 μL was used, and the detection wavelength was
set at 276 nm.
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4.8. ELISA Analysis for Esterases

The expression level of hCE1, hCE2, PON1, and BChE in HepaRG cells treated by PNS
was quantitatively measured using ELISA Kit according to the manufacturer’s protocol. Briefly,
2 × 105 cells/well were seeded in a six-well plate for 48 h and then incubated with different
concentrations of PNS for another 24 h. The analyzed cells were washed with cold PBS, resuspended
in the RIPA lysis buffer, and then centrifuged at 10,000 rpm for 5 min. The resulting supernatants,
together with the conditional media collected from HepaRG cells were assayed, and the enzymatic
reaction was determined at 450 nm using an automatic microplate reader.

4.9. qRT-PCR Analysis

Total RNA was extracted from the cells using the Trizol (CW0581, CWbio, Beijing, China).
One microgram of RNA was used to synthesize cDNA using a reverse transcription reagents Kit
(CW0744, CWbio, Beijing, China). The qRT-PCR analysis was then carried out using UltraSYBR
(with ROX) on Line Gene 9600 Plus qRT-PCR Detection system (Bioer Technology, Hangzhou, China)
in the one-step protocol. Reactions were initiated at 95 ◦C for 10 min, followed by 45 cycles of 95 ◦C
for 15 s and 60 ◦C for 60 s. Melting curve analysis was performed to confirm the specificity of primers.
The relative mRNA expressions of hCE1, hCE2, BChE, and PON1 mRNA were normalized to GAPDH
and calculated using the 2−ΔΔCt method. The primers used in the study were listed in Table 3.

Table 3. Primer sequences for qRT-PCR.

Gene Forward Sequences 5′–3′ Reverse Sequences 5′–3′

hCE1 GGGCACTGTGATTGATGGGA CCTTCGGAGAGTGGATAGCTC
hCE2 TCAGAAGTTTCTTTGGGGGCA GCAGGTATTGCTCCTCCTGG
BChE GCTGGCCTGTCTTCAAAAGC TCCTGCTTTCCACTCCCATTC
PON1 AAGTTCGAGTGGTGGCAGAA TGGCATCCAACCCAAAGGTC

GAPDH CTCCTCCACCTTTGACGCTG TCCTCTTGTGCTCTTGCTGG

4.10. Statistical Analysis

Statistical analysis was performed using Prism v5.0 (GraphPad Software Inc., San Diego, CA, USA).
Data were presented in the format of the mean ± SD from at least three independent measurements.
ANOVA was run to determine significance between groups in the different experiments. A value of
p < 0.05 was considered to be significant.

5. Conclusions

In conclusion, we provided the comprehensive in vitro data that enable us to understand and
predict HDI with PNS. PNS could directly affect the activity of esterases in vitro with varying potency
with hCE2 being the most susceptible to inhibition. Molecular docking revealed that PNS targeted
hCE2 thus leading to its inhibition. We further confirmed the inhibitory potential at the cellular level.
Our data also showed that PNS lead to the alteration of the esterase expression level, while exhibited
insignificant effects on mRNA expression. The present work provides an insight into the mechanism
exploration governing HDI between aspirin and PNS. We hope that the findings will urge us to pay
more attention to the underlying safety and efficiency of combined drugs in the clinic.
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Abstract: Dihydromyricetin (DMY), one of the flavonoids in vine tea, exerts several pharmacological
actions. However, it is not clear whether DMY has a protective effect on pressure overload-induced
myocardial hypertrophy. In the present study, male C57BL/6 mice aging 8–10 weeks were subjected
to transverse aortic constriction (TAC) surgery after 2 weeks of DMY (250 mg/kg/day) intragastric
administration. DMY was given for another 2 weeks after surgery. Blood pressure, myocardial
structure, cardiomyocyte cross-sectional area, cardiac function, and cardiac index were observed.
The level of oxidative stress in the myocardium was assessed with dihydroethidium staining.
Our results showed that DMY had no significant effect on the blood pressure. DMY decreased
inter ventricular septum and left ventricular posterior wall thickness, relative wall thickness,
cardiomyocyte cross-sectional areas, as well as cardiac index after TAC. DMY pretreatment also
significantly reduced arterial natriuretic peptide (ANP), brain natriuretic peptide (BNP) mRNA and
protein expressions, decreased reactive oxygen species production and malondialdehyde (MDA)
level, while increased total antioxidant capacity (T-AOC), activity of superoxide dismutase (SOD),
expression of sirtuin 3 (SIRT3), forkhead-box-protein 3a (FOXO3a) and SOD2, and SIRT3 activity
in the myocardium of mice after TAC. Taken together, DMY ameliorated TAC induced myocardial
hypertrophy in mice related to oxidative stress inhibition and SIRT3 pathway enhancement.

Keywords: dihydromyricetin; myocardial hypertrophy; oxidative stress; sirtuin 3

1. Introduction

Myocardial hypertrophy includes physiological hypertrophy and pathological hypertrophy [1].
Sustained pathologic myocardial hypertrophy may lead to congestive heart failure, arrhythmia, and
sudden death. It is one of the vital causes of many cardiovascular diseases [2]. The exact mechanism
of myocardial hypertrophy has not been elucidated, which might be related to oxidative stress,
energy metabolism, hemodynamic factors, neurohumoral factors, cardiovascular autocrine/paracrine
regulation, insulin secretion, heredity, and so on [3–6]. Oxidative stress is the state that redox balance of
the cell is broken, which means the reactive oxygen species (ROS) levels exceed the scavenging capacity
of the antioxidant defense system [7]. ROS directly or indirectly activate hypertrophy-related signal
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kinases, transcription factors, and extracellular factors to induce and promote cardiac hypertrophy [8].
Paradoxically, clinical studies have found that the use of antioxidants vitamin C and vitamin E is
ineffective or even detrimental to cardiovascular diseases [9], while the detailed reason is unknown.

Dihydromyricetin (DMY, the chemical structure of DMY is shown in Figure 1) is a kind of
dihydroflavonol flavonoid compound, which is widely found in vine tea [10]. It shows a variety
of pharmacological effects including free radical scavenging, anti-oxidation, anti-inflammatory,
anti-thrombotic, anti-lipid peroxidation, anti-microbial, liver protection, anti-carcinogenesis, and so
on [11–16]. Our previous study suggested that DMY pretreatment significantly inhibited angiotensin
II (Ang II) induced proliferation of cardiac fibroblasts, decreased collagen I and collagen III levels,
suppressed α-smooth muscle actin expression, and attenuated oxidative stress [17]. We also found that
DMY inhibited phosphorylation of mitogen-activated protein kinases but increased phosphorylation
of endothelial nitric oxide synthase to antagonize Ang II-induced cardiomyocyte hypertrophy [18].
However, whether DMY attenuated myocardial hypertrophy in vivo is unknown.

 

Figure 1. Chemical structure of dihydromyricetin (DMY).

Sirtuin 3 (SIRT3), a member of the sirtuins’ family, is regarded as the key mediator of mitochondrial
biogenesis, and is of great importance on alleviating oxidative stress related diseases [19–21]. Previous
study suggested that SIRT3 promoted autophagy by forkhead-box-protein 1 (FOXO1) deacetylation,
thereby ameliorating Ang II induced myocardial hypertrophy [22]. It is noteworthy that DMY improved
hypoxic hypoxia-induced memory loss via a SIRT3 signal pathway [23]. The latest study indicated
that DMY ameliorated nonalcoholic fatty liver disease through a SIRT3-depedent mechanism [24].
These studies suggested that DMY was able to regulate a SIRT3 signal pathway to perform potential
protective effects.

However, the effects of DMY on myocardial hypertrophy in vivo are not clear. Additionally,
whether the SIRT3 signal pathway is involved in the possible protection against myocardial
hypertrophy by DMY remains unknown. In the present study, we explored the role of DMY
on myocardial hypertrophy induced by transverse aortic constriction (TAC) and investigated the
SIRT3-related signal molecules to elucidate possible mechanisms.

2. Results

2.1. DMY Had No Significant Effects on Blood Pressure in Mice after TAC

DMY (250 mg/kg/day) was administrated by gavage for 2 weeks followed by TAC. Then DMY
was given for another 2 weeks. No mice were dead after TAC operation in our study. For systolic
blood pressure (SBP) measured by non-invasive tail-cuff method, the two-way Analysis of Variance
(ANOVA) revealed significant effects for TAC, but not for drug treatment or for TAC × drug treatment
interaction. For SBP, diastolic blood pressure (DBP) and average mean artery pressure (MAP) measured
by invasive artery catheterization, the two-way ANOVA indicated significant effects for TAC, but there
were no marked effects for drug treatment or for TAC × drug treatment interaction. Post hoc analysis
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showed that there was no significant difference in SBP in mice of all the groups at the beginning of
experiments. SBP measured by both non-invasive tail-cuff method increased after TAC. SBP, DBP,
and MAP measured by invasive artery catheterization also elevated significantly after TAC surgery.
However, DMY pre-treatment had no significant effects on both non-invasive and invasive blood
pressure (Figure 2).

Figure 2. Effect of DMY on blood pressure in mice after transverse aortic constriction (TAC).
Male C57BL/6 mice were given DMY (250 mg/kg/day) or carboxymethylcellulose (CMC) (0.5%)
by gavage for 2 weeks followed by TAC or sham operation. Then DMY was administered for another
2 weeks. (A) Systolic blood pressure (SBP) was measured by tail-cuff method weekly; (B) SBP, diastolic
blood pressure (DBP) and average mean artery pressure (MAP) were measured via carotid artery
cannulation 2 weeks after TAC. ** p < 0.01 versus Sham (n = 8).

2.2. DMY Improved Myocardial Structure in Mice after TAC

To determine the effect of DMY on myocardial structure and cardiac function after TAC,
we compared the myocardial structure in each group with echocardiography. For the thickness of inter
ventricular septum (IVS) and left ventricular posterior wall (LVPW) as well as relative wall thickness
(RWT), the two-way ANOVA showed marked effects for TAC, drug treatment and TAC × drug
treatment interaction. However, for ejection fraction (EF) and fraction shortening (FS), there were no
significant effects for TAC or drug treatment or TAC × drug treatment interaction. Post hoc analysis
revealed that mice with DMY pre-treatment exhibited considerable improved myocardial structure,
as IVS, LVPW, and RWT increased significantly after TAC (Figure 3A–D). There was no significant
difference of ejection fraction (EF) and fraction shortening (FS) in each group (Figure 3E). Additionally,
no significant alternation on myocardial structure and cardiac function were found in DMY-treated
sham mice (Figure 3).
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Figure 3. Effect of DMY on myocardial structure in mice after TAC. (A) Representative M-mode
echocardiograms were shown; (B–E) Inter ventricular septum (IVS) thickness, left ventricular posterior
wall (LVPW) thickness, relative wall thickness (RWT), ejection fraction (EF) and fraction shortening
(FS) were quantified by echocardiography. ** p < 0.01 versus Sham, ## p< 0.01 versus TAC (n = 8).

2.3. DMY Reduced Cardiomyocyte Cross-Sectional Area and Cardiac Index in Mice after TAC

Myocardial tissue sections with hematoxylin and eosin (HE) staining were observed under
the microscope (Figure 4A). Wheat germ agglutinin (WGA) staining was also used to measure
the cross-sectional areas of cardiomyocytes. Compared with the sham group [(205.4 ± 23.1) μm2],
the cardiomyocyte cross-sectional area after TAC [(317.9 ± 27.6) μm2] increased significantly, which was
significantly suppressed by DMY-pretreatment [(254.3 ± 17.23) μm2]. There is no significant alternation
on cardiomyocyte cross-sectional area in DMY-treated sham mice [(206.6 ± 21.2) μm2]. It suggested
cell areas were increased after TAC, while DMY reduced the areas markedly (Figure 4B). For cardiac
index, including heart weight (HW), heart mass index (HMI) and left ventricular mass index (LVMI),
and the ratio of left ventricular weight (LVW) to tibia length (TL), two-way ANOVA showed significant
effects of TAC, drug treatment and TAC × drug treatment interaction. Post hoc analysis exhibited
a significant increase in HW, HMI, LVMI, and the ratio of LVM to TL in mice after TAC, suggesting
that TAC successfully induced myocardial hypertrophy. All these elevated cardiac indexes after
TAC were reduced in the DMY group, indicating that DMY attenuated TAC-induced myocardial
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hypertrophy (Figure 4C–F). No significant alternation on cardiac index was found in DMY-treated
sham mice (Figure 4).

Figure 4. Effect of DMY on cardiomyocyte cross-sectional area and cardiac index in mice after
TAC. (A) Representative images of hematoxylin and eosin (HE) staining of the myocardium were
shown. Bar = 300 μm; (B) Representative images of wheat germ agglutinin (WGA) staining of the
mice myocardium were shown. Bar = 50 μm. (C–F) Heart weight (HW), heart mass index (HMI),
left ventricular mass index (LVMI) and LVW/TL were calculated. ** p < 0.01 versus Sham, ## p < 0.01
versus TAC (n = 8).

2.4. DMY Suppressed the Hypertrophic Genes Expression in the Myocardium of Mice after TAC

In order to further evaluate the effect of DMY on TAC-induced myocardial hypertrophy,
atrial natriuretic peptides (ANP) and brain natriuretic peptides (BNP), two hypertrophic genes,
expressions were assessed. For ANP and BNP expression at mRNA and protein level, two-way
ANOVA revealed significant effects for TAC, drug treatment and TAC treatment interaction. Post hoc
analysis showed that TAC markedly increased expression of ANP and BNP at both mRNA and protein
level, but this increase could be suppressed by DMY (Figure 5).
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Figure 5. Effect of DMY on hypertrophic gene expression in the myocardium of mice after TAC.
(A,B) Atrial natriuretic peptide (ANP) mRNA and protein expression were respectively quantified by
real-time PCR and western blot. (C,D) Brain natriuretic peptide (BNP) mRNA and protein expression
were respectively quantified by real-time PCR and western blot. 18S was used as a housekeeping gene.
β-tubulin was used as a loading control. ** p < 0.01 versus Sham, ## p < 0.01 versus TAC (n = 5–8).

2.5. DMY Attenuated Oxidative Stress in the Myocardium of Mice after TAC

Oxidative stress plays a vital role in the pathogenesis of myocardial hypertrophy.
Dihydroethidium (DHE) staining was performed to verify the effect of DMY on oxidative stress
during myocardial hypertrophy. For DHE fluorescence, the ANOVA indicated remarked effects for
TAC, drug treatment and TAC × drug treatment interaction. Post hoc analysis indicated that there was
stronger DHE fluorescence in the myocardium after TAC, which was attenuated by DMY pre-treatment
(Figure 6). These data suggested that DMY inhibited excessive oxidative stress in the myocardium of
mice after TAC.
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Figure 6. Effect of DMY on oxidative stress in the myocardium of mice after TAC. (A) Representative
images of dihydroethidium (DHE) staining (Red) of the myocardium were shown. The nuclei were
counter-stained with 4’,6-diamidino-2-phenylindole, dihydrochloride (DAPI) (Blue). Bar = 100 μm
(Figure 6A); (B) Quantification of DHE fluorescence intensity was shown. ** p < 0.01 versus Sham,
## p < 0.01 versus TAC (n = 8).

2.6. DMY Reduced Myocardial MDA Levels but Enhanced T-AOC and SOD Activity in Mice after TAC

Malondialdehyde (MDA) is one of the most important products of membrane lipid peroxidation,
which represents the damage of membrane and the degree of oxidative stress. In the present study,
two-way ANOVA revealed significant effect for TAC, drug treatment and TAC × drug treatment on
myocardial MDA levels, total antioxidant capacity (T-AOC), activity of superoxide dismutase (SOD)
(mainly SOD2 in mitochondria, but not SOD1 in the cytoplasm). Post hoc analysis indicated that TAC
increased myocardial MDA levels, which were reduced by DMY pre-treatment (Figure 7A). Our results
showed T-AOC and activity of SOD2, but not SOD1, decreased in TAC group, which was restored by
DMY pre-treatment (Figure 7B–C). There was no significant change on MDA level, T-AOC, and SOD
activity in the myocardium of DMY-treated sham mice (Figure 7).
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Figure 7. Effect of DMY on myocardial malondialdehyde (MDA) levels, total antioxidant capacity
(T-AOC), and superoxide dismutase (SOD) activity in mice after TAC. (A) Myocardial MDA levels
were detected; (B) Total myocardial antioxidant capacity (T-OAC) was measured; (C) SOD activity in
the myocardium was measured. ** p < 0.01 versus Sham; # p < 0.05, ## p < 0.01 versus TAC (n = 8).

2.7. DMY Increased SIRT3 Expression and Activity in the Myocardium of Mice after TAC

Previous studies have found that SIRT3 has a close relationship with oxidative stress and
myocardial hypertrophy [25,26]. To investigate whether SIRT3 is involved in the anti-myocardial
hypertrophy of DMY, SIRT3 gene and protein expression in the myocardium were determined.
The two-way ANOVA showed significant effects for TAC, drug treatment and TAC × drug treatment
on SIRT3 gene and protein expression, as well as SIRT3 activity. Post hoc analysis showed a significant
decrease on SIRT3 expression in the myocardium of mice after TAC, which was reversed by DMY
pre-treatment (Figure 8A,B). Moreover, SIRT3 activity was reduced after TAC, which was restored by
DMY pre-treatment (Figure 8C). No significant change on SIRT3 expression and activity was found in
the myocardium of DMY-treated sham mice.

Figure 8. Effect of DMY on sirtuin 3 (SIRT3) expression in the myocardium of mice after TAC.
(A) SIRT3 mRNA expression was quantified by real-time PCR. 18S was used as a housekeeping
gene; (B) SIRT3 protein expression was quantified by western blot. β-tubulin was used as a loading
control; (C) SIRT3 activity was quantified with fluorimetry. ** p < 0.01 versus Sham; # p < 0.05, ## p < 0.01
versus TAC (n = 5–8).

2.8. DMY Elevated FOXO3a and SOD2 Protein Expression in the Myocardium of Mice after TAC

The above results indicated that DMY increased SIRT3 expression during the preventive effects on
myocardial hypertrophy. However, the downstream mechanism of SIRT3 involved in this process is not
clear. As we know, forkhead-box-protein 3a (FOXO3a) is a transcription factor which suppresses ROS
production. SOD2 is also one of the important anti-oxidative stress enzymes to alleviate ROS. More
importantly, FOXO3a and SOD2 are important downstream molecules of SIRT3 [19,27]. The two-way
ANOVA showed that there were significant effects for TAC, drug treatment and TAC × drug treatment
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on FOXO3a and SOD2 protein expression. Results of post hoc analysis showed there was a decrease
of FOXO3a and SOD2 protein expression in the myocardium of mice after TAC. DMY pre-treatment
elevated FOXO3a and SOD2 protein expression (Figure 9). No significant change on FOXO3a and
SOD2 expression was found in the myocardium of DMY-treated sham mice.

Figure 9. Effect of DMY on forkhead-box-protein 3a (FOXO3a) and SOD2 protein expression in the
myocardium of mice after TAC. (A,B) FOXO3a and SOD2 protein expression were quantified by
western blot. β-tubulin was used as a loading control. ** p < 0.01 versus Sham; # p < 0.05, ## p < 0.01
versus TAC (n = 5).

3. Discussion

Pathological hypertrophy is characterized by ventricular wall thickening, myocardial infraction,
cardiomyopathy, or structural heart disease caused by long-term hypertension, which is often
accompanied by cardiac systolic dysfunction and myocardial interstitial fibrosis, the re-expression of
fetal genes such as ANP, BNP, myosin heavy chain β, and so on [28–31].

DMY, a kind of flavonoid compound, was isolated from stems and leaves of vine tea. Several
studies suggested that DMY had multiple cardiovascular protective effects [17,18,32–34]. It was found
that DMY protected cardiac function, inhibited oxidative stress, reduced inflammatory reaction,
alleviated pathological damage, improved mitochondrial function, decreased apoptosis, suppressed
autophagy and protected against diabetic cardiomyopathy [32]. DMY reduced serum low density
lipoprotein (LDL), interleukin-6 (IL-6), and tumor necrosis factor α (TNF-α) levels in the fat-diet-fed
LDLR−/− mice and exhibited anti-atherosclerotic effects [35]. Previous research has demonstrated
that DMY alleviated myocardial injury and decreased mortality in doxorubicin-induced myocardial
injury in mice [36]. Another study indicated that DMY attenuated atherosclerosis by improving
endothelial dysfunction, inhibiting macrophage foam cell formation and ameliorating lipid profiles [37].
Our previous study found that DMY inhibited Ang II-induced cardiomyocyte hypertrophy and
myocardial fibroblast proliferation in vitro [17,18]. In this study, we explored the effects of DMY on
myocardial hypertrophy in vivo.

It is well documented that blood pressure is one of the most vital factors affecting myocardial
hypertrophy [38]. Sustained hypertension is more likely to lead to myocardial hypertrophy. Effective
control of blood is an ideal strategy to alleviate myocardial hypertrophy [4]. In order to clarify whether
the effect of DMY on myocardial hypertrophy is related to regulation of blood pressure, invasive
blood pressure and noninvasive blood pressure were determined. Additionally, our results showed
DMY attenuated TAC-induced myocardial hypertrophy without blood pressure lowering effect,
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which suggested that the protective effect of DMY on myocardial hypertrophy was independent of
blood pressure reduction.

Several studies had demonstrated that DMY exerted pharmacological effects via its
antioxidant ability. DMY protected neuronal cells against pyruvate-induced oxidative stress in
AMP-activated protein kinase/glucose transporter 4 (AMPK/GLUT4)-dependent signal pathway [13].
DMY prevented endothelial cells from hydrogen peroxide-induced oxidative injury by regulating
mitochondrial function [39]. DMY also inhibited lipid production and oxidative stress to lessen oleic
acid-induced lipid accumulation in L02 cells and HepG2 cells [40]. Previous study proved that DMY
suppressed caspase activation but elevated Bcl-2 expression to exhibit a powerful anti-apoptosis effect
on osteosarcoma cells [41]. Our previous research demonstrated that DMY suppressed Ang II-induced
cardiac fibroblast proliferation via decreasing ROS production [17]. One recent study verified that
DMY delayed atherosclerosis process by enhancing the activity of antioxidant enzymes in the liver
and aorta [35]. In addition, the improvement on diabetic cardiomyopathy by DMY was also ascribed
to oxidative stress inhibition [32]. However, our present study only confirmed that DMY significantly
reduced ROS production in global cells but not of the mitochondria of the myocardium, which might
be detected in further study. Moreover, we confirmed that DMY significantly decreased MDA levels,
suggesting that DMY effectively attenuated oxidative stress in mice after TAC.

The exact mechanisms involved in the antioxidant stress effect of DMY have not been well clarified.
We found that decreased SIRT3 expression of the myocardium in mice after TAC was restored by DMY.
Sirtuins are highly conserved NAD+-dependent deacetylases involved in many cellular processes,
including oxidative stress regulation, genomic stability maintaining, and DNA repair [41,42]. Deletion
of SIRT3 promoted protein acetylation, cyclophilin D rearrangement, and mitochondrial permeability
transition pore opening, thereby resulting in severe oxidative damage [43]. Low expression of
SIRT3 resulted in myocardial NAD+ depletion, mitochondrial enzyme acetylation, and heart failure,
indicating that SIRT3 is pivotal for the maintenance of mitochondrial homeostasis [44–48]. Previous
study demonstrated DMY unregulated SIRT3 in HT22 cell in a dose-dependent manner [23]. The latest
studies demonstrated that DMY elevated SIRT3 expression to improve hypoxic hypoxia-induced
memory and to attenuate the hepatic injury in nonalcoholic fatty liver disease [23,24]. The present
results revealed that DMY up-regulated SIRT3 expression, enhanced antioxidant capacity, suppressed
oxidative stress, and inhibited myocardial hypertrophy in mice after TAC. These results indicated
that elevated SIRT3 expression may be one of the important mechanisms of anti-oxidation during
the protective effect of DMY on myocardial hypertrophy. However, the detailed mechanism of how
DMY increased SIRT3 expression was unknown. One latest study found that DMY increased SIRT3
expression by activating the adenosine monophosphate-activated protein kinase (AMPK)-peroxisome
proliferator-activated receptor-γ coactivator-1 alpha (PGC1α)/estrogen-related receptor-α (ERRα)
signaling pathway [24]. Our previous study also found that NaHS increased SIRT3 expression by
enhancing PGC-1α expression or increasing activator protein 1 (AP-1) binding activity with SIRT3
promoter [49,50]. It indicated that DMY might also regulate above signaling pathway to increases
SIRT3 expression.

SIRT3 is mainly located in mitochondria and deacetylates acetylated mitochondrial proteins,
such as acetyl-CoA synthetase, glutamate dehydrogenase, isocitrate dehydrogenase 2 (IDH2), FOXO3a,
and SOD2, thereby modulating their activities. SIRT3 increased FOXO3a-dependent gene expression by
interacting with daf-16 homolog in mitochondria [51]. Confocal microscopy images clearly showed that
there was an interaction between SIRT3 and FOXO3a, indicating that SIRT3 may be a monitoring factor
for mitochondrial metabolism. FOXO3a played a vital role in controlling mitochondrial metabolism
and redox balance [52]. Environmental stimuli, such as insulin, nutrition, and oxidative stress, regulate
longevity genes by altering FOXO activity, protein subcellular localization, DNA-binding properties,
and transcriptional activity [53]. FOXO3a and other cellular antioxidant molecules constituted the first
line of defense against oxidative stress. FOXO3a was a ROS-sensitive transcription factor that regulated
the expression of several important antioxidant genes such as the peroxidase family, glutathione
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peroxidase, SOD, and so on [54]. FOXO3a regulated the expression of antioxidant enzymes such as
SOD2 by deacetylating the acetylation site of the DNA-binding region, regulating its intracellular
shift, and binding to DNA. Over-expression of SIRT3 increased the binding force between FOXO3a
DNA and SOD2 promoter, thereby increasing the activity of SOD2 promoter [27,55]. The deacetylation
effect of SIRT3 on SOD2 increased its enzymatic activity, thereby enhancing mitochondrial ROS
scavenging [56]. Our study firstly demonstrated that DMY effectively increased SIRT3 expression
and activity during myocardial hypertrophy. Both FOXO3a and SOD2 are important downstream
proteins in the SIRT3 signal pathway. Previous study suggested that the HKL-treatment increased
SIRT3 levels, which was associated with reduced acetylation of SOD2 [57]. Another study found that
overexpression of exogenous SIRT3 protein lowered the acetylation levels of SOD2K68 in diabetic
oocytes [58]. FOXO3a was also able to be deacetylated by SIRT3 [59]. Altogether, our present findings
suggested that DMY might decrease FOXO3a and SOD2 acetylation to exhibit anti-hypertrophic
function, which needs to be elucidated in further study.

In conclusion, DMY attenuates myocardial hypertrophy induced by transverse aortic constriction
via oxidative stress inhibition and SIRT3 pathway enhancement in mice. We propose novel evidence
that DMY is a potential agent for prevention and treatment of myocardial hypertrophy.

4. Materials and Methods

4.1. Animals

Male C57BL/6 mice aged 8–10 (8 per group) were provided by Experimental Animal Center of
Nantong University (Nantong, China). The experimental procedures were conducted according
to NIH Guidelines for Care and Use of Laboratory Animals. The study was approved by the
Institutional Animal Ethical Committee of Nantong University (approval no. NTU-20160812,
12 August 2016). The mice were randomized to intragastric administration of DMY (250 mg/kg/day)
((2R,3R)-3,5,7-trihydroxy-2-(3,4,5-trihydroxyphenyl)-2,3-dihydrochromen-4-one, C15H12O8, PubChem
identifier: 161557, Standard Center of China, Beijing, China) dissolved in carboxymethylcellulose
(CMC, Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) once daily. CMC was used as vehicle
for DMY [35]. Two weeks later, anaesthesia was induced with 3% isoflurane in oxygen (3 L/min) and
maintained with 1.5% isoflurane. Then mice were subjected to TAC or sham operation.

4.2. Transverse Aortic Constriction (TAC)

Mice were anesthetized and artificially ventilated with a respirator and were kept warm on a
heating pad. Then left chest of the mouse was opened and the transverse aortic arch was ligated
between the innominate artery and the left carotid artery with a 6-0 silk suture ligature tied firmly
against a 26-gauge needle, followed by quick withdrawal of the needle to establish a rat model of TAC
induced myocardial hypertrophy [60]. Mice in the sham group were underwent the same operation
without the constriction.

4.3. Blood Pressure Measurement

SBP in mice was monitored by tail-cuff method with a small animal non-invasive blood pressure
analysis system once a week (Vistech System, Apex, NC, USA). After echocardiography, a polyethylene
catheter filled with heparin saline was inserted into the common carotid artery of anesthetized mice.
The pressure transducer was connected with a biological signal acquisition system (MedLab-U/4C501,
Nanjing, China) to record carotid SBP, DBP, and MAP.

4.4. Echocardiography

Two weeks after surgery, the mice were anaesthetized with isoflurane (1.5%). Myocardial
configuration and cardiac function were measured by echocardiography (Visual Sonic Vevo 2100,
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Toronto, ON, Canada). IVS and LVPW thickness, EF, and FS, left ventricular internal diastolic diameter
(LVIDD) were measured. Relative wall thickness was calculated by 2× LVPW/LVIDD.

4.5. Cardiac Index Determination

After blood pressure measurement via carotid artery cannulation, the heart was isolated quickly,
washed to remove residual blood as much as possible, and dried with a filter paper. Then HW was
measured with an electronic balance. LVW including ventricular septum was weighed after atrium
and right ventricle had been removed. HW/BW and LVW/BW were calculated, which represent HMI
and LVMI respectively. TL from the tibial plateau to the medial malleolus was measured and the ratio
of LVW to TL was calculated.

4.6. Wheat Germ Agglutinin (WGA) Staining

Heart tissue sections were reconstituted with different concentrations of ethanol (100%, 95%,
85%, 75%, 50% for 1 min respectively), then was washed in distilled water for 1 min. Tissue sections
were washed with 0.1M PBS on a shaker 3 times for 5 min. After dry, the sections were put in a dark
box, and were incubated with working solution containing WGA-FITC (100 μg/mL; Sigma-Aldrich,
St. Louis, MO, USA) and CaCl2 (1 mM) for 60 min. After washing carefully for 3 times with PBS, tissue
sections were photographed with a fluorescence microscope. Cardiomyocyte area was quantified by
morphometric analysis.

4.7. Histological Analysis

The myocardium from left ventricular was fixed in 4% paraformaldehyde for 24 h, embedded
in paraffin, and cut transversely into 4 μm thickness. Slides were deparaffinized with xylene
and rehydrated with graded alcohol and then stained with HE (Beyotime, Shanghai, China).
The pathological structure of the myocardium was measured with an inverted phase contrast
microscope (Olympus, Tokyo, Japan). Image analysis software was used to calculate the cardiomyocyte
cross-sectional area.

4.8. Oxidative Stress Evaluation

Production of ROS was evaluated by observing the red fluorescence intensity with DHE (Beyotime,
Shanghai, China) staining. In brief, frozen heart tissue was cut into 4 μm sections, followed by DHE
(0.2 μM) incubation at 37 ◦C for 30 min in dark and DAPI incubation at room temperature for 5 min.
Intracellular reactive oxygen species, represented as fluorescence, was measured by fluorescence
microscopy (Leica, Wetzlar, Germany) at 488 nm excitation and 525 nm emission wavelength. The DHE
fluorescence intensity was quantified using Image J software.

As an indicator of lipid peroxidation, levels of MDA in the myocardium were detected using the
thiobarbituric acid method (Beyotime, Shanghai, China). T-AOC of the myocardium was measured
by the T-AOC Assay Kit with ferric reducing ability of plasma method (Beyotime, Shanghai, China).
Concentration of total SOD, SOD1, and SOD2 in the myocardium was evaluated using the WST-1
(2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, Beyotime, Shanghai, China)
method, in accordance with the manufacturer’s instructions.

4.9. SIRT3 Activity

SIRT3 enzymatic activity was assayed using a fluorometric kit (Enzo Life Sciences Inc., New York,
NY, USA) according to the manufacturer’s instructions. Protein (40 mg) was incubated at 37 ◦C or
45 min with specific substrates. Next, 25 mL of developer was added, and samples were incubated for
an additional 45 min. SIRT3 activity was measured using a Microplate reader at 350 nm/450 nm.
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4.10. Quantitative Real-Time PCR

Total RNA from the myocardium was extracted using Trizol reagent (Takara, Kyoto, Japan),
and first-stand cDNA was synthesized using PrimeScript™ RT Master Mix Kit (Takara, Kyoto,
Japan). Quantitative real-time PCR was performed with SYBR Green (Takara, Kyoto, Japan) Fast
qPCR mix (Takara, Kyoto, Japan) with ABI 7500 Real Time PCR System (ABI, Carlsbad, CA, USA).
18S was served as a housekeeping gene. Comparative cycle threshold (CT) (2−ΔΔCt) method was
used. The primers used are listed as: ANP, sense, 5′-GAGAAGATGCCGGTAGAAGA-3′ and antisense,
5’-AAGCACTGCCGTCTCTCAGA-3’; BNP, sense, 5′-CTGCTGGAGCTGATAAGAGA-3′ and antisense,
5′-TGCCCAAAGCAGCTTGAGAT-3′, SIRT3, sense, 5′-CTGGATGGACAGGACAGATAAG-3′ and
antisense, 5′-TCTTGCTGGACATAGGATGATC-3′; 18S, sense, 5′-AGTCCCTGCCCTTTGTACACA-3′

and antisense, 5′-CGATCCGAGGGCCTCACTA-3′.

4.11. Western Blot

Proteins were extracted with radioimmunoprecipitation assay (RIPA) buffer (150 mM NaCl,
1% Triton X-100, 1% sodium deoxycholate, 50 mM Tris-HCl, 2 mM ethylenediamine tetraacetic
acid, 1 mM phenylmethylsulfonylfluoride, 1 mM dithiothreitol, 10 mM Na3VO4 and 20 mM NaF,
pH 7.5). Homogenates were centrifuged at 4 ◦C for 15 min, and the supernatant was used for
western blot. Proteins of 20–50 μg were separated with sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE, Beyotime, Shanghai, China) and then transferred to a polyvinylidene
fluoride (PVDF) membrane (Millipore, Billerica, MA, USA). After blocking with 5% non-fat milk
for 2 h at room temperature, the membranes were incubated with anti-SIRT3 (1:1000, Santa Cruz
Biotechnology Inc., San Diego, CA, USA), anti-ANP, anti-BNP, anti-forkhead-box-protein 3a (FOXO3a),
anti-SOD2 (1:1000, Abcam, Cambridge, UK), or anti-β-tubulin (1:3000, Bioworld Technology, St. Louis,
MO, USA) primary antibodies overnight at 4 ◦C. After washing with TBST, the membranes were
incubated with a horseradish peroxidase-conjugated secondary antibody (Santa Cruz Biotechnology
Inc., San Diego, CA, USA) for 2 h at room temperature. Finally, the membrane was exposed to
enhanced chemiluminescence substrate (ECL, Thermo Fisher Scientific Inc., Rockford, IL, USA) reagent
for determination of protein expression.

4.12. Statistical Analysis

The data were expressed on mean ± standard error of mean (SEM) and analyzed with two-way
ANOVA followed by Bonferroni post-hoc test using Stata 13.0 software (StataCorp LLC, Texas,
USA), GraphPad Software (San Giego, CA, USA). A value of p less than 0.05 was considered
statistically significant.
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Abbreviations

ANP Atrial natriuretic peptides
BNP Brain natriuretic peptides
DBP Diastolic blood pressure
DHE Dihydroethidium
FOXO3a Forkhead-box-protein 3a
HMI Heart mass index
HW Heart weight
IVS Inter ventricular septum
LVMI Left ventricular mass index
LVPW Left ventricular posterior wall
MAP Average mean artery pressure
RWT Relative wall thickness
SBP Systolic blood pressure
SOD Superoxide dismutase
T-AOC Total antioxidant capacity
WGA Wheat germ agglutinin
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Abstract: Pinocembrin-7-O-β-D-glucoside (PCBG), pinocembrin (PCB), and 5-methoxy-pinocembrin-7-
O-β-D-glucoside (MPG) are three flavonones isolated from Penthorum chinense Pursh (P. chinense).
The effects of the three flavonones on hepatic steatosis and their molecular mechanisms in HepG2 cells
were investigated in this study for the first time. A model of hepatic steatosis in HepG2 cells
was induced by free fatty acid (FFA), and co-treated with the three flavonones as mentioned.
Intracellular lipid droplets were detected by Oil Red O staining. PCB, PCBG, and MPG suppressed
oxidative stress by decreasing malondialdehyde (MDA) levels and increasing superoxide dismutase
(SOD) and glutathione peroxidase (GSH-Px) activities. The levels of aspartate aminotransferase
(AST) and alanine aminotransferase (ALT) were ameliorated. Moreover, these flavonones enhanced
the phosphorylation of AMP-activated protein kinase (AMPK) and the expression of silent mating
type information regulation 2 homolog 1 (SIRT1) and peroxisome proliferator-activated receptor α
(PPARα), and reduced the expression of sterol regulatory element binding protein-1c (SREBP1c) and
the downstream targets fatty acid synthase (FAS), acetyl-CoA carboxylase (ACC), and stearoyl-CoA
desaturase 1 (SCD1). Molecular docking was used to predict the interaction and combination patterns
between the three flavonones and the enzymes above. The results revealed that the SIRT1/AMPK
pathway is involved in the functions of the three flavonones, and the most effective flavonone
against hepatic steatosis might be PCBG, followed by MPG and PCB. Therefore, the three flavonones
from P. chinense were found to exert preventive effects against hepatic steatosis by regulating the
SIRT1/AMPK pathway.

Keywords: Penthorum chinense Pursh; NAFLD; hepatic steatosis; flavonoids; SIRT1; AMPK

1. Introdution

Non-alcoholic fatty liver disease (NAFLD) is now the most common chronic liver disease in
the world [1]. Currently, the prevalence of NAFLD in Asia is around 25%, similar to that in many
Western countries [2]. NAFLD is characterized as a metabolic syndrome, which is associated with
insulin resistance, obesity, and dyslipidemia [3]. NAFLD ranges from simple steatosis, steatohepatitis,
and fibrosis to cirrhosis, and the prevalence of non-alcoholic steatohepatitis (NASH), developed from
NAFLD, is estimated at 3–5% in the general population [4,5]. People with NASH have a much higher
risk of liver fibrosis, cirrhosis, and even hepatocellular carcinoma [6,7].

Several studies concluded that weight loss, dietary interventions, and physical activity could
potentially ameliorate biochemical, histological, and structural abnormalities of NAFLD, whereas
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drugs, such as statins, vitamin E, glitazones, and metformin are used to reduce the amelioration [5,8,9].
The pathogenesis of NAFLD is complex and not completely understood, although increased visceral
adiposity and insulin resistance with increased free fatty acid (FFA) release are confirmed to play an
important role in the development of liver steatosis [10]. AMP-activated protein kinase (AMPK) and
silent mating type information regulation 2 homolog 1 (SIRT1) are the key enzymes responsible
for longevity and energy homeostasis by regulating glucose and lipid metabolism in a finely
tuned network [11–13]. AMPK stimulation during fatty acid metabolism is presented as AMPK
phosphorylation, and it is known as a critical regulator for sterol regulatory element binding protein-1
(SREBP1) activation and lipogenesis [14,15]. Sterol regulatory element binding protein-1c (SREBP1c)
regulates gene expression related to glucose metabolism, fatty acid, and lipid production, and its
activity is regulated by insulin [16]. Moreover, SREBP1c can up-regulate the transcription of fatty acid
synthase (FAS), stearoyl-CoA desaturase 1 (SCD1), and acetyl-CoA carboxylase (ACC) [17,18], which
primarily catalyzes the synthesis of long-chain fatty acids from acetyl-CoA and malonyl-CoA [19,20].

Penthorum chinense Pursh (P. chinense), a Chinese medicine in the family of Saxifragaceage, is used
as folk medicine and a functional drink with antioxidant, anti-complement, and liver-protecting
effects [21,22]. A previous study showed that P. chinense extract has effects on NAFLD treatment [23].
Gansu granules, made from P. chinense extract, are widely used in the clinic for various ailments of
the liver, such as chronic hepatitis B and NAFLD [24,25]. Pinocembrin-7-O-β-D-glucoside (PCBG),
pinocembrin (PCB), and 5-methoxy-pinocembrin-7-O-β-D-glucoside (MPG) are three flavonones with
similar nuclear structures isolated from the extract of P. chinense. PCBG and PCB were reported to
possess hepatoprotective, antioxidant, anti-inflammatory, and anti-hepatocarcinoma activities [26,27].
Moreover, our previous studies identified MPG as a new flavonone [28], and PCBG can be degraded
into PCB rapidly not only in pharmacokinetic studies in vivo, but also in biotransformation in vitro [29].
However, there is no report on NAFLD treatment using these three ingredients.

To investigate the resistant effects of PCBG, PCB, and MPG on NAFLD and their possible
therapeutic mechanism, targets on the SIRT1/AMPK/SREBP1c pathway related to lipid metabolism
were evaluated in a nonalcoholic injured HepG2 cell model induced by FFA in the present study.
Moreover, molecular docking of the binding of the three flavonones to several targets in the lipid
metabolic pathway was performed to determine the ligand–protein binding interaction in silico.
We hypothesized that the flavonones in P. chinense produced their hepatoprotective action via the
regulation of lipid generation and metabolism, and in vivo research will be performed in our group.

2. Results

2.1. FFA-Induced Cytotoxicity and Concentration Screening of PCB, PCBG, and MPG

The effects of FFA and drugs on the viability of HepG2 cells were assessed. As shown in
Figure 1E,F, 0.8 mM FFA reduced cell viability to approximately 70%, and concentrations of 10, 50,
and 100 μM PCB and MPG were not cytotoxic to HepG2 cells. A concentration range below 10 μM of
PCBG was not cytotoxic. Thus, FFA (0.8 mM) and co-treatment with PCB, MPG (1, 10, and 100 μM),
and PCBG (0.1, 1, and 10 μM) were used to evaluate drug effects in HepG2 cells in this study.

2.2. PCB, PCBG, and MPG Inhibited Intracellular Lipid Accumulation in HepG2 Cells

To verify the inhibition of FFA-induced lipid accumulation by PCB, PCBG, and MPG, the cells
were stained with Oil Red O, then observed under the microscope and quantified by measuring
the absorbance at 510 nm. Oil Red O staining showed more lipid droplets in HepG2 cells after FFA
treatment compared to the control group (Figure 2). The lipids accumulated in the presence of FFA
(0.8 mM); however, co-treatment of FFA with PCB, PCBG, and MPG significantly declined the number
of lipid droplets in a dose-dependent manner (p < 0.01). Quantitative measurements also showed that
treatment with PCB, PCBG, and MPG alleviated the FFA-induced accumulation of triglycerides.
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Figure 1. Structures of pinocembrin (PCB; A), pinocembrin-7-O-β-D-glucoside (PCBG; B),
fcg 5-methoxy-pinocembrin-7-O-β-D-glucoside (MPG; C), and reference quercetin (QCT; D). The cytotoxicity
of free fatty acid (FFA; E) and the three compounds (F) toward HepG2 cells. The experiments were
performed at least three times independently, and the results are displayed as mean ± SD.

Figure 2. Qualitive and quantitative measurements of hepatic lipid accumulation in the HepG2 cells as
observed by Oil Red O staining (original magnification 400×). Data represent the mean ± SD of five
independent experiments. ## p < 0.01 versus control; ** p < 0.01 versus FFA group.

2.3. PCB, PCBG, and MPG Weakened Lipid Levels and Up-Regulated Antioxidant Enzymes

To evaluate the effect of PCB, PCBG, and MPG on liver function, an enzymatic method was
used to evaluate liver function. FFA treatment caused severe liver function injury in HepG2 cells,
as indicated by the increase in alanine aminotransferase (ALT) and aspartate aminotransferase (AST)
activities (p < 0.01). Treatment with PCB, PCBG, and MPG at three doses significantly blocked the
increase in ALT and AST activities in the presence of FFA. Analysis of hepatic total cholesterol (TC)
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and triglyceride (TG) contents confirmed hepatic steatosis by FFA. Intracellular TG and TC levels were
increased by FFA treatment, but this effect was blocked by PCB, PCBG, and MPG (Figure 3).

Figure 3. The effects of PCB, PCBG, and MPG on total cholesterol (TC; A), triglyceride (TG; B),
alanine aminotransferase (ALT; C), and aspartate aminotransferase (AST; D) levels in HepG2 cells.
The experiments were performed at least three times independently, and the results are displayed as
mean ± SD. ## p < 0.01 versus control; * p < 0.05 versus FFA group; ** p < 0.01 versus FFA group.

The effects of each treatment on the levels of oxidative stress are shown in Figure 4. Compared to
the control group, the activities of superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px)
in FFA-treated HepG2 cells were significantly reduced, while malondialdehyde (MDA) levels were
increased, indicating that antioxidant activity was reduced, but lipid peroxidation was increased.
Furthermore, PCB, PCBG, and MPG treatments significantly enhanced SOD (p < 0.05) and GSH-Px
(p < 0.05) activities, and decreased MDA (p < 0.01) levels when compared with FFA-treated cells.
The beneficial role of MPG on the level of oxidative stress was stronger than PCB and PCBG,
and presented a dose-dependent manner.
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Figure 4. The effects of PCB, PCBG, and MPG on superoxide dismutase (SOD; A), malondialdehyde
(MDA; B), and glutathione peroxidase (GSH-Px; C) levels in HepG2 cells. The experiments were
performed at least three times independently and the results are displayed as mean ± SD. # p < 0.05
versus control; ## p < 0.01 versus control; * p < 0.05 versus FFA group; ** p < 0.01 versus FFA group.

2.4. Effects of PCB, PCBG, and MPG on the Expression of Factors Associated with Hepatic Lipid Accumulation

To determine the alternation of de novo lipogenesis in response to FFA and the three flavonones,
the mRNA expressions of SREBP1c and its target enzymes, FAS, ACC, and SCD1 were examined using
qRT-PCR and compared with the mRNA expression of quercetin (QCT). As shown in Figure 5, FFA
enhanced their mRNA expressions in HepG2 cells, which were attenuated by PCB, PCBG, and MPG
treatment, particularly by high and medium concentrations of PCBG and MPG. The protein expressions
of peroxisome proliferator-activated receptor α (PPARα), SREBP1c, FAS, ACC, and SCD1 were assessed
using Western blot. Compared to the control group, FFA treatment enhanced the protein expressions
of SREBP1c, FAS, ACC, and SCD1 (Figure 5E–G). Moreover, FFA induced a remarkable decrease in
PPARα protein expression. When co-treated with PCB, PCBG, and MPG, the FFA-induced alternations
in the proteins for de novo lipogenesis were ameliorated significantly. More specifically, PCB, PCBG,
and MPG at medium concentration down-regulated SREBP1c protein levels by 30.64%, 27.67% and
30.81% (Figure 5C), respectively, and recovered PPARα protein expression by 46.65%, 47.12% and
50.04% (Figure 5D), respectively. The results suggest that PCB, PCBG, and MPG attenuated HepG2 cells
induced by FFA via the de novo lipogenesis pathway.
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Figure 5. The effects of PCB, PCBG, and MPG on hepatic steatosis depends on the silent mating
type information regulation 2 homolog 1/AMP-activated protein kinase (SIRT1/AMPK) pathway.
(A) Effect on mRNA and protein expressions of SIRT1. (B) Effect on AMPK mRNA expression and
phosphorylated (p)-AMPK/AMPK protein levels. (C) Effect on mRNA and protein expressions of
sterol regulatory element binding protein-1c (SREBP1c). (D) Effect on mRNA and protein expressions
of peroxisome proliferator-activated receptor α (PPARα). (E–G) Effects on fatty acid synthase (FAS),
acetyl-CoA carboxylase (ACC), and stearoyl-CoA desaturase 1 (SCD1) protein levels. The experiments
were performed at least four times independently and the results are displayed as mean ± SD. # p < 0.05
versus control; ## p < 0.01 versus control; ### p < 0.001 versus control; * p < 0.05 versus FFA group;
** p < 0.01 versus FFA group; *** p < 0.001 versus FFA group.

2.5. Effects of PCB, PCBG, and MPG on AMPK and SIRT1 Activities in HepG2 Cells

Activated AMPK reduces lipogenesis and lipid accumulation by suppressing SREBP1c cleavage
and nuclear translocation [30,31]. To further evaluate the mechanism for the roles of PCB, PCBG,
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and MPG in relieving fatty liver, we assessed the phosphorylation of AMPK and SIRT1 using qRT-PCR
and Western blot. The expression of phosphorylated (p)-AMPK decreased significantly in the FFA
group compared with the control group, and this effect was blocked in the presence of PCB and MPG
at 100 and 10 μM, and at all three concentrations of PCBG. SIRT1 and AMPK are two key enzymes
responsible for longevity and energy homeostasis. The expression and deacetylation activities of
SIRT1 are enhanced by the increase in oxidized nicotinamide adenine dinucleotide (NAD+) levels or
the ratio of NAD+ to reduced nicotinamide adenine dinucleotide (NADH), which was suggested by
the activation of AMPK to some extent [32]. Therefore, we studied the mRNA and protein expressions
of SIRT1, and found that FFA treatment reduced SIRT1 expression, which was recovered by PCB and
MPG at 100 and 10 μM, and was significantly up-regulated by PCBG.

2.6. Docking Studies

Molecular docking studies were performed to investigate the interactions between targets
including SIRT1, AMPK, PPARα, FAS, ACC1, and SCD1 and ligands including PCB, PCBG, MPG and
the reference compound, QCT. The docking score and binding mode were evaluated with docking
studies (Table 1), and images of the compounds with amino acids involved in binding poses are shown
in Figure 6. PCBG showed a higher docking score for binding with AMPK, FAS, and ACC1 than QCT.
MPG showed better AMPK, PPARα, and FAS binding action than QCT. However, PCB showed weak
binding with the selected proteins.

Figure 6. Molecular interactions of PCB, PCBG, MPG, and QCT binding with (A) SIRT1, (B) AMPK,
(C) PPARα, (D) FAS, (E) ACC1, and (F) SCD1. Sharper images are in Supplementary Figure S1.
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3. Discussion

NAFLD, a metabolic syndrome, is a major health problem. The reported prevalence of NAFLD is
up to 20% in the general population worldwide [5]. NAFLD is characterized by increased fatty-acid
uptake, de novo lipogenesis, reduced fatty-acid oxidation, and very-low-density lipoprotein (VLDL)
secretion. Flavonoids were reported to exert multiple benefits on the disorders associated with
NAFLD [33]. P. chinense was reported to possess antioxidant and hepatoprotective activities [21,22].
Previous studies revealed that P. chinense is rich in flavonoids [34] and that these flavonoids play roles
in protecting the liver [26,27]. The three selected compounds had the same structure in the nucleus.
MPG is a new flavonone, while PCBG is the highest-level flavonone in P. chinense. In this study,
the effects and mechanisms of PCB, PCBG, and MPG on a nonalcoholic injured HepG2 cell model
were investigated for the first time.

FFA-induced lipid accumulation in hepatocytes is a commonly used model to study hepatic
steatosis [35,36]. These fatty acids may be converted into other lipid species, such as glycerolipids,
glycerophospholipids, and sterols. Fatty-acid oxidation damages the mitochondrial function of cells [37].
The HepG2 cells were co-treated with FFA and three doses of PCB, PCBG, and MPG, and the doses were
decided upon screening cell cytotoxicity. The results of Oil Red O staining showed that PCB, PCBG,
and MPG declined the number of lipid droplets in a dose-dependent manner. FFA treatment increased the
concentrations of TC and TG, as well as the levels of AST and ALT, which reflected the extent of hepatocyte
damage and hepatic steatosis [38]. Flavonoids significantly reduced FFA-induced changes in TC, TG, AST,
and ALT, indicating their protective effects on liver. These results suggest that PCB, PCBG, and MPG
inhibited FFA-induced lipid accumulation. PCBG inhibited the activity of ALT in a dose-dependent manner
(high vs. medium, p < 0.05; medium vs. low, p < 0.01; high vs. low, p < 0.001).

Free radicals may lead to cell damage not only by lipid peroxidation, but also through
decomposition products of lipid hydroperoxides, while flavonoids show good antioxidative effects [39].
Therefore, parameters including MDA, SOD, and GSH-Px were measured to evaluate the oxidative
stress. MDA, as the product of lipid peroxidation, indirectly reflects the severity of attack by free
radicals. SOD is in charge of catalytic dismutation of free radicals and reducing superoxide levels,
which reflects the ability to scavenge free radicals [40]. GSH-Px specifically catalyzes the decomposition
of hydrogen peroxide to protect the integrity of cell membrane structure and function. The increased
concentration of SOD levels and the decreased levels of MDA and GSH-Px in flavonoid-treated cells
proved their protective effect. Furthermore, the effect of MPG occurred in a dose-dependent manner
with significant differences between high and low levels of MPG (p < 0.01).

The SIRT1/AMPK-SREBP1c pathway is key in regulating lipid metabolism [41]. Both SIRT1 and
AMPK are known to regulate each other and share many common target molecules, and the
interaction between SIRT1 and AMPK could be reciprocal [42]. AMPK is a protein that regulates
mitochondrial biogenesis, fatty-acid synthesis, and oxidative metabolism in response to energy
deprivation. SIRT1 was shown to be the primary mediator for regulating the expression levels of
mitochondrial metabolism genes and lipid metabolism, as well as the consumption of O2. Both AMPK
and SIRT1 act in concert with the master regulator of mitochondrial biogenesis to regulate energy
homeostasis in response to environmental and nutritional stimuli [11,43,44]. AMPK inhibits the
rate-limiting enzyme, SREBP1c, in lipogenesis, which leads to decreased lipid deposition [45,46].
SREBP1c is located in the upstream promoter region up-regulating the transcriptions of FAS,
ACC, and SCD1, which directly catalyze lipogenesis [18,47]. Moreover, PPARα, known as the
ligand-activated nuclear receptor, regulates lipid homeostasis genes [48]. We detected the expression
of these genes after treatment with PCB, PCBG, MPG, and the reference compound, QCT, which was
reported to exert a preventive effect against hepatic steatosis probably through SIRT1/AMPK and
PPARα pathways [49,50]. Our data showed that PCBG (0.1, 1, and 10 μM) and MPG (10 and 100 μM)
significantly enhanced SIRT1 and AMPK gene expression, but only 100 μM PCB showed significant
improvement on SIRT1 expression, which led to a significant reduction in SREBP1c levels, followed
by reduced FAS, ACC, and SCD1 expressions. From the results, it was observed that PCBG (0.1, 1,
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and 10 μM) and MPG (10 and 100 μM) had appreciably similar hypolipidemic effects to reference
QCT (10 μM), while PCB (100 μM) had a visible effect on hepatic steatosis, but weaker than that of
QCT (10 μM). A series of recent studies showed that the effects of the active components in traditional
Chinese herbs on NAFLD are associated with activating the AMPK signaling pathway, improving
insulin resistance, modulating the activity and expression of peroxisome proliferator-activated receptor
γ, antioxidant and anti-inflammatory activities, and regulating intestinal flora [51]. These three
flavonones might have effects on different potential therapeutic targets. The docking results suggested
that binding with polyhydroxy ligands might get higher scores by forming hydrogen-bond interactions
with side chains. The C3 carbonyl group and C5 hydroxyl or methoxy group of flavonoids acted as
the key hydrogen-bond acceptors by interacting with the amino-acid residues in the active-site region
of proteins. The docking score of the compounds was in the order of PCBG, QCT, MPG, and PCB.
Finally, this is of great significance to study the pharmacodynamic basis of P. chinense and mechanisms
on ameliorating hepatic steatosis which was not reported before now. The potency against hepatic
steatosis on targets of these flavonoids via molecular docking was consistent with the pharmacophoric
features from the cell model (Figure 7).

Figure 7. Schematic diagram presenting pathways via which PCB, PCBG, and MPG ameliorate hepatic
steatosis by activating the SIRT1/AMPK pathway. Red arrows upward present increased protein
expression; Red arrows downward present decreased protein expression.

4. Materials and Methods

4.1. Cell Culture

HepG2 cells were obtained from the American Type Culture Collection (ATCC; Manassas,
VA, USA). Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco Invitrogen
Corporation, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS) (Gibco Invitrogen
Corporation, Carlsbad, CA, USA) in an incubator with 5% CO2 at 37 ◦C. The cells were seeded at
70% confluence in six-well plates and were grown in serum-free DMEM containing 0.5% bovine
serum albumin (BSA) (Sigma-Aldrich Co., St. Louis, MO, USA) for 12 h before treatment. Cells of the
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control group were incubated in DMEM containing 0.5% BSA, and model cells were treated with FFA
(oleic acid:palmic acid = 2:1) (Sigma-Aldrich Co., St. Louis, MO, USA)dissolved in DMEM containing
0.5% BSA.

4.2. Measurement of Cell Viability

HepG2 cells were seeded at a density of 5 × 103 cells/well in a 96-well plate. PCBG, PCB, and MPG
(purity ≥98%; Figure 1) were isolated by the chemistry department of the Chinese Material Medicine
Laboratory at the Capital Medical University (Beijing, China) and QCT was purchased from National
Institutes for Food and Drug Control (purity = 97.3%; Figure 1D). They were dissolved in dimethyl
sulfoxide (DMSO) (Sigma-Aldrich, St. Louis, MO, USA) and diluted to suitable concentrations in
DMEM containing 0.5% BSA (DMSO < 0.1%). To determine the modeling concentration and the
non-toxic concentration for the cells, FFA (0.6, 0.7, 0.8, and 1 mM), in addition to PCB, PCBG, and MPG
(10, 50, 100, and 250 μM) were then added to each well. The plates were then incubated for 24 h at
37 ◦C under 5% CO2. Then, 10 μL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) solution (5 mg/mL) (Sigma-Aldrich Co., St. Louis, MO, USA) was added to each well and
the cells were cultured for another 4 h. The supernatant was removed and 100 μL of DMSO/well
was added to dissolve the intracellular crystalline formazan product. Cell viability was determined
by measuring the absorbance at 490 nm using a SpectraMax Plus 384 Microplate Reader (Molecular
Devices, Sunnyvale, CA, USA).

4.3. Oil Red O Staining

The fat accumulation in the HepG2 cells was determined by Oil Red O staining using a commercial
kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The cells were treated for 24 h with
0.8 mM FFA and various concentrations of PCBG (0.1, 1, and 10 μM), PCB, and MPG (1, 10, and 100 μM).
Cells were rinsed with cold phosphate-buffered saline (PBS) (Hyclone, South Logan, UT, USA), then
stained with fresh Oil Red O working solution for 20 min. Stained cells were washed with PBS prior to
microscopic observation using a Nikon 80i upright microscope (Nikon, Tokyo, Japan). To quantify,
250 μL of DMSO was added to the dried plates, and the optical density was measured at 510 nm.

4.4. Biochemical Assay

HepG2 cells were seeded into six-well plates at 2 × 105 cells per well. After 24 h of incubation,
the culture medium was removed and treated with 0.8 mM FFA and various concentrations of
PCBG (0.1, 1, and 10 μM), PCB, and MPG (1, 10, and 100 μM). Cells were collected and made into a
homogenate with PBS. The levels of TC, TG, ALT, AST, MDA, SOD, and GSH-Px were determined
with commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) and normalized by
protein content (mg/mL).

4.5. Western Blots Analysis

To detect the proteins of cells, cells (2 × 106) were plated into 100-mm dishes and incubated
overnight, before being starved for 12 h in DMEM with 0.5% BSA and submitted to different treatments
as described above. After each 24-h treatment, cells were collected and washed with PBS and lysed
on ice in Radio-Immunoprecipitation Assay (RIPA) buffer with a protease and phosphatase inhibitor
cocktail for 15 min. Cell lysates were centrifuged at 12,000 rpm for 10 min, before the supernatant was
collected and the protein content of each lysate was measured using a bicinchoninic (BCA) protein
assay kit (Beijing Biosynthesis Biotechnology Co., Ltd., Beijing, China). Proteins (20 μg/lane) were
subjected to SDS-PAGE with 10% resolving gel. The separated proteins on gels were then transferred
onto a polyvinylidene difluoride (PVDF) membrane (Merch/Millipore, Schwalbach, Germany).
After blocking nonspecific binding with 5% fat-free milk or 2% BSA solution, the membranes were
incubated with antibodies against SIRT1 (sc-74465), AMPK (sc-25792), p-AMPK (sc-33524), SREBP1c
(sc-365513), PPARα (sc-130640), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH; sc-32233)
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(Santa Cruz, CA, USA) at 4 ◦C overnight. After being washed with Tris-buffered saline/Tween
(TBST) four times, the membranes were incubated with horseradish peroxidase (HRP)-conjugated
goat anti-rabbit immunoglobulin G (IgG) or rabbit anti-mouse IgG (Zhongshan Goldenbridge, Beijing,
China) for 1 h at room temperature. The blots were incubated in Immobilon Western Chemiluminescent
HRP Substrate and exposed to an X-film to form an image. The protein bands were quantitated using
the Image J software. (Version 1.51k, National Institutes of Health, Bethesda, MD, USA)

4.6. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

HepG2 cells were plated at a density of 3 × 105 cells/well in a six-well plate and incubated
overnight, before being starved for 12 h in DMEM with 0.5% BSA and used for different treatments
as described above; one group was treated with QCT (10 μM) as a comparison. Total RNA from
HepG2 cells was extracted using an RNAprep pure Cell/Bacteria Kit (Tiangen Biotech Co., Beijing,
China). The purity and concentration of RNA were determined with a Genova Nano spectrophotometer
(BIBBY JENWAY, Staffordshire, UK). Complementary DNA (cDNA) was synthesized with a FastQuant
RT Kit (With gDNase) (Tiangen Biotech Co., Beijing, China) according to the manufacturer’s protocols.
The relative levels of mRNA to GAPDH were analyzed using an SYBR fast universal qPCR kit (KAPA
Biosystems, MA, USA) and specific primers. The primer sequences are shown in Table 2. The qRT-PCR
was performed on an ABI Quant 5 PCR system using the 2−ΔΔCt method. GAPDH was used as the
normalized reference gene.

Table 2. The Primers Used for qRT-PCR.

Gene Name Forward Primer (5′–3′) Reverse Primer (5′–3′) Reference

SIRT1 GCCAGAGTCCAAGTTTAGAAGA CCATCAGTCCCAAATCCAG [52]
AMPK CAGGCATATGGTGGTCCATAGAG TCATGGGATCCACCTGCAGC [18]

SREBP1c ATACCACCAGCGTCTACC CACCAACAGCCCATTGAG [48]
PPARα AGCAAGGAAGGGTTGTGGCAAA ATGGACTCGGAAGCAGGAAGGT [53]

FAS CGGCTCGCCCACCT CGGGCCGCAAAGC [48]
ACC GCTGCTCGGATCACTAGTGAA TTCTGCTATCAGTCTGTCCAG [54]
SCD1 CCTCTACTTGGAAGACGACATTCGC GCAGCCGAGCTTTGTAAGAGCGGT [54]

GAPDH TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG [55]

4.7. Molecular Docking

The docking studies of PCB, PCBG, MPG, and reference compound, QCT, were performed with
energy-metabolism-related molecular targets, including SIRT1 (Protein Data Bank identifier (PDB ID):
4ZZJ), AMPK (PDB ID: 4ZHX), PPARα (PDB ID: 3KDU), FAS (PDB ID: 5C37), ACC1 (PDB ID: 3TVU),
and SCD1 (PDB ID: 4ZYO). The crystal structures were obtained from the Research Collaboratory for
Structural Bioinformatics Protein Data Bank (RCSB PDB; http://www.rcsb.org), and were protonated
and energy minimized using the AMBER FF99 force field [56]. The structures of compounds were
drawn using ChemDraw Ultra 7.0 (CambridgeSoft, Perkin Elmer Inc., Waltham, MA, USA) and
converted to three-dimensional (3D) structures with all proton and tripos force charges added to
optimize the minimum energy conformation using SYBYL-X 1.2. The optimized conformation was
used for the analysis of docking events with Surflex-Dock, which is a well-recognized method in
the field of molecular docking. In this way, the virtual screening and ligand–receptor interaction
were evaluated.

4.8. Statistics

Data were shown as mean ± standard deviation of at least three independent experiments.
One-way ANOVA and a Student’s t-test were used to evaluate statistical significance with the SPSS
statistics 23.0 software. Values of p < 0.05 were considered as statistically significant.
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ACC1 and SCD1.
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Abstract: Roots of Glycyrrhiza uralensis have been used as herbal medicine and natural sweetener.
By activity-guided phytochemical investigation of the extracts from G. uralensis root, ten flavonoids,
namely GF-1–GF-10, of which five were prenylated flavonoids, were found to show antiproliferative
effects in melanoma B16-F10 cells. Three of the prenylated flavonoids, namely GF-1, GF-4 and GF-9,
significantly induced the differentiation of B16-F10 cells; the inductions included increase of tyrosinase
activity, tyrosinase protein, and melanin content. In GF-1 and GF-9 induced melanoma differentiation,
the phosphorylation of p38 MAPK (mitogen activated potein kinase) was identified; while GF-4
could trigger the phosphorylation of PI3K/AKT (phosphatidylinositol 3-kinase/Protein Kinase B)
signaling. However, application of GF-6 to the melanoma cells did not induce differentiation; but
which promoted cell apoptotic signaling, i.e., increase levels of cleaved-PRAP, cleaved-caspase 3,
and cleaved-caspase 9. These results suggested that different types of prenylated flavonoids from
G. uralensis might have potential anticancer effects against melanoma cells by acting through different
signaling pathways.

Keywords: Glycyrrhiza uralensis; prenylated flavonoids; antiproliferation; differentiation; melanoma cell

1. Introduction

The roots of Glycyrrhiza uralensis Fisch (GlycyrrhizaeUralensis Radix; GUR), named as licorice
or gancao, have been extensively used as a herbal drug in both Eastern and Western countries [1].
Clinical studies have shown GUR is highly effective in the treatment of respiratory, gastrointestinal,
cardiovascular and genitourinary conditions [2]. According to traditional Chinese medicine (TCM)
theory, GUR is described as a beneficial herb to enhance therapeutic effects; meanwhile, this herb
is being employed commonly to detoxify potential adverse effects in many herbal mixtures during
clinical application. Phytochemical studies revealed that triterpene saponins and flavonoid glycosides
were two major active substances in GUR [3]. In the extractive of GUR, the nonpolar fraction of GUR
is rich in various types of prenylated flavonoids, e.g., flavones, isoflavones, flavanones, chalcones, and
coumestans [4]. These flavonoids are being considered to be active ingredients of GUR, and indeed
which have been commonly used in food industries. In recent pharmacological studies, GUR flavonoids
have been proposed to have anti-oxidation [5], anti-inflammatory [6], antiproliferative, and cytotoxic
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effects in various cells [7]. Despite the aforementioned proposed actions, the roles of GUR prenylated
flavonoids in cancer cells have not been extensively investigated.

Malignant melanoma is a highly aggressive and invasive skin cancer with high metastatic potential
and extraordinary resistance to cytotoxic agents [8]. The occurrence of melanoma is related to different
factors, e.g., sun exposure, fair pigmentation, and genetic mutation [9]. In recent years, the incidence
of melanoma is rapidly increasing throughout the world, especially in America and Europe [10].
Although drug therapy for this cancer has been developed rapidly, e.g., immunotherapies with
PD-1 inhibition drugs (ipilimumab and nivolumab) and T-cell checkpoint blockade therapies [11,12],
the usage of herbal products is still one of the alternative approaches for melanoma cancer treatment.

Considering the pathogenesis and clinical treatment of melanoma, the recent targets in cancer
therapy is focusing on discovery of natural products that are able to suppress cancer cell proliferation
and promote cell differentiation [13,14]. Here, the CH2Cl2 extract of GUR (GURCH2Cl2) was shown to
exhibited potent effect in antiproliferation and inducing differentiation of cultured melanoma B16-F10
cells: these effects were significant higher than that deriving from water extract (GURwater) and ethanol
extract of GUR (GUREtOH). To explore the possible underlying mechanism for anticancer effect of GUR,
ten flavonoids (GF1-GF10) of which five were prenylated flavonoids, were isolated. The roles of these
flavonoids in inducing the differentiation of cultures B16-F10 cells were illustrated, and subsequently
the signaling cascades, triggered by various flavonoids, were revealed and compared.

2. Results

2.1. G. uralensis Extracts in Proliferation and Differentiation of Melanoma Cells

Different extractives of GUR, i.e., GUwater, GUEtOH, and GUCH2Cl2, were subjected to HPLC
analyses. As shown in HPLC chromatograms (Figure 1A), saponins and flavonoid glycosides were
the major constituents in both GUwater (water extract) and GUEtOH (ethanol extract). Besides, a small
amount of free flavonoids could be detected in GUEtOH. In comparison with GUwater and GUEtOH,
GUCH2Cl2 (dichloromethane extract) exhibited a comparable enrichment of free flavonoids. To a certain
extent, difference in chemicals might cause possible difference in their biological capacities.

 

Figure 1. Cont.

106



Int. J. Mol. Sci. 2018, 19, 2422

Figure 1. Effects of different extracts of G. uralensis root in antiproliferation and differentiation-inducing
activities in B16-F10 cells. (A) HPLC chromatograms of different extracts, all at 1 mg/mL, from
GUR, i.e., GUwater (water extract of GUR), GUEtOH (EtOH extract of GUR), and GUCH2Cl2 (CH2Cl2
extract of GUR). (B) Melanoma B16-F10 cells were treated with different extracts of GUR or with
medium of 0.1% DMSO (dimethylsulphoxide) for 48 h, after which cells were counted under MTT
(3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide) assay. (C) Melanoma B16-F10
cells were treated with GUwater, GUEtOH, and GUCH2Cl2 (50 μg/mL, respectively) for 48 h (left panel).
At least 150 cells were counted for cells with dendrite longer than 3× cellular body, as differentiated
cells (right panel). Data are expressed as percentage of control, in means ± SEM of 3 independent
experiments. * p < 0.05, ** p < 0.01, compared with control; ## p < 0.01, compared with other extracts.

To investigate the effect of G. uralensis extracts, cultured B16-F10 melanoma cells were treated
with different extracts at indicated concentrations for 48 h. As shown in Figure 1B, GUCH2Cl2 inhibited
the proliferation of B16-F10 cells with an IC50 value of 48.7 ± 2.5 μg/mL, whereas GUwater and GUEtOH

exhibited little effects (IC50 > 100 μg/mL). In addition to the differentiation induction, as shown in
Figure 1C, the GUCH2Cl2-treated (50 μg/mL) cells showed typical dendrite-like cellular protrusions,
as compared with control cells. Although GUEtOH had a certain degree of differentiation-inducing
activity, as compared with the control group, its effect was far lower than that of GUCH2Cl2. Over
40% cells were induced to differentiate under the treatment of GUCH2Cl2 (Figure 1C). Similar to
antiproliferative activity, GUwater showed little morphological changes towards cultured B16-F10 cells.
These results suggested that free flavonoid content in the extract could be responsible for differentiation
and antiproliferation of B16-F10 cells.

2.2. Structure Identification of Isolated Compounds

To explore active compounds in GUR extracts corresponding for activitieson cell differentiation,
phytochemical investigation of GUCH2Cl2 was performed, and there after 10 compounds were isolated.
Their structures and types were elucidated on the basic of ESI-Q-TOF/MS and 1H and 13C NMR and
by comparison with the literatures. The 13C NMR data were presented in Table 1, and the MS and 1H
NMR data of each compound were available in the supplementary information.

As shown in Figure 2, all isolated compounds were identified as free flavonoids, including three
isoflavones, three flavones, two chalcones, one coumarin, and one flavanone, namely GF-1–GF-10.
Compounds GF-1, 2, and 5 were isoflavones, identified as licoisoflavone B, glabrone, and formononetin,
respectively. Compounds GF-3, 9, and 10 were classified as flavones and elucidated successively as 7,
4′-dihydroxyflavone, licoflavone, and kumatakenin A, respectively. With the data of NMR and MS,
two chalcones, GF-6 and GF-8 were established as licochalcone A and isoliquiritigenin, respectively.
GF-4 was identified as a coumarin namely as neoglycyrol, which could be regarded as an isoflavone
derivative with methoxyl, hydroxyl, and prenyl groups. GF-7 was identified as a common flavanone,
namely as liquiritigenin. The HPLC of isolated flavonoids and dichloromethane extract of G. uralensis
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were available in the supplementary information. The purities of these ten flavonoids were tested to
be higher than 95% by HPLC-UV area normalization method.

Table 1. Table of 13C NMR Spectroscopic data of 10 flavonoid compounds in DMSO-d6.

GF-1 GF-2 GF-3 GF-4 GF-5 GF-6 GF-7 GF-8 GF-9 GF-10

C-1 113.5 125.7
C-2 155.7 155.1 162.5 157.9 153.0 158.2 78.9 131.1 162.2 155.8
C-3 120.5 122.1 104.4 102.7 124.2 99.9 43.1 115.8 104.4 137.7
C-4 180.6 176.0 176.2 158.6 174.5 159.6 190.0 160.3 176.2 178.0
C-4a 104.6 116.2 16.1 100.2 127.2 113.5 115.8 105.1
C-5 161.8 127.2 126.4 154.3 116.6 126.5 128.3 115.8 124.5 160.9
C-6 98.8 115.3 114.7 120.1 115.0 127.7 110.5 131.1 127.2 97.6
C-7 164.1 162.8 160.6 160.0 162.5 164.6 160.3 165.0
C-8 93.6 102.0 102.4 99.7 102.0 102.5 101.7 92.2
C-8a 157.7 157.5 157.3 153.4 158.9 163.1 155.6 160.2
C-α 117.8 144.2
C-β 138.7 117.4
C-γ 187.3 191.5
C-1′ 111.2 112.7 121.7 114.7 123.1 129.6 129.3 112.9 121.9 120.4
C-2′ 151.2 151.3 128.0 156.6 130.0 130.6 128.2 165.8 127.9 130.1
C-3′ 109.7 110.1 115.8 99.0 113.5 115.2 115.1 102.5 115.8 115.6
C-4′ 153.6 153.5 162.4 157.4 157.4 161.6 157.6 165.4 160.5 156.2
C-5′ 107.4 107.6 115.8 114.5 113.5 115.2 115.1 108.0 115.8 115.6
C-6′ 131.3 130.9 128.0 120.9 130.0 130.6 128.2 132.7 127.9 130.1
C-1” 22.5 39.5 27.5
C-2” 75.4 75.4 122.9 147.5 121.8
C-3” 128.8 128.8 131.4 109.9 132.3
C-4” 116.9 117.0 18.2 26.9 25.5
C-5” 27.4 27.5 25.9 26.9 17.6
C-6” 27.4 27.5

2-OCH3 55.4
3-OCH3 56.0
4′-OCH3 55.1
5-OCH3 62.8
7-OCH3 59.6

 

Figure 2. Cont.
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Figure 2. Structures of flavonoids isolated from CH2Cl2 extract of G. uralensis root.

In recent years, flavonoids, especially the prenylated ones, have attracted extensive attention
because of its resulting radicals can enhance their biological activities [15]. In this study, several
flavonoids, including GF-1, 2, 4, 6, and 9, were found to contain a substituent of prenyl moiety or
dimethylpyran (formation from prenyl) in their structures.

2.3. Isolated Flavonoidsin Proliferation and Differentiation of Melanoma Cells

The isolated flavonoids were tested for their antiproliferative capacity using MTT bioassay on
cultured B16-F10 cells (Figure 3A). In cell inhibition, the most active component was GF-4 (neoglycyrol),
with an IC50 of 17.5 μM, while compounds GF-1, 2, 6, and 9 showed good activities in the range of
26.0–35.8 μM. The other nonprenyl flavonoids, GF-3, 5, 7, 8, and 10, possessed low activities of cell
inhibition. Thus, the prenyl could be an important group for inhibition activity of licorice flavonoids
in cancer cell growth.

Figure 3. Cont.
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Figure 3. Antiproliferation and differentiation activity of G. uralensis flavonoids on B16-F10 cells.
(A) Melanoma B16-F10 cells were treated with 10 flavonoids (GF-1–GF-10) at different concentrations
or with medium (0.1% DMSO) for 48 h, after which the cells were assayed under MTT assay. IC50

value was calculated using SPSS statistics software. (B) Melanoma B16-F10 cells were treated with 10
flavonoids (GF-1–GF-10) at 20 or 40 μM, positive drug (α-MSH) at 20 nM or medium (0.1% DMSO) for
48 h. At least 150 cells were counted for dendrite longer than 3× cell body, as differentiated cell (upper
panel). Data are expressed as percentage of control, as means ± SEM (n = 3) * p < 0.05, ** p < 0.01,
compared with control. Morphological of B16-F10 cells treated with selected flavonoids at 40 μM
(lower panel).

In order to evaluate the differentiating effect of isolated flavonoids, cultured B16-F10 cells were
treated with α-MSH (positive drug) or these compounds at two concentrations for 48 h. Accordingly,
typical dendrite-like cellular protrusions of cells, induced by GF-1, 2, 4, and 9, were similar with those
induced by 20 nM α-melanocyte-stimulating hormone(α-MSH) (Figure 3B) [16]. Surprisingly, GF-6
had no such phenotype induction regardless of its role in cell inhibition (Figure 3B). After comparison
of structures of above compounds, the opening of central C-ring in GF-6 could be a possible domain in
inducing differentiation in cultured B16-F10 cells.
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2.4. Isolated Flavonoids in Melanogenesis

Melanoma cell differentiation is generally accepted to be related to inhibition of cell proliferation,
dendritic-like morphology, increased tyrosinase activity, and melanin production [17]. To validate the
implications of morphological observations, the amounts of intracellular melanin content, tyrosinase
activity and protein were evaluated in B16-F10 cells with the treatment of α-MSH or selected prenylated
flavonoids, i.e., GF-1, 4, 6, and 9. The application of α-MSH (positive drug) at 20nM, GF-1, 4, and 9 at 40
μM significantly increased the melanin amounts by about 2-fold, as compared to the control (Figure 4A).
However, GF-6 showed no effect. Except for GF-6, the prenylated flavoniods could induce tyrosinase
activity in a dose-dependent manner in cultured B16-F10 cells (Figure 4A). The level of tyrosinase
protein in the melanoma cells was measured by Western blot analysis. The expression of tyrosinase
protein was enhanced to about 2-fold in GF-1, 4, and 9 treated cells (Figure 4B), demonstrating that the
melanogenesis promotion was partly mediated by increased tyrosinase in melanoma cells.

Figure 4. The G. uralensis flavonoids induce the amounts of melanin content, tyrosinase activity,
and tyrosinase expression of B16-F10 melanoma cells. (A) B16-F10 cells were treated with indicated
concentrations of selected flavonoids (GF-1, 4, 6, and 9) or with α-MSH at 20 nM for 48 h. The amounts
of melanin (left panel) and tyrosinase activity (right panel) were determined. (B) The level of tyrosinase
protein (~91 kDa) in the melanoma cells was measured by Western blot (left panel). The amount of
tyrosinase was qualified against GAPDH (~37 kDa) (right panel). Data are expressed as percentage of
control, in means ± SEM (n = 3). * p < 0.05, ** p < 0.01, compared with control.

To explore potential mechanism of the four prenylated flavonoids (GF-1, 4, 6, and 9) on
antiproliferation and differentiation-inducing activities in B16 cells, the activations of MAPKs (ERK
1/2, JNK, and p38), AKT (Protein Kinase B), and PARP (poly ADP-ribose polymerase) signaling
pathwayswere probed in the treated B16-F10 cells. These signaling pathways have been identified as
important regulators of cell proliferation, differentiation, and tumor development of the malignant
phenotype of tumor [18]. The levels of phospho-ERK1/2 (p-ERK1/2) and phospho-JNK (p-JNK)
remained unchanged after treatment with the four prenylated flavonoids (Figure 5). However, the level
of phospho-p38 (p-p38) was significantly induced by treatment of GF-1 and GF-9, with ~16- and
~13-fold of increase, in respect to the control. In the phosphorylation of p-AKT, only GF-4 showed

111



Int. J. Mol. Sci. 2018, 19, 2422

a reduction (Figure 5). In the cultures, GF-6 showed cell inhibition, but not in cell differentiation,
and did not cause phosphorylation of p-ERK1/2, p-JNK, p38, and p-AKT. In contrast, GF-6 application
in B16-F10 cells induced the phosphorylation of Cl-PRAP by ~30-fold (Figure 5). Thus, the four tested
prenylated flavonoids showed distinction in inducing the signaling cascades, i.e., p-ERK1/2 and p-JNK
triggered by GF-1 and GF-9, p-AKT triggered by GF-4, and Cl-PARP triggered by GF-9.

 

Figure 5. The G. uralensis flavoniods induce signaling of ERK (1/2), JNK, p38, AKT, and PARP. B16-F10
cells were treated with selected flavonoids (GF-1, 4, 6,and 9) at concentration of 40 μM or with medium
(0.1% DMSO) for 48 h. Cell lysates were analyzed by Western blotting with the indicated antibodies
(left panel). Photographs of the chemiluminescent detection of the blots, which were representative of
three independent experiments, are shown (right panel). The relative abundance of each band to their
own GAPDH was quantified, and the control levels were set at 1.0. Data are expressed as percentage of
control, in means ± SEM (n = 3). ** p < 0.01, compared with control.

The phosphorylation of p38 could lead to activation of cAMP response element binding protein
(CREB) and induction of microphthalmia associated transcription factor (MITF) expression [19]. MITF
is a known downstream effector that is required for melanoblast survival, as well as a key regulator to
induce genes associated with the differentiation, e.g., tyrosinase [20]. Here, GF-1 and GF-9 markedly
increased the phosphorylations of p-p38 and p-CREB, as well as promoting the expression of MITF in
dose-dependent manners (Figure 6A).

The PI3K/AKT signaling pathway is another crucial pathway involved in melanoma cell
differentiation. Application of GF-4 down-regulated the phosphorylation of p-AKT and PI3K in
cultured B16-F10 cells, and this suppression was in a dose-dependent manner (Figure 6B). Glycogen
synthase kinase 3 β, a direct downstream target of AKT, phosphorylates MITF and regulates expression
of tyrosinase [21]. Therefore, the protein expression of MITF was determined under the treatment
of GF-4 in cultured B16-F10 cells. As expected, the level of MITF was induced by 50% after the
treatment of GF-4 (Figure 6B). The GF-6-induced Cl-PRAP expression suggested that apoptosis could
be involved in the inhibition of B16-F10 cells, triggered by GF-6. In line with an increase of Cl-PRAP,
the levels of cleaved caspase-3 and cleaved caspase-9 were markedly induced by treatment of GF-6:
the maximal induction over 5-fold and 15-fold could be revealed in cleaved caspase-3 and cleaved
caspase-9, respectively (Figure 6C). The increase of apoptotic biomarkers strongly suggested the
possible anticancer function of GF-6.
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Figure 6. G. uralensis flavonoids induce differentiation or apoptosis via different signaling pathways
in B16-F10 cells. B16-F10 cells were treated with various concentrations of selected flavonoids at
concentration of 20 and 40 μM for 48 h, after which protein expression in total cells were assayed by
Western blot analysis. (A) GF-1 and GF-9 induced phosphorylations of p 38 (~38 kDa) and p-CREB
(~43 kDa), as well as expression of and MITF (~60 kDa). (B) GF-4 induced protein expression of p-AKT
(~60 kDa), PI3K(~85 kDa), and MITF (~60 kDa). (C) GF-6 induced expression of Cl-PARP(~89 kDa),
Cl-Casp 9(~37 kDa), and Cl-Casp 3(~19 kDa). The relative abundance of each band to their own
GAPDH was quantified, and the control levels were set at 1.0 (lower panel). Data are expressed as
percentage of control, in means ± SEM (n = 3).* p < 0.05, ** p < 0.01, compared with control.

3. Discussion

It has been estimated that 30–40% of cancers can be prevented by dietary or lifestyle condition [22].
Some anticancer drugs currently used in clinics, such as paclitaxel and camptothecin, are derived
from natural products. Thus, the search for natural products having anticancer activity represents an
interesting area, probably due to its diversity and distinct action mechanism. Flavonoids, commonly
found in foods or herbal medicines, are a group of compounds with potential antitumor activities.
According to their variations of backbone and substitution, flavonoids can be classified into different
subclasses, providing an extremely diverse range of derivatives. Among them, prenylated flavonoids
have attracted considerable attention due to their promising and diverse bioactivities [15]. For example,
the prenylated substituted chalcones were shown to be cytotoxic in MCF-7, HT-29, and A-2780
cancer cells, whereas the conversion of a chalcone to a favanone resulted in reduced antiproliferative
activity [23]. In addition, a prenylated flavonoid, artonol A, exhibited cytotoxic activity against human
lung cancer cells [24]. Thus, the substitution in flavonoid structure might possess a profound influence
on their antiproliferative effect on cancer cells. As shown here, the proliferation of B16-F10 cells
could be significantly inhibited by CH2Cl2 extract of GUR. From this extract, ten flavonoids were
isolated, of which five flavonoids with a prenylated group, i.e., GF-1, 2, 4, 6, and 9, displayed effectively
cytotoxic activity: these results suggested that the prenyl group could be an indispensable moiety
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for licorice flavonoids to inhibit B16-F10 cell growth. Considering the structure-activity relationship,
the free isoprene flavonoids, e.g., deprenylated compound of GF-9 and kumatakenin B, are showing
low antiproliferative effect on B16-F10 cells.

The differentiation process represents a crucial point in progression of many types of cancer.
A potential cancer treatment is to promote cancer cell differentiation, and thereafter, to reduce its
proliferative capacity: this approach is a novel therapeutic method aiming to modify tumor cells to a
slower rate of proliferation, and thus which leads to the loss of its earlier neoplastic attributes [25,26].
In melanoma, the differentiation status of cells could be monitored by melanogenesis, which resulted
in the conversion of L-tyrosine to L-dopa by tyrosinase [27]. Indeed, the levels of melanin and
tyrosinase are being considered as indicators of differentiated melanoma cells. Our current results
supported the contrary action of differentiation against proliferation in melanoma. Here, we have
shown the prenylated flavonoids GF-1, 4, and 9 inhibited B16-F10 cell growth, and subsequently which
induced cell differentiation. The differentiation, induced by the prenylated flavonoids, was illustrated
by morphological change and increase of melanin and tyrosinase. Having a distinction here, GF-6
(licochalcone A) showed inhibitory effect only on cell growth but not differentiation. The GF-6-inhibited
cell growth was revealed to be mediated by its apoptotic role. In line to this observation, licochalcone
A was shown to activate apoptotic processes in both in vitro and in vivo [28]. Thus, different backbone
structure of flavonoids, as revealed here for G.uralensis flavonoids, might have distinct mechanisms to
inhibit growth of tumor cells.

Numerous studies have shown that the MAPKs and AKT signaling pathways could play role in
survival, proliferation, and differentiation of melanoma [18]. The MAPKs include three well characterized
sub-families, i.e., extra cellular signal-regulated kinases -1/2(ERK 1/2), c-jun N-terminal or stress-activated
protein kinases (JNK), and p38 mitogen activated protein kinase (p38 MAPK). The activations of ERK
(1/2) and JNK were shown to relate with suppression of melanogenesis [20]. Activation of p38 MAPK
signaling could upregulate melanin synthesis and induce differentiation by promoting expressions
of MITF and tyrosinase [19]. In addition, the activation of AKT could inhibit melanogenesis and
differentiation of melanoma [29]. These different lines of evidence support the antiproliferation and
differentiation-inducing effects of natural products on melanoma, and the regulation of MAPKs and
AKT signaling could be one of key mediators. For example, 5, 7-dimethoxycoumarin, from Citrus
limon L., showed potential antigrowth and differentiation-inducing effect on melanoma cell, involving
Ras/Raf/MEK/ERK pathway [30]. Lupeol, a lupine-type triterpene from Danelion root, showed
significant inhibition on melanoma cell growth both in vitro and in vivo: the effect was trigged by
its induction on cell differentiation [31]. Ye [27] reported that three sesquiterpenes, isolated from the
largehead atractylode rhizome, induced melanoma cell differentiation and inhibited cell migration
through inactivating the signals of Ras/ERK MAPK (for AT-I and AT-II) and PI3K/AKT. Here, we isolated
and identified several prenylated flavonoids including isoflavone, flavone, chalcone, and coumarin.
Interestingly, prenylatedflavone (GF-1) and prenylatedisoflavone (GF-9) could induce activation of p38
MAPK pathway, while prenylated coumarin (GF-4) showed inhibition on PI3K/AKT signaling. The
prenylated chalcone GF-6 did not affect cell differentiation, but which induced melanoma cell apoptosis
with activation of proteins in caspase-mediated signaling pathway. This result was in good agreement
with recent literature [32]. However, a more detailed mechanism by which the prenylated flavonoids in
melanoma cell differentiation and cell proliferation are waiting for further elucidation.

4. Material and Methods

4.1. Plant Material

The roots of G. uralensis (GUR) were collected in Minqin County, Gansu province, China in
September 2016. Voucher specimen (No. 20160919) was stored in a dry and dark room and deposited
at Jiangsu Collaborative Innovation Center of Chinese Medicinal Resources Industrialization (Nanjing
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University of Chinese Medicine). The authentication of GUR was carried out by Prof. Qinan Wu from
Nanjing University of Chinese Medicine, Nanjing, China.

4.2. Extraction and Isolation

4.2.1. Phytochemical Extractions of G. uralensis Roots

The water extract of GUR (GURwater) was prepared by boiling GUR crude materials (100 g of
fine powder) with water (1000 mL, 1 h) at 100 ◦C, extracted twice. Likewise, 100 g GUR powder was
extracted with ethanol (1000 mL, 1 h) at 80 ◦C, extracted twice to obtain the ethanol extract (GUEtOH).
To prepare GUR dichloromethane extract (GURCH2Cl2), 100 g of GUR powder was boiled at 50 ◦C
(1000 mL, 1 h) with CH2Cl2, extracted twice. The fractions were concentrated in vacuumand then
freeze-dried to obtain loose fine powder.

HPLC chromatograms of different GUR extracts (GURwater, GUREtOH, and GURCH2Cl2) were
carried out using an Agilent 1100 HPLC system (Agilent Technologies, Santa Clara, CA, USA).
An Agilent RP C18 column (250 × 4.6 mm id, 5 μm) was used. Samples were separated using a
gradient mobile phase consisting of 0.2% (v/v) formic acid water (A) and acetonitrile (B). The gradient
conditions were: 18–25% B at 0–10 min, 25–45% B at 10–30 min, 45–70% B at 30–45 min, and 70% B at
45–60 min. The flow rate was set at 1.0 mL/min. The detection wavelength was 254 nm. The sample
concentration was 1 mg/mL, and injection volume was 10 μL.

4.2.2. Isolation and Identification of Flavonoids

GUR (dry weight, 5 kg) were exhaustively extracted two times with dichloromethane (30 L × 2,
each extraction for 1 h). The extractives were combined and concentrated in vacuo. The residue (a total
of about 105 g) was then separated to three fractions (Fr. A–C) by normal-phase silica gel CC (800 g,
200–300 mesh Silica) using a step-wise gradient elution of CH2Cl2-MeOH (100:0–80:20, v/v).Fr. A
(about 6.5g) applied to middle pressure liquid chromatography (MPLC, BUCHI Chromatography
B-688, Switzerland) on ODS column with a gradient solution of MeOH-H2O (60:40–70:30, v/v) as
elution to give GF-1 (43 mg) and GF-2 (18 mg). Fr. B (about 31.6 g) was subjected to MPLC silica gel
using a stepwise gradient elution of CH2Cl2-MeOH (95:5–90:10, v/v) to provide the two sub-fractions
Fr. B1 and Fr. B2. Fr. B1 was subsequently purified by MPLC chromatography over RP-18 silica
gel column (400 g, 25–50 μm, 4.5 × 50 cm) eluted with MeOH-H2O (70:30) to afford GF-3 (55 mg),
GF-4 (102 mg) and GF-5 (31 mg). Fr. B2 was subjected to MPLC with a ODS column (400 g, 25–50
μm, 4.5×50 cm) to give GF-6 (26 mg) and GF-7 (34 mg). Fr. C (about 9.4 g) was applied to MPLC
chromatography on ODS column with a gradient solution of MeOH-H2O (60:40–70:30, v/v) as elution
to afford GF-8 (23 mg), GF-9 (42 mg), and GF-10 (67 mg). The purified compounds were characterized
by LC-MS and NMR analyses. The MS spectra were recorded on an Agilent 1200 HPLC/Q-TOF mass
spectrometer instrument (Agilent) in positive ion mode. The specimens were dissolved in DMSO-d6

(dimethylsulphoxide), and 1H NMR and 13C NMR were assayed with ASR-500 or ASR-300 NMR
spectrometer, nuclear magnetic resonance, TMS was used as an internal standard.

4.3. Cell Culture

The melanoma B16-F10 cell line was obtained from American Type Culture Collection (ATCC,
Manassas, Virginia, VA, USA). The cells were maintained in Dulbecco’s modified Eagle’s medium
containing 10% fetal bovine serum, 100 units/mL penicillin and 100 μg/mL streptomycin in a
humidified CO2 (5%) incubator at 37 ◦C. All reagents for cell cultures were purchased from Invitrogen
(Carlsbad, California, CA, USA).

4.4. Antiproliferative Activity Assay

The antiproliferative activities of GUR extracts and flavonoids were investigated using the MTT
assay [14]. Firstly, B16-F10 cells were cultured in 96-well plates at approximately 7.5 × 103 cells per
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well and incubated for 12 h. Then cells were treated with different concentrations of GUR extracts
(5, 10, 25, 50, and 100 μg/mL) or GUR flavonoids (10, 20, 40, 60, and 80 μM). After incubation of 48 h,
MTT solution (5 mg/mL in PBS) was added to each well, and cells were incubated at 37 ◦C for 4 h.
Subsequently, 150 μL DMSO was added to each well, and the plate was put on a shaker for 5 min,
the absorbance were measured at 570 nm using a fluorescence plate reader (Thermo scientific, Waltham,
MA, USA). Inhibition percentage (%) was calculated according to the following formula: Inhibition
percentage of cell viability (%) = [1−(OD treated well/OD control well)] × 100%. The IC50 value was
calculated using the SPSS v. 22.0 Statistics Software (IBM Corp., Armonk, New York, NY, USA).

4.5. Morphological and Differentiation Analysis

B16-F10 cellswere cultured in 35-mm dishes (2 × 105 cells/well) and treatedwith different
concentration of GUR extracts (0, 50 μg/mL), its flavonoids(0, 20, 40 μM), or α-MSH (20 nM) for
48 h.Afterthe treatment, the morphological changes were observed under a microscope (Olympus,
Japan). Differentiation and mature phenotypes were characterized by formation of dendrite-like
cellular protrusions. Differentiation ratio (%) was expressed as the percentage of cells with cytoplasmic
extension longer than three cellular bodies in relation tothe total number of cells [33,34].

4.6. Measurement of Tyrosinase Activity

Measurement of tyrosinase activity was performed according to a previously published method
with slight modifications [27]. In brief, cells were cultured in 6-wells/plate at a density of 2 × 105

cells/well, and treated with different concentrations of GUR flavonoids (0, 20, and 40 μM, respectively)
or α-MSH (20 nM) for 48 h. After the treatment, the cells were washed with ice-cold PBS twice, lysed
at 4 ◦C for 30 min in RIPA lysis buffer (150 mMNaCl, 1 mM EDTA, 1 mM EGTA, 50 mM Tris–Cl, 0.35%
w/v sodium-deoxycholate, 1 mM phenylmethylsulfonyl fluoride, 1% v/v NP-40, 1 mM NaF, 1 mM
Na3VO4, pH 7.4) containing a protease-inhibitor cocktail. Each lysate was centrifuged at 15,000× g for
30 min. Then, 50 μL of supernatant was added to 100 μL of 0.1% L-DOPA in PBS (pH = 6.8) in a well on
a 96-well plate. After 2 h of incubation at 37 ◦C, the absorbance at 475 nm was measured. Meanwhile,
the protein concentration of each lysate was determined by Bio-Rad protein assay. Tyrosinase activity
was normalized with protein amount.

4.7. Determination of Melanin Content

Cellular melanin content was measured as described previously with a slight modification [14].
B16-F10 cells (2 × 105 cells) were placed in 6-well/plate and treated with different concentrations of
GUR flavonoids (0, 20, and 40 μM, respectively) or α-MSH (20 nM) to determinate melanin content of
B16-F10 cells. After incubation for 48 h, the cells were washed twice with PBS, then cells were collected
after digestion with 0.05% Trypsin-EDTA for cell counting. Then 1 × 105 cells per well were dissolved
in 150 μL of 1 M NaOH containing 10% DMSO for 1 h at 80 ◦C. The lysate was centrifuged at 16,000× g
for 20min. Then, 100 μL supernatant was transferred to 96-well plates. The absorbance of each well
was measured at 490 nm by fluorescence plate reader.

4.8. Western Blot Analysis

Western blot was performed as previously described [35]. B16-F10 Cells cultured in 100-mm
dishes were treated with the required GUR flavonoids concentration of 0, 20, and 40 μM or α-MSH
(20 nM) for 48 h. Then, cells were collected and proteins were extracted with RIPA lysis buffer
containing a protease-inhibitor cocktail. The total protein concentrations were measured using the
Bradford method, and the normalized protein samples were added to 4× sample buffer, then boiled
and denatured. Equal amounts of proteins were separated by SDS-PAGE and then transferred to
nitrocellulose membranes. The membranes were blocked and then probed with indicated primary
antibodies, respectively, with anti-GAPDH (1:5000), anti-tyrosinase (1:200), anti-ERK1/2 (1:2500),
anti-p-ERK1/2 (1:1000), anti-JNK (1:2500), anti-p-JNK (1:1000), anti-p38 (1:2500), anti-p-p38 (1:1000),

116



Int. J. Mol. Sci. 2018, 19, 2422

anti-AKT (1:2500), anti-p-AKT (1:1000), anti-cleaved-PARP (1:1000), anti-P-CREB (1:1000), anti-CREB
(1:1000), anti-MITF (1:200), anti-PI3K(P85) (1:1000), anti-caspase 3 (1:2500), anti-caspase 9 (1:2500),
anti-cleaved-caspase 3 (1:1000), anti-cleaved-caspase 9 (1:1000), at 4 ◦C overnight. Anti-tyrosinase
and anti-MITF antibodies were purchased from Santa Cruz. Biotech (Santa Cruz, California, CA,
USA), others were from Cell Signaling Technology (Cell Signaling, Danvers, Massachusetts, MA, USA).
All antibodies were diluted with 5% BSA in TBST buffer. The blots were rinsed and then incubated with
secondary antibodies (anti-mouse antibody or anti-rabbit antibody, 1:5000, Cell Signaling Technology).
Reactive bands were visualized using ECL (Thermo Fisher Scientific; Waltham, MA, USA) and then
calibrated by Chemidoc Imaging System (Bio-Rad; Hercules, California, CA, USA).

4.9. Statistical Analysis

The significant difference among groups was statistically performed by one-way analysis of
variance (ANOVA) combined with Tukey’stest by SPSS v. 22.0 program (IBM Corp., Armonk,
New York, NY, USA). Probability value less than 0.05 (p < 0.05) was considered to be statistically
significant. Data are expressed as the means±standard error of mean (SEM) of at least three
independent experiments.

5. Conclusions

Here, we provided different lines of evidence that the dichloromethane extract of G. uralensis roots
has potential antiproliferation and differentiation-inducing activities in cultured B16-F10 melanoma
cells. Prenylated flavoniods were isolated and demonstrated to be the active constituents within the
extract of G. uralensis roots. These prenylated flavonoids have different backbone structures, and thus
each of them has distinct activity in inhibiting cancer cell growth. The present results provided the
molecular basis for using nonpolar extract of G. uralensis roots, and the identified bioactive prenylated
flavonoids could be further developed for the prevention and/or treatment of melanoma cancer.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/8/
2422/s1.
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Abstract: Morin hydrate, a bioactive flavonoid, has been proven to prevent inflammation and
apoptosis of cells. Flavonoids can reduce the risk of cardiovascular diseases, in which platelet
activation plays a major role. This study investigated the effect of morin hydrate on platelet activation
in vitro and in vivo. Morin hydrate markedly inhibited platelet aggregation stimulated by collagen
in human platelets but not that stimulated by other agonists. In collagen-activated platelets, morin
hydrate inhibited adenosine triphosphate (ATP) release; intracellular Ca2+ mobilization; P-selectin
expression; and phosphorylation of phospholipase Cγ2 (PLCγ2), protein kinase C (PKC), and Akt.
In mitogen-activated protein kinase (MAPK) activation, morin hydrate evidently diminished ERK2
or JNK1 activation, except for p38 MAPK. Additionally, morin hydrate markedly reduced the OH·
signals in platelet suspensions but not in the cell-free system (Fenton reaction solution). Moreover,
morin hydrate substantially increased the occlusion time of thrombotic platelet plug formation but
had no effect on bleeding time in mice. In conclusion, morin hydrate crucially inhibits platelet
activation through inhibition of the PLCγ2–PKC cascade and subsequent suppression of Akt and
MAPK activation, thereby ultimately inhibiting platelet aggregation. Therefore, this paper suggests
that morin hydrate constitutes a novel and potential natural therapeutic product for preventing or
treating thromboembolic disorders.

Keywords: bleeding time; flavonoid; morin hydrate; OH· free radical; platelet activation; protein
kinase; thromboembolism

1. Introduction

Flavonoids are naturally occurring compounds that contain a number of phenolic hydroxyl
groups attached to ring structures designated as A, B, and C (Figure 1A). The structure of flavonoids is
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usually characterized by two aromatic rings (A and B) joined by a three-carbon linked C-pyrone ring
(C) to form a C6–C3–C6 skeletal unit (Figure 1A). The bioactivity of flavonoids has attracted academic
interest because of its potential health benefits for humans. Diets rich in fruits and vegetables exert
protective effects against cardiovascular diseases (CVDs) and certain forms of cancer [1]. Flavonoids
have been used as valuable therapeutic agents in modern and traditional medicine.

 

 

Figure 1. Inhibitory activity of morin hydrate in platelet aggregation stimulated by various agonists
in washed human platelets. (A) Chemical structure of morin hydrate; (B) washed human platelets
(3.6 × 108 cells/mL) were preincubated with the solvent control (0.1% dimethyl sulfoxide, DMSO) or
morin hydrate (20, 50, and 80 μM) and subsequently treated with 1 μg/mL of collagen, 0.01 U/mL of
thrombin, 1 μM of U46619, and 60 μM of arachidonic acid (AA) to stimulate platelet aggregation; (C)
concentration–response histograms of morin hydrate in inhibition of platelet aggregation (%). All data
are presented as means ± standard errors of means (n = 4).
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Morin is a well-known bioactive constituent belonging to the flavonol group and is found
in old fustic (Chlorophora tinctoria), Osage orange (Maclura pomifera), almond, mill (Prunus dulcis),
fig (Chlorophora tinctoria), onion, apple, and other Moraceae, which are used as dietary agents
and herbal medicines [2,3]. Morin exhibits various biological activities such as antimutagenesis,
anti-inflammation, antiarthritis, and cardioprotective activities, and inhibits xanthine oxidase activity
and cell proliferation [4–6]. Morin has attracted considerable interest because of its antitumor activity
in vitro and in vivo [7].

Dietary factors play key roles in the development and prevention of various human diseases,
such as myocardial infarction and ischemic stroke. The risk of CVDs have been reduced with intake
of dietary flavonoids [8]. Platelet adherence and aggregation is believed to be initiated intraluminal
thrombosis and thus, these events may play a crucial role in atherothrombotic processes in addition
to mediating hemostasis [9]. Moreover, platelets are the first-line defense against hemorrhage and
important for maintaining the integrity of the vascular system. Upon platelet activation, several
mediators such as adenosine triphosphate (ATP) and thromboxane A2 are released in conjunction
with intracellular Ca2+ ([Ca2+]i) mobilization. These processes further attract other platelets toward
the injured endothelium and therefore cause the thickening of the initial platelet monolayer. Finally,
fibrinogen binds to its specific platelet receptor of integrin αIIbβ3, thereby completing the final common
pathway for platelet aggregation.

Tzeng et al. [10] demonstrated that morin hydrate exhibited potent bioactivity in the inhibition of
rabbit platelet aggregation stimulated by arachidonic acid (AA). In our preliminary study, we observed
that 20 μM of morin hydrate significantly inhibited platelet aggregation in washed human platelets.
However, the effect of morin hydrate on platelet activation remained to be thoroughly investigated.
Therefore, in the current study, we systematically examined in vitro and in vivo effects of morin hydrate
on washed human platelets and experimental mice to further characterize the detailed mechanisms of
morin hydrate–mediated inhibition of platelet activation.

2. Results

2.1. Effect of Morin Hydrate on Aggregation of Washed Human Platelets Stimulated by Various Agonists

Morin hydrate (20, 50, and 80 μM; Figure 1B,C) strongly inhibited platelet aggregation
stimulated by 1 μg/mL of collagen but not by 0.01 U/mL of thrombin, 1 μM of U46619,
a prostaglandin endoperoxide, or AA (60 μM). At 80 μM, morin hydrate almost inhibited platelet
aggregation stimulated by collagen. The 50% inhibitory concentration (IC50) of morin hydrate for
collagen-stimulated aggregation was approximately 40 μM. Therefore, in subsequent experiments,
the IC50 (40 μM) and maximal concentration (80 μM) of morin hydrate were used to explore the
possible mechanisms in human platelets. In addition, the solvent control (0.1% dimethyl sulfoxide,
DMSO) did not significantly affect platelet aggregation (Figure 1B).

2.2. Regulatory Role of Morin Hydrate in ATP Release, Relative [Ca2+]i Mobilization, and Surface P-Selectin
Expression in Washed Human Platelets

Platelet activation is associated with release of granular contents (e.g., ATP and Ca2+ from dense
granules and P-selectin expression from α-granules). In the present study, morin hydrate (40 and
80 μM) markedly and concentration-dependently hindered ATP release (Figure 2A) and relative
[Ca2+]i mobilization (resting control, 75.4 ± 25.5 nM; collagen stimulated, 444.9 ± 35.7 nM; 40 μM,
125.9 ± 17.6 nM; 80 μM, 69.1 ± 12.7 nM; n = 4; Figure 2B) in platelets stimulated by collagen (1 μg/mL).
In resting platelets, P-selectin is located on the inner walls of α-granules. Platelet activation exposes the
inner walls of the granules to the outer parts of the cell [11]. Treatment with morin hydrate markedly
reduced collagen-induced surface P-selectin expression (resting control, 55.0 ± 22.5; collagen activated,
591.7 ± 44.9; 40 μM, 197.3 ± 30.8; 80 μM, 149.7 ± 27.0; n = 4; Figure 2C). The corresponding statistical
data are presented on the right panels of Figure 2A–C.
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Figure 2. Effects of morin hydrate on adenosine triphosphate (ATP) release, relative intracellular
Ca2+ ([Ca2+]i) mobilization, and surface P-selectin expression in human platelets. Washed platelets
(3.6 × 108 cells/mL) were preincubated with the solvent control (0.1% DMSO), morin hydrate (40 and
80 μM), or fluorescein isothiocyanate (FITC)–P-selectin (2 μg/mL); collagen (1 μg/mL) was then added
to trigger either: (A) ATP release (AU; arbitrary unit), (B) relative [Ca2+]i mobilization, or (C) the
fluorescence profiles of (a) FITC only as a resting control; washed platelets were preincubated with
the (b) solvent control (0.1% DMSO) or morin hydrate (c, 40 μM; d, 80 μM) for 3 min, followed by
the addition of FITC–P-selectin and subsequently treated with collagen to induce platelet activation.
The corresponding statistical data are shown on the right panel of each figure (A–C). Data are presented
as means ± standard errors of means (n = 4). *** p < 0.001 compared with the (A) DMSO-treated group
or (B,C) resting control; ### p < 0.001 compared with the DMSO-treated group.

2.3. Effects of Morin Hydrate on Cytotoxicity, the PLCγ2–PKC Cascade, and Akt Activation

The aggregation curves of platelets preincubated with morin hydrate (100 μM) for 10 min
and successively washed with Tyrode’s solution were not significantly different from those of
platelets preincubated with the solvent control (0.1% DMSO) under equivalent conditions (Figure 3A).
This result primarily indicated that the inhibitory effects of morin hydrate on platelet aggregation are
reversible and noncytotoxic. In addition, the lactate dehydrogenase (LDH) study revealed that morin
hydrate (40, 80, and 100 μM) incubated with platelets for 20 min did not significantly increase the LDH
activity in the platelets (Figure 3B); these findings demonstrated that morin hydrate does not affect
platelet permeability or induce platelet cytolysis.
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Figure 3. Effects of morin hydrate on cytotoxicity, lactate dehydrogenase (LDH) release, and PLCγ2,
PKC, and Akt activation in human platelets. (A) Washed platelets (3.6 × 108 cells/mL) were
preincubated with the solvent control (0.1% DMSO) or morin hydrate (100 μM) for 10 min and
consequently washed twice with Tyrode’s solution; collagen (1 μg/mL) was then added to trigger
platelet aggregation; (B) washed platelets were preincubated with the solvent control (0.1% DMSO) or
morin hydrate (40, 80, and 100 μM) for 20 min and a 10-μL aliquot of the supernatant was deposited
on a Fuji Dri-Chem slide LDH-PIII, as described in Materials and Methods. (C–E) For the other
experiments, washed platelets were preincubated with the solvent control (0.1% DMSO) or morin
hydrate (40 and 80 μM) and subsequently treated with collagen (1 μg/mL) to induce (C) PLCγ2 and
(D) PKC activation (p47, pleckstrin phosphorylation) and (E) Akt phosphorylation. Data are presented
as means ± standard errors of means (n = 4). *** p < 0.001 compared with the resting control; # p < 0.05,
## p < 0.01, and ### p < 0.001 compared with the DMSO-treated group.

Phospholipase C (PLC) hydrolyzes phosphatidylinositol 4,5-bisphosphate to produce the
secondary messengers inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). IP3 activates
relative [Ca2+]i mobilization and DAG stimulates protein kinase C (PKC), giving an approximately
47 kDa protein that is principally phosphorylated (p47 protein; pleckstrin) and causes ATP
release [12]. As specified, morin hydrate markedly reduced relative [Ca2+]i mobilization (Figure 2B).
We further examined the effect of morin hydrate on the phosphorylation of the PLCγ2–PKC signaling
cascade. As shown in Figure 3C, D, morin hydrate (40 and 80 μM) markedly reduced both PLCγ2
and PKC activation (p47) phosphorylation in collagen-activated platelets. Moreover, Akt is a
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serine/threonine-specific protein kinase that plays a key role in multiple cellular processes such
as cell proliferation, apoptosis, cell migration, and platelet activation [13]. Morin hydrate (40 and
80 μM) evidently inhibited collagen-induced Akt phosphorylation (Figure 3E).

2.4. Effect of Morin Hydrate on p38 MAPK, ERK2, and JNK1 Activation

To further examine the inhibitory mechanisms of morin hydrate, several signaling molecules
associated with MAPKs were evaluated. The major kinases, including p38 MAPK, ERKs, and JNKs,
regulate cellular responses in eukaryotic organisms and contribute to cell proliferation, migration,
differentiation, and apoptosis. ERK2, JNK1, and p38 MAPK have been identified in platelets [14].
As shown in Figure 4A–C, morin hydrate (40 and 80 μM) evidently inhibited ERK2 and JNK1
phosphorylation except for p38 MAPK.

Figure 4. Morin hydrate inhibits p38 MAPK, ERK2, and JNK1 phosphorylation in collagen-activated
platelets. Washed platelets were preincubated with the solvent control (0.1% DMSO) or morin hydrate
(40 and 80 μM) and subsequently treated with collagen (1 μg/mL) to trigger (A) p38 MAPK, (B) ERK2,
and (C) JNK1 activation. Data are presented as means ± standard errors of means (n = 4). * p < 0.05
and *** p < 0.001 compared with the resting control; # p < 0.05 and ### p < 0.001 compared with the
DMSO-treated group.

2.5. Evaluation of OH·-Scavenging Activity of Morin Hydrate through Electron Spin Resonance
(ESR) Spectrometry

Signals from the ESR study are the indicative of OH· radical formation, which was increased
in collagen-stimulated platelet suspensions (Figure 5Ab) and the Fenton reaction solution (cell-free
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system; Figure 5Bb) when compared with the resting control (Figure 5Aa,Ba). Morin hydrate (80 μM)
markedly reduced collagen-induced OH· signals in the platelet suspensions (Figure 5Ad) but not in the
Fenton reaction solution (Figure 5Bd). This result indicated that morin hydrate reduced intracellular
OH· radical formation but had no significant effect on the cell-free system.

Figure 5. Activities of morin hydrate on OH· formation in human platelet suspensions or the Fenton
reaction solution. (A) Washed platelet suspensions or (B) the Fenton reaction solution was preincubated
with (a) Tyrode’s solution (resting control), (b) 0.1% DMSO, or morin hydrate at (c) 40 μM or (d) 80 μM.
Collagen (1 μg/mL) was then added for the Electron Spin Resonance (ESR) experiments, as described
in Materials and Methods. Profiles are representative of four independent experiments, and an asterisk
(*) indicates OH· formation.

2.6. Effects of Morin Hydrate on Platelet Thrombi in Mesenteric Microvessels and Bleeding Time In Vivo

We investigated the effect of morin hydrate on thrombus formation in vivo. The occlusion time
in microvessels pretreated with 15 μg/kg of fluorescein sodium was approximately 150 s. When
morin hydrate was administered at 10 mg/kg but not 5 mg/kg after pretreatment with fluorescein
sodium, the occlusion times were significantly prolonged compared with those of the DMSO-treated
controls (DMSO: 144.5 ± 16.1 s vs. 5 mg/kg: 133.9 ± 12.2 s, n = 6, p > 0.05; DMSO: 133.0 ± 17.9 s vs.
10 mg/kg: 478.4 ± 27.9 s, n = 6, p < 0.001; Figure 6A). The thrombotic platelet plug was observed in
mesenteric microvessels at 150 s (black arrow) but not at 5 s after irradiation in the DMSO-treated
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group (Figure 6Ba,Bb). When 5 mg/kg morin hydrate was administered, platelet plug formation
was also observed at 150 s (black arrow) but not at 5 s after irradiation (Figure 6Bc,Bd). However,
upon administration of 10 mg/kg of morin hydrate, the thrombotic platelet plug was not observed
at 5 or 150 s (Figure 6Be,Bf). The blood flow rate of the DMSO-treated venule was lower than that of
the morin hydrate–treated venule because the platelet plug appeared at 150 s (Figure 6Bb). We also
investigated the tail transection model of mice 30 min after administration of 5 or 10 mg/kg morin
hydrate intraperitoneally; the bleeding times recorded were 191.3 ± 37.6 s (DMSO-treated group;
n = 6), 260.7 ± 41.9 s (group treated with morin hydrate, 5 mg/kg; n = 6), and 271.3 ± 66.7 s (group
treated with morin hydrate, 10 mg/kg; n = 6) (Figure 6C). Each mouse was monitored for 15 min after
bleeding had stopped to detect any re-bleeding. The results suggested that morin hydrate markedly
diminished the platelet plug formation in vivo but had no significant effect on bleeding time.

Figure 6. In vivo activities of morin hydrate on thrombotic platelet plug formation in the mesenteric
venules and bleeding time in the tail veins of mice. (A) Mice were given an intravenous bolus
of the solvent control (0.1% DMSO) or morin hydrate (5 and 10 mg/kg) and the mesenteric
venules were irradiated to induce microthrombus formation (occlusion time); (B) microscopic images
(400× magnification) of 0.1% DMSO-treated controls (a and b); the 5 mg/kg (c and d) and 10 mg/kg
(e and f) morin hydrate–treated groups were recorded at 5 s (a, c, and e) and 150 s (b, d, and f) after
irradiation. The photographs are representative of six similar experiments. The black arrows indicate
platelet plug formation; (C) bleeding time was measured through transection of the tail in mice after
30 min of administration of 5 or 10 mg/kg of morin hydrate intraperitoneally. Data are presented as means
± standard errors of means (A–C, n = 6). *** p < 0.001 compared with the 0.1% DMSO-treated group.
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3. Discussion

Our study was the first to demonstrate that morin hydrate shows in vitro antiplatelet effect and
effectively inhibit arterial thrombosis in vivo. In general, dietary intake from the natural sources
is likely insufficient for attaining plasma concentrations that can inhibit platelet activation in vivo,
however, several nontoxic prophylactic agents such as food products and nutritional supplements is
ideal for stopping atherothrombotic events. Thus, morin hydrate may signify a novel antithrombotic
agent for use in humans.

In the present study, morin hydrate effectively inhibited platelet aggregation stimulated by
collagen but not that stimulated by thrombin, AA, or U46619, indicating that this compound inhibits
platelet aggregation through a markedly PLC-dependent mechanism. Various physiological stimuli
(e.g., thrombin, collagen, ADP, and epinephrine) activate platelets, and these stimulators are believed
to exert their effects via interaction with specific receptors on platelet membranes. The matrix protein
collagen is present in the vascular subendothelium and vessel wall and acts as a substrate for platelet
adhesion; it is also an endogenous platelet activator. Among the platelet receptors known to interact
directly with collagen, integrin α2β1 and glycoprotein (GP) VI [15] appear to play a key role and have
recently gained academic attention. GP VI is widely recognized as a requisite factor for formation of
platelet aggregates on collagen surfaces under blood flow [16]. Integrin α2β1 is another major collagen
receptor on endothelial cells and platelets. In cells expressing integrin α2β1, many signals (including
tyrosine phosphorylation and matrix remodeling) are activated after cell adhesion to collagen [17].
Recent findings have suggested that integrin α2β1 and GP VI might contribute to the overall processes
of platelet adhesion and activation [18].

Activation of platelets by collagen substantially alters phospholipase activation. PLC activation
is an early event in response to numerous extracellular stimuli. Upon activation, PLC produces two
crucial second messengers, namely DAG and inositol trisphosphate (IP3), both of which play key
roles in many signaling pathways, including activation of protein kinase C (PKC) and protein kinase
D (PKD) and induction of calcium influx [19]. The signaling axis of PLC/PKC/PKD was shown to
play a key role in many signaling pathways [20]. In response to various extracellular stimuli, there
are 13 phosphatidylinositide-specific PLCs that are divided into six subgroups: PLCβ, PLCγ, PLCδ,
PLCε, PLCξ, and PLCη [21]. The PLCγ family comprises isozymes 1 and 2. PLCγ2 is involved in
collagen-dependent signaling on platelets [21]. In our study, morin hydrate diminished the activation
of the PLCγ2–PKC cascade stimulated by collagen, suggesting that the morin hydrate–mediated
inhibition of platelet activation involves PLCγ2 downstream signaling; moreover, this result explains
why morin hydrate was more efficacious in inhibiting collagen induced platelet aggregation than that
induced by thrombin, U46619, or AA.

Platelets adhere to the subendothelial matrix protein collagen, which alters their shape and releases
granular contents of ATP, Ca2+, and P-selectin. P-selectin is an adhesion molecule kept in the platelets
α-granules, upon activation it is expressed on a platelet surface membrane and successively expressed
on the external membrane through membrane flipping. P-selectin mediates the initial formation of
platelet aggregates and simplifies the development of large platelet aggregates [22]. Agonists such as
collagen, thrombin, and AA activate [Ca2+]i to phosphorylate the Ca2+/calmodulin-dependent myosin
light chain (20 kDa), which is involved in the secretion of granule contents such as serotonin and
ATP [23], as well as platelet aggregation. So, suppression of [Ca2+]i mobilization and ATP production
is critical for assessing the antiplatelet effects of a compound.

Specific MAPK kinases (MEKs), specifically, MEK1/2, MEK3/6, and MEK4/7 activate MAPKs,
such as ERKs, p38 MAPK, and JNKs, respectively [24]. ERK2 activation is involved in platelet
aggregation needing prior ATP release, which triggers P2X1-mediated Ca2+ influx and activates ERK2,
thereby increasing the phosphorylation of myosin light chain kinase [25]. JNK1 is recently identified in
platelets and it activated by several agonists, including collagen, thrombin, and ADP [26], however
its role in platelets is poorly recognized. Furthermore, a reduced integrin αIIbβ3 activation and
severe granule secretion impairment was proved in JNK−/− platelets [25]. Additionally, cytosolic
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phospholipase A2 (cPLA2), a substrate of p38 MAPK activity is induced by agonists such as von
Willebrand factor and thrombin [25]. Therefore, p38 MAPK is consider important for cPLA2

stimulation [27]. These literatures revealed reasonable explanation is why morin hydrate inhibited
ERK2 and JNK1 activation largely than p38 MAPK activation.

Akt is a downstream effector of phosphoinositide 3 (PI3)-kinase. A defective agonist-induced
platelet activation was found in Akt-knockout mice, proposing that Akt regulates platelet activation and
such regulation may have consequences related to thrombosis [13]. Among the three mammalian Akt
isoforms of Akt 1, 2, and 3, the first two isoforms were detected in human platelets [28]. Akt inhibitors
have usually reported similar roles of Akt 1 and 2 in human platelet activation. Therefore, protein
kinases for Akt activation, particularly PI3-kinase β, may be appropriate targets for the development
of antithrombotic therapies. Our previous study found PI3-kinase/Akt and MAPKs are mutually
activated as upstream regulators of PKC in activated platelets [29].

Reactive oxygen species (ROS) produced through platelet activation (i.e., H2O2 and OH·) might
affect cells that they come into contact with such as endothelial cells, thereby enhancing platelet
reactivity during thrombus formation. Free radicals act as secondary signals that increase [Ca2+]i levels
during the initial phase of platelet activation, and PKC is involved in receptor-mediated production of
free radicals in platelets [30]. In addition, H2O2 produced by platelets is converted into OH· because
platelet aggregation is inhibited by OH· scavengers [30]. Morin was reported to scavenge ROS and
free radicals of oxygen in an indirect analysis study [31]. Our ESR spectrometry results provided direct
evidence that morin hydrate significantly reduced OH· formation in platelet suspensions but had no
effect in a cell-free system.

In this study on thrombosis, mesenteric venules were continuously irradiated by fluorescein
sodium throughout the experimental period, leading to strong damage to the endothelial cells. Here,
10 mg/kg of morin hydrate significantly prolonged the occlusion times; this effect may be mediated,
at least partially, by inhibition of platelet activation. In addition, we used the tail transection mouse
model to examine the effects of morin hydrate on bleeding time in vivo. Although aspirin is the most
effective antiplatelet drug prescribed for preventing or treating cardiovascular and cerebrovascular
diseases, it causes unwanted prolongation of bleeding time. In this model, the bleeding time of the
morin hydrate–treated mice was not significantly different to the solvent control, indicating that morin
hydrate possesses antiplatelet activity in vivo but had no effect on bleeding time. Liu et al. [32] reported
that treatment with 20 mg/kg of morin hydrate markedly reduced myocardial ischemia-reperfusion
injury (MIRI) in rats. Although results in animal species and experimental models have differed,
morin hydrate evidently possesses a more potent ability to inhibit arterial thrombosis than protect
against MIRI.

The findings of the present study revealed that morin hydrate plays a novel role in inhibiting
platelet activation in vitro and in vivo, suggesting that it can be used in prophylactic applications.
Generally, a nutritional or dietary supplement is required to produce a prophylactic effect in
humans. However, selection of doses for time-course treatments may be confounded by variation
in responses among users. This study provided new insights into the role of morin hydrate in
blocking collagen-specific signaling events involved in platelet activation. However, the involvement
of other mechanisms yet to be identified in morin hydrate–mediated inhibition of platelet activation
requires investigation.

4. Materials and Methods

4.1. Chemicals and Reagents

Morin hydrate, thrombin, collagen, AA, luciferin–luciferase, U46619, heparin, prostaglandin
E1 (PGE1), 5,5-dimethyl-1-pyrroline N-oxide (DMPO), and bovine serum albumin (BSA) were
purchased from Sigma (St. Louis, MO, USA). Fura-2AM was obtained from Molecular Probes
(Eugene, OR, USA). An anti-phospho-p38 mitogen-activated protein kinase (MAPK) Ser182 monoclonal
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antibody (mAb) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-p38
MAPK, anti-phospho-c-Jun N-terminal kinase (JNK) (Thr183/Tyr185), and anti-p44/42 extracellular
signal-regulated kinase (ERK) mAbs, as well as anti-phospholipase Cγ2 (PLCγ2), anti-phospho
(Tyr759) PLCγ2, anti-phospho-(Ser) protein kinase C (PKC) substrate (pleckstrin; p-p47), anti-JNK, and
anti-phospho-p44/p42 ERK (Thr202/Tyr204) polyclonal antibodies (pAbs) were purchased from Cell
Signaling (Beverly, MA, USA). Anti-phospho-protein kinase B (Akt) (Ser473) and anti-Akt mAbs were
purchased from Biovision (Mountain View, CA, USA). An anti-pleckstrin (p47) pAb was purchased
from GeneTex (Irvine, CA, USA). A Hybond-P polyvinylidene fluoride (PVDF) membrane, an enhanced
chemiluminescence Western blotting detection reagent, horseradish peroxidase (HRP)-conjugated
donkey anti-rabbit immunoglobulin G (IgG), and sheep anti-mouse IgG were purchased from
Amersham (Buckinghamshire, UK). A fluorescein isothiocyanate (FITC) anti-human CD42P (P-selectin)
mAb was obtained from BioLegend (San Diego, CA, USA). Morin hydrate was dissolved in 0.1%
dimethyl sulfoxide (DMSO) and stored at 4 ◦C.

4.2. Platelet Aggregation

This study was approved by the Institutional Review Board of Taipei Medical University
(N201612050; 20/January/2017) and conformed to the directives of the Declaration of Helsinki.
All human volunteers involved in this study provided informed consent. Human platelet suspensions
were prepared as described previously [9]. Human blood samples were obtained from adult volunteers
who refrained from use of drugs or other substances that could have interfered with the experiment
for at least 14 days before sample collection; the collected blood samples were mixed with an
acid-citrate-dextrose solution. After centrifugation, platelet-rich plasma (PRP) was supplemented with
0.5 μM of PGE1 and 6.4 IU/mL of heparin. Tyrode’s solution containing 3.5 mg/mL of BSA was used
to prepare the final suspension of washed human platelets. The final Ca2+ concentration in the Tyrode’s
solution was 1 mM. A platelet aggregation study was conducted using a lumi-aggregometer (Payton
Associates, Scarborough, ON, Canada), as described previously [9]. An isovolumetric solvent control
(0.1% DMSO) or morin hydrate was preincubated with platelet suspensions (3.6 × 108 cells/mL)
for 3 min before the addition of the agonists (i.e., collagen). The extent of platelet aggregation was
calculated as the percentage compared with individual control (without morin hydrate) expressed in
light transmission units after the reaction had proceeded for 6 min. For an ATP release assay, 20 μL of
luciferin–luciferase was added 1 min before the addition of collagen (1 μg/mL), and the amount of
ATP released was compared with that released by the control (without morin hydrate).

4.3. Measurement of Relative [Ca2+]i Mobilization

The relative [Ca2+]i concentration was determined using Fura-2AM, as described previously [9].
Concisely, citrated whole blood was centrifuged at 120× g for 10 min and the PRP was collected
and incubated with Fura-2AM (5 μM) for 1 h. The Fura-2AM-loaded platelets were preincubated
with morin hydrate (40 and 80 μM) in the presence of 1 mM of CaCl2 and then stimulated with
collagen (1 μg/mL). The Fura-2 fluorescence was measured using a spectrofluorometer (Hitachi FL
Spectrophotometer F-4500, Tokyo, Japan) at excitation wavelengths of 340 and 380 nm and an emission
wavelength of 510 nm.

4.4. Flow Cytometric Analysis of Surface P-selectin Expression

Washed platelets were prepared as described in the preceding subsection and aliquots of platelet
suspensions (3.6 × 108 cells/mL) were preincubated with the solvent control (0.1% DMSO) or morin
hydrate (40 and 80 μM) and FITC-P-selectin (2 μg/mL) for 3 min; collagen (1 μg/mL) was added
to trigger platelet activation. The suspensions were then assayed for fluorescein-labeled platelets by
using a flow cytometer (FACScan System, Becton Dickinson, San Jose, CA, USA). Data were collected
from 50,000 platelets per experimental group. All experiments were repeated at least four times to
ensure reproducibility.
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4.5. Detection of Lactate Dehydrogenase

Washed platelets (3.6 × 108 cells/mL) were preincubated with the solvent control (0.1% DMSO)
or morin hydrate (40, 80, 100 μM) for 20 min at 37 ◦C. An aliquot of the supernatant (10 μL) was
deposited on a Fuji Dri-Chem slide LDH-PIII (Fuji, Tokyo, Japan) and the absorbance wavelength
was read at 540 nm by using an ultraviolet–visible spectrophotometer (UV-160; Shimadzu, Japan).
A maximal value of lactate dehydrogenase (LDH) was recorded in the sonicated platelets (Max).

4.6. Immunoblotting of Protein Phosphorylation

Washed platelets (1.2 × 109 cells/mL) were preincubated with the solvent control (0.1% DMSO)
or morin hydrate (40 and 80 μM) for 3 min. Subsequently, collagen (1 μg/mL) was added to trigger
platelet activation. The reaction was then stopped and the platelets were immediately resuspended
in 200 μL of lysis buffer. Samples containing 80 μg of protein were separated through 12% sodium
dodecyl sulfate gel electrophoresis, and the proteins were electrotransferred to PVDF membranes by
using a Bio-Rad semidry transfer unit (Bio-Rad, Hercules, CA, USA). The blots were then blocked
through treatment with Tris-buffered saline in Tween 20 (TBST; 10 mM of Tris-base, 100 mM of NaCl,
and 0.01% Tween 20) containing 5% BSA for 1 h and were probed with various primary antibodies.
The membranes were incubated with HRP-conjugated anti-mouse IgG or anti-rabbit IgG (diluted 1:3000
in TBST) for 1 h. An enhanced chemiluminescence system was used to detect immunoreactive bands,
whose optical density was quantified using Bio-profil Biolight (version V2000.01; Vilber Lourmat,
Marne-la-Vallée, France).

4.7. Measurement of OH· Formation in the Platelet Suspensions or Fenton Reaction Solution Through Electron
Spin Resonance Spectrometry

Electron spin resonance (ESR) spectrometry was performed using a Bruker EMX ESR spectrometer
(Bruker, Billerica, MA, USA), as described previously [33]. Suspensions of washed platelets
(3.6 × 108 cells/mL) or the Fenton reagent (50 μM FeSO4 + 2 mM H2O2) were preincubated with
0.1% DMSO or morin hydrate (40 and 80 μM) for 3 min. Subsequently, collagen (1 μg/mL) was added
into platelet suspensions to trigger platelet activation for 5 min. Before ESR spectrometry, 100 μM of
DMPO was added to both solutions. ESR spectra were recorded using a quartz flat cell designed for
aqueous solutions. The spectrometer was operated under the following conditions: power, 20 mW;
frequency, 9.78 GHz; scan range, 100 G; and receiver gain, 5 × 104. The modulation amplitude was 1G,
the time constant was 164 ms, and scanning was performed for 42 s; each ESR spectrum obtained was
the sum of four scans.

4.8. Measurement of Sodium Fluorescein-Induced Thrombus Formation in Mouse Mesenteric Microvessels

Male ICR mice (aged 6 weeks) were anesthetized using a mixture containing 75% air and 3%
isoflurane maintained in 25% oxygen; the mice’s external jugular veins were then cannulated with a
PE-10 tube for administration of dye and drugs intravenously [34]. Venules (30–40 μm) were irradiated
at wavelengths of <520 nm to produce a microthrombus. Two morin hydrate doses (5 and 10 mg/kg)
were administered 1 min following sodium fluorescein (15 μg/kg) administration, and the time
required for the thrombus to occlude the microvessel (occlusion time) was recorded. In this experiment,
the method applied to the thrombogenic animal model conformed to the Guide for the Care and Use
of Laboratory Animals (8th edition, 2011), and we received an affidavit of approval for the animal use
protocol from Taipei Medical University (LAC-2016-0276; 01/August/2017).

4.9. Measurement of Bleeding Time in Mouse Tail Vein

Bleeding time was measured through transection of the tails of the male ICR mice. In brief,
after 30 min of administration of 5 or 10 mg/kg of morin hydrate intraperitoneally, the tails of the mice
were cut 3 mm from the tip. The tails were then immediately placed into a tube filled with normal saline
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at 37 ◦C to measure the bleeding time, which was recorded until the bleeding completely stopped.
In the animal experiments, the method applied to the animal model conformed to the Guide for the
Care and Use of Laboratory Animals (8th edition, 2011), and we received an affidavit of approval for
the animal use protocol from Taipei Medical University (LAC-2016-0276; 01/August/2017).

4.10. Statistical Analysis

The experimental results are expressed as means ± standard errors of means alongside the
number of observations (n); n refers to the number of experiments; each experiment was performed
using different blood donors. The unpaired Student’s t test was used to determine the significance of
differences between control and experimental mice. Differences between groups in other experiments
were assessed using an analysis of variance (ANOVA). When the ANOVA results indicated significant
differences among group means, the groups were compared using the Student–Newman–Keuls
method. A p value of <0.05 indicated statistical significance. Statistical analyses were performed using
SAS (version 9.2; SAS Inc., Cary, NC, USA).

5. Conclusions

This paper reports that morin hydrate inhibits collagen-stimulated platelet activation by hindering
the PLCγ2–PKC cascade and hydroxyl radical generation and consequently by inhibiting Akt and
MAPKs activation. Together these alterations reduce the level of [Ca2+]i and eventually inhibit platelet
aggregation. Moreover, morin hydrate does not affect platelet permeability or induce platelet cytolysis.
These findings may recommend that morin hydrate establish a novel therapeutic agent for treating
thromboembolic disorders.
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Abstract: A series of sixteen ring-substituted N-arylcinnamamides was prepared and
characterized. Primary in vitro screening of all the synthesized compounds was performed
against Staphylococcus aureus, three methicillin-resistant S. aureus strains, Mycobacterium tuberculosis
H37Ra, Fusarium avenaceum, and Bipolaris sorokiniana. Several of the tested compounds showed
antistaphylococcal, antitubercular, and antifungal activities comparable with or higher than those of
ampicillin, isoniazid, and benomyl. (2E)-N-[3,5-bis(trifluoromethyl)phenyl]-3-phenylprop-2-enamide
and (2E)-3-phenyl-N-[3-(trifluoromethyl)phenyl]prop-2-enamide showed the highest activities
(MICs = 22.27 and 27.47 μM, respectively) against all four staphylococcal strains and against
M. tuberculosis. These compounds showed an activity against biofilm formation of S. aureus
ATCC 29213 in concentrations close to MICs and an ability to increase the activity of clinically
used antibiotics with different mechanisms of action (vancomycin, ciprofloxacin, and tetracycline).
In time-kill studies, a decrease of CFU/mL of >99% after 8 h from the beginning of incubation was
observed. (2E)-N-(3,5-Dichlorophenyl)- and (2E)-N-(3,4-dichlorophenyl)-3-phenylprop-2-enamide
had a MIC = 27.38 μM against M. tuberculosis, while a significant decrease (22.65%) of mycobacterial
cell metabolism determined by the MTT assay was observed for the 3,5-dichlorophenyl
derivative. (2E)-N-(3-Fluorophenyl)- and (2E)-N-(3-methylphenyl)-3-phenylprop-2-enamide
exhibited MICs = 16.58 and 33.71 μM, respectively, against B. sorokiniana. The screening of the
cytotoxicity of the most effective antimicrobial compounds was performed using THP-1 cells, and
these chosen compounds did not shown any significant lethal effect. The compounds were also
evaluated for their activity related to the inhibition of photosynthetic electron transport (PET) in
spinach (Spinacia oleracea L.) chloroplasts. (2E)-N-(3,5-dichlorophenyl)-3-phenylprop-2-enamide
(IC50 = 5.1 μM) was the most active PET inhibitor. Compounds with fungicide potency did not show
any in vivo toxicity against Nicotiana tabacum var. Samsun. The structure–activity relationships
are discussed.

Int. J. Mol. Sci. 2018, 19, 2318; doi:10.3390/ijms19082318 www.mdpi.com/journal/ijms135
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1. Introduction

Cinnamic acids and other hydroxy- or phenyl-substituted derivatives of cinnamic acids have been
widely investigated by scientists due to their significant and varied biological effects. Cinnamic
acids occur naturally in all plants [1]. They are formed in the biochemical pathway providing
phenyl-propanoids, coumarins, lignans, isoflavonoids, flavonoids, stilbenes, aurones, anthocyanins,
spermidines, and tannins [2]. The spectrum of their biological activities include anti-inflammatory,
antioxidant, hepatoprotective, antidiabetic, antidepressant/anxiolytic, antifungal, antibacterial,
antiviral, and anticancer effects [3–16]. Derivatives of cinnamic acids are used as agriculture fungicides
as well [17].

The adaptation of microorganisms to external influences and, thus, the development of their
resistance against antimicrobial agents is not a surprise; unfortunately, this process is faster and faster.
Thus, the emerging resistance of microbial pathogens to clinically used drugs, including second-
and third-choice drugs, and the development of cross-resistant or multidrug-resistant strains are
alarming. Microbial pathogens have developed a number of mechanisms to adapt to the effects of
the environment. In addition, the increase in the number of infections and the occurrence of new,
especially opportunistic species are also caused by the general immunosuppression of patients, and
this fact makes these diseases extremely serious. Since the 1990s, only an inconsiderable number
of really new drugs for systemic administration have been marketed for the treatment of infections,
although the discovery of new molecules has been a priority [18].

Thus, in the light of the above mentioned facts, new simple anilides of cinnamic acid were
designed as antimicrobial multitarget agents, synthesized using a modern microwave-assisted
method and screened against a battery of bacterial/mycobacterial and fungal pathogens. These
compounds were designed based on the experience with naphthalenecarboxamides—simple
molecules with a number of biological activities, and in fact, the new ring-substituted
(2E)-N-phenyl-3-phenylprop-2-enamides can be considered as open analogues of recently described
naphthalene-2-carboxanilides [19,20].

As an amide moiety is able to affect photosystem II (PS II) by reversible binding [21], resulting
in the interruption of the photosynthetic electron transport (PET) [22–24], and can be found in many
herbicides acting as photosynthesis inhibitors [25–30], these N-arylcinnamamides were additionally
tested on the inhibition of PET in spinach (Spinacia oleracea L.) chloroplasts using the Hill reaction.
The idea of this screening is based on the fact that both drugs and pesticides are designed to target
particular biological functions. These functions/effects may overlap at the molecular level, which
causes a considerable structural similarity between drugs and pesticides. Since different classes of
herbicides are able to bind to different mammalian cellular receptors, the majority of pharmaceutical
companies have pesticide divisions, and developed biologically active agents are investigated as
both pesticides and drugs. Previously, several successful pesticides became pharmaceuticals and vice
versa [31–35].

2. Results and Discussion

2.1. Chemistry and Physicochemical Properties

All the studied compounds 1–16 were prepared according to Scheme 1. The carboxyl group of
starting cinnamic acid was activated with phosphorus trichloride. In the reaction with an appropriate
ring-substituted aniline, the generated acyl chloride subsequently gave the final amide in dry
chlorobenzene via microwave-assisted synthesis. All the compounds were recrystallized from ethanol.

136



Int. J. Mol. Sci. 2018, 19, 2318

Many different molecular parameters/descriptors are used to determine structure-activity
relationships (SAR). Lipophilicity and electronic properties are among the most frequent ones.
Hammett’s σ parameters were used for the description of electronic properties. They were calculated
for the whole substituted anilide ring using ACD/Percepta ver. 2012 (Advanced Chemistry
Development Inc., Toronto, ON, Canada, 2012), see Table 1. The lipophilicity of the studied compounds
was predicted as log P using ACD/Percepta software and Clog P using ChemBioDraw Ultra 13.0
(CambridgeSoft, PerkinElmer Inc., Cambridge, MA, USA). Log P is the logarithm of the partition
coefficient for n-octanol/water. Clog P is the logarithm of n-octanol/water partition coefficient based
on the established chemical interactions. In addition, the lipophilicity of studied compounds 1–16

was investigated by means of reversed-phase high-performance liquid chromatography (RP-HPLC)
determination of capacity factors k with the subsequent calculation of log k [36]. The analysis was
made under isocratic conditions with methanol as an organic modifier in the mobile phase using an
end-capped nonpolar C18 stationary RP column. The results are shown in Table 1.

 

Scheme 1. Synthesis of (2E)-N-aryl-3-phenylprop-2-enamides 1–16. Reagents and conditions: (a) PCl3,
chlorobenzene, and MW.

Table 1. Structure of ring-substituted (2E)-N-aryl-3-phenylprop-2-enamides 1–16, experimentally
determined values of lipophilicity log k, calculated values of log P/Clog P, and electronic Hammett’s
σ parameters.

 

Comp. R log k Clog P a log P b σAr
b

1 H 0.1146 3.6640 3.18 0.60
2 3-CH3 0.2729 4.1630 3.40 0.48
3 4-CH3 0.2640 4.1630 3.40 0.46
4 2-F 0.1330 3.4646 3.17 1.02
5 3-F 0.2327 4.0646 3.32 0.82
6 3-CF3 0.4859 4.9978 4.26 0.89
7 2,5-CH3 0.2691 4.0120 3.57 0.59
8 2,5-Cl 0.5799 4.5878 4.65 1.22
9 2,6-Cl 0.0632 3.7378 4.56 1.33
10 3,4-Cl 0.6821 5.3178 4.70 1.19
11 3,5-Cl 0.8155 5.4378 4.79 1.11
12 2,6-Br 0.0992 3.9778 4.80 1.33
13 3,5-CF3 0.9814 6.0386 5.68 1.05
14 2-F-5-Br 0.4875 4.4178 4.07 1.28
15 2-Br-5-F 0.4588 4.1378 4.12 1.19
16 2-Cl-5-CF3 0.6178 4.9509 4.88 1.19

a calculated using ChemBioDraw Ultra 13.0; b calculated using ACD/Percepta ver. 2012.

The results obtained with the discussed compounds show that the experimentally-determined
lipophilicities (log k) are in accordance with the calculated Clog P values as illustrated in Figure 1A;
correlation coefficient r = 0.9513, n = 16. On the other hand, log P values calculated by ACD/Percepta
show differences for compounds 9 (2,6-Cl) and 12 (2,6-Br), see Figure 1B. When these two compounds
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are excluded, r = 0.9774 (n = 14) is observed. This poor match for 2,6-disubstituted anilides 9 and
12 may be caused by intramolecular interactions that are probably caused by the steric effect of
spatially-close moieties, which was not included in prediction by ACD/Percepta. The proximity
of the di-ortho-substituents to the carboxamide group on the aniline ring leads to the twist of
the aniline ring plane towards the carboxamide group, i.e., to the plane of the benzene ring of
cinnamic acid. The described process resulted in the planarity violation of the molecule. Otherwise,
(2E)-N-[3,5-bis(trifluoromethyl)phenyl]-3-phenylprop-2-enamide (13) is the most lipophilic, while
compounds 9, 12 and N-phenylcinnamamide (1) are characterized by the lowest lipophilicity. It can be
stated that log k values specify lipophilicity within the series of the studied compounds.
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Figure 1. Comparison of experimentally found log k values of ring-substituted N-arylcinnamamides
1–16 with Clog P calculated using ChemBioDraw Ultra (A) and log P calculated using
ACD/Percepta (B).

2.2. In Vitro Antibacterial Susceptibility Testing

All the cinnamanilides were tested on their antistaphylococcal activity against three clinical
isolates of methicillin-resistant Staphylococcus aureus (MRSA) [37,38] and S. aureus ATCC 29213
as the reference and quality control strain. Although various derivatives of cinnamic acid were
described as promising antibacterial agents [4–6,8,9,14,15], the compounds showed only limited activity
(MICs > 256 μg/mL), except for (2E)-3-phenyl-N-[3-(trifluoromethyl)phenyl]prop-2-enamide (6) and
3,5-bis(trifluoromethyl)phenyl derivative 13, see Table 2. As minimum inhibitory concentrations
(MICs) of these compounds are the same against the reference and the MRSA strains (27.47 and
22.27 μM, respectively), it can be speculated about the specific effectivity against Staphylococcus sp.
These compounds were also tested against Enterococcus faecalis ATCC 29212 as the reference strain
and three isolates from American crows of vanA-carrying vancomycin-resistant E. faecalis (VRE) [39]
but without any effect in the tested concentrations, which may indicate a specific mechanism of
action [37,40]. From Table 2 it is obvious that compounds 6 and 13 exhibited activities comparable with
those of the standards. Due to the small number of active compounds, no SAR could be established.

2.2.1. Synergy Effect with Clinically Used Drugs against MRSA

The most effective compounds 6 and 13 were tested for their ability of synergic activity with
clinically used antibacterial drugs tetracycline, ciprofloxacin, and vancomycin. These antibiotics
have different mechanisms of actions and different mechanisms of resistance to them, thus the
prospective synergism could give an idea of the mechanism of action of the cinnamic derivatives.
The investigation of synergistic activity was performed according to the methodology [41]. The method
of fractional inhibitory concentration (FIC) was used [42]. For all the wells of the microtitration plates
that corresponded to a MIC value, the sum of the FICs (ΣFIC) was calculated for each well, using the
equation ΣFIC = FICA + FICB = (CA/MICA) + (CB/MICB), where MICA and MICB are the MICs of drugs
A and B alone, respectively, and CA and CB are the concentrations of the drugs in the combination,
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respectively [42]. Synergy was defined as a ΣFIC ≤ 0.5; additivity was defined as 0.5 < ΣFIC < 1;
indifference was defined as 1 ≤ ΣFIC < 4; and antagonism was defined as ΣFIC ≥ 4 [41]. As the FIC
index was evaluated for every single well corresponding to the MIC value, the results are presented as
a range. The test was made with all 3 methicillin-resistant isolates, MRSA 63718, SA 3202, and SA 630.
The isolates were also resistant to used antibiotics. Note that isolate MRSA SA 630 is susceptible to
tetracycline. The results are mentioned in Table 3.

Table 2. Structure of ring-substituted (2E)-N-aryl-3-phenylprop-2-enamides 1–16, IC50

(μM) values related to PET inhibition in spinach chloroplasts in comparison with
3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) standard, in vitro anti-Staphylococcus activities
MIC (μM) in comparison with standard ampicillin (AMP), in vitro antitubercular activity MIC (μM
(μg/mL)) in comparison with standard isoniazid (INH), in vitro antifungal activity MIC (μM (μg/mL))
of compounds 1–16 compared to standard benomyl (BNM), and in vitro antiproliferative (Tox) assay
(IC50 (μM)) of chosen compounds compared to standard camptothecin (CMP).

Comp. R

MIC (μM (μg/mL))
Tox IC50

(μM)

PET
IC50

(μM)SA
MRSA
63718

MRSA
SA 630

MRSA SA
3202

Mtb FA BS

1 H >1146
(>256)

>1146
(>256)

>1146
(>256)

>1146
(>256)

286
(64)

1146
(256)

143
(32) – 250

2 3-CH3
>1078
(>256)

>1078
(>256)

>1078
(>256)

>1078
(>256)

67.43
(16)

270
(64)

33.71
(8) >30 343

3 4-CH3
>1078
(>256)

>1078
(>256)

>1078
(>256)

>1078
(>256)

134
(32)

1078
(256)

539
(128) – 320

4 2-F >1061
(>256)

>1061
(>256)

>1061
(>256)

>1061
(>256)

265
(64)

1061
(256)

66.32
(16) – 223

5 3-F >1061
(>256)

>1061
(>256)

>1061
(>256)

>1061
(>256)

66.31
(16)

531
(128)

16.58
(4) >30 165

6 3-CF3
27.47

(8)
27.47

(8)
27.47

(8)
27.47

(8)
27.47

(8)
54.93
(16)

54.93
(16) 22.72 ± 1.73 189

7 2,5-CH3
>1018
(>256)

>1018
(>256)

>1018
(>256)

>1018
(>256)

254
(64)

1019
(256)

1019
(256) – 338

8 2,5-Cl >876
(>256)

>876
(>256)

>876
(>256)

>876
(>256)

876
(256)

876
(256)

876
(256) – 67.1

9 2,6-Cl >876
(>256)

>876
(>256)

>876
(>256)

>876
(>256)

876
(256)

876
(256)

876
(256) – 1380

10 3,4-Cl 438
(128)

876
(256)

438
(128)

876
(256)

27.38
(8)

219
(64)

110
(32) 29.81 ± 0.31 54.9

11 3,5-Cl 438
(128)

876
(256)

109
(64)

438
(128)

27.38
(8)

219
(64)

110
(32) 29.44 ± 1.73 5.1

12 2,6-Br >671
(256)

>671
(256)

>671
(256)

>671
(256)

167
(64)

671
(256)

671
(256) – 732

13 3,5-CF3
22.27

(8)
22.27

(8)
22.27

(8)
22.27

(8)
22.27
(8))

713
(256)

356
(128) 22.59 ± 1.88 111

14 2-F-5-Br >799
(>256)

>799
(>256)

>799
(>256)

>799
(>256)

199
(64)

799
(256)

49.98
(16) – 188

15 2-Br-5-F >799
(>256)

>799
(>256)

>799
(>256)

>799
(>256)

199
(64)

799
(256)

799
(256) – 205

16 2-Cl-5-CF3
>785

(>256)
>785

(>256)
>785

(>256)
>785

(>256)
785

(256)
785

(256)
785

(256) – 63.2

AMP – 5.72
(2)

45.81
(16)

45.81
(16)

45.81
(16) – – – – –

INH – – – – – 36.55
(5) – – – –

BNM – – – – – – 1.94
(0.5)

17.22
(5) – –

CMP – – – – – – – – 0.16 ± 0.07 –
DCMU – – – – – – – – – 2.1

SA = Staphylococcus aureus ATCC 29213; MRSA = clinical isolates of methicillin-resistant S. aureus 63718, SA 630, and
SA 3202 (National Institute of Public Health, Prague, Czech Republic); Mtb = Mycobacterium tuberculosis H37Ra;
FA = Fusarium avenaceum (Fr.) Sacc. IMI 319947; BS = Bipolaris sorokiniana (Sacc.) Shoemaker H-299 (NCBI GenBank
accession No. MH697869).
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Table 3. Combined effect of most potent N-arylcinnamamides and tetracycline (TET), ciprofloxacin
(CPX), and vancomycin (VAN).

Isolate
Combination
of Compds.

Separate MIC
(μg/mL)

FIC Index
Concentration

(μg/mL) Causing
Synergistic Effect

Concentration
(μg/mL) Causing
Additive Effect

MRSA
63718

6/TET 8/128 1.004–2.250 – 2/64; 8/32
6/CPX 16/16 0.75–1.125 – 8/4; 4/8
6/VAN 32/2 1.000–1.250 – –

MRSA
SA 3202

6/TET 16/64 1.002–1.25 – –
6/CPX 8/8 1.000–1.250 – –
6/VAN 8/1 0.750–1.256 – 4/0.25
13/TET 32/64 0.500–1.125 8/16 16/16; 4/32; 2/64
13/CPX 32/8 0.375–1.250 8/1 2/4
13/VAN 32/1 0.750–1.25 – 16/0.25

MRSA
SA 630

6/CPX 8/256 0.625–1.125 – 4/64; 1/128
6/VAN 8/1 0.750–1.250 – 2/0.5
13/CPX 8/256 0.375–1.004 2/32; 1/64 4/8
13/VAN 4/1 0.562–1.250 – 0.25/0.5

Although the activity of cinnamic acid derivatives is known for a long time, the exact mechanism
of action is still unknown. The most reported mechanism of action is interaction with plasmatic
membrane. The compounds can cause disruption of the membrane, damage the membrane proteins,
etc. [43–46]. There are also specific targets for cinnamic acid derivatives [46]. Nevertheless, it is possible
that the wide spectrum of effects to cells is caused by the primary activity of the compounds, which is
membrane destabilization [46].

Both compounds 6 and 13 tested for synergy showed additivity with vancomycin against MRSA
SA 630 and SA 3202. A similar effect was reported by Hemaiswarya et al. [47]; compound 13 had
synergistic effect with ciprofloxacin against both tested strains. The effect of derivative 13 was
also synergistic with tetracycline against MRSA SA 3202. The rest combinations with compound
13 had additive effect. Whereas compound 13 had a potential to increase the activity of all tested
antibiotics, which have different mechanisms of actions and to which bacteria develop different
resistance mechanisms, it can be expected that compound 13 acts by its own mechanism of action or
increases the availability of the antibiotics by interaction with the membrane.

2.2.2. Dynamics of Antibacterial Activity

Within the pre-test subcultivation aliquots on agar, antistaphylococcal-effective compounds 6

and 13 showed bactericidal activity, i.e., minimal bactericidal concentrations were ≤4× MIC. These
facts were verified using the time-kill curve assay for testing the bactericidal effect. The dynamics
of antibacterial activity was tested against S. aureus ATCC 29213 for the most active compounds 6

(Figure 2A) and 13 (Figure 2B). Both compounds showed concentration-dependent activity that was
bactericidal in concentration 4× MIC in the case of compound 13 or very close to the bactericidal level
for compound 6 after 8 h from the beginning of incubation. The increase of bacterial growth at 24 h
could be caused by the selection of resistant mutants, as observed previously [37].
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Figure 2. Time-kill curve of compound 6 (A) and compound 13 (B) against S. aureus ATCC 29213.

2.2.3. Inhibition of Bofilm Formation

There are many evidences in literature that cinnamic acid derivatives are inhibitors of biofilm
formation [47–51]. The most studied derivate is cinnamaldehyde that interacts with quorum sensing
system in bacterial biofilms [46,52,53]. Thus, selected compounds were also tested for their ability to
inhibit biofilm formation. Compounds 6 and 13 were tested as inhibitors of biofilm formation against
S. aureus ATCC 29213. MRSA strains were not producers of biofilm.

The activity of compound 6 does not depend on concentration in concentrations above 8 μg/mL;
only the highest concentration showed lower inhibition effect. This could be caused the higher
lipophilicity of the compound and potential formation of precipitates, which could decrease the
antibacterial activity of the compound. The lowest concentration of the compound, which inhibited
≥80% of biofilm formation, was 8 μg/mL, then the activity sharply decreased. Interestingly, on the
other hand, concentrations of compound 13 close to MIC against planktonic cells had the lowest
inhibition activities against biofilm forming, and the activity increased for sub-MIC values. These
conditions could be potentially toxic for planktonic cells, but they can induce biofilm formation [54].
In general, the inhibition activity against biofilm formation was comparable with the activity against
planktonic cells. Despite many studies reported a higher resistance of biofilm, there were also studies
that proved a similar or only little lower antibiofilm activity of tested compounds compared to
planktonic cells. [13,55]. Budzynska et al. [55] described high antibiofilm activity of plant essential oils
compared to MICs. De Vita et al. [13] studied the activity of cinnamic acid derivatives against candida
biofilm. These compounds had good effect against biofilm formation, and the effective concentrations
were lower than 10× MIC. Thus, the high activity of our compounds can be explained due to their
structure, based on cinnamic acid.

Ampicillin (16–0.125 μg/mL), vancomycin (32–0.25 μg/mL), and ciprofloxacin (8–0.063 μg/mL)
were used as positive controls. Ciprofloxacin and vancomycin caused the induction of biofilm
formation in sub-MIC concentrations, which is in line with already published results [56,57]. All the
results are shown in Figure 3.

2.3. In Vitro Antitubercular Activity

The evaluation of the in vitro antitubercular activity of the compounds was performed against
Mycobacterium tuberculosis ATCC 25177/H37Ra, see Table 2. In order to reduce risks, a replacement
of model pathogens is commonly used in basic laboratory screening. For M. tuberculosis, avirulent
strain H37Ra is used that has a similar pathology as M. tuberculosis strains infecting humans and, thus,
represents a good model for testing antitubercular agents [58]. The potency of the compounds was
expressed as the MIC that is defined for mycobacteria as 90% or greater (IC90) reduction of growth in
comparison with the control.
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Figure 3. Inhibition of bacterial film formation. (CPX = ciprofloxacin, AMP = ampicillin,
VAN = vancomycin).

In comparison with antibacterial activities, the investigated compounds exhibited much higher
effect against M. tuberculosis. Compounds 13 (R = 3,5-CF3), 10 (R = 3,4-Cl), 11 (R = 3,5-Cl), and
6 (R = 3-CF3) were the most effective; their activity ranged from 22.27 to 27.47 μM. The dependences of
the antitubercular activity of the compounds against M. tuberculosis expressed as log (1/MIC (M)) on
lipophilicity expressed as log k are illustrated in Figure 4A. When inactive compounds 8 (R = 2,5-Cl),
9 (R = 2,6-Cl), and 16 (R = 2-Cl-5-CF3) are eliminated from the SAR study (illustrated by empty
symbols), two different dependences in relation to the position and the type of substituents can
be observed. Based on Figure 4A, it can be stated that compounds substituted in positions C(3)’,
C(3,4)’, C(3,5)’, or C(2,6)’ showed an increasing trend of activity with the lipophilicity increase up to
compound 6 (R = 3-CF3), at which the activity achieved plateau and from approximately log k ≈ 0.5
had an insignificant increase. The second, in fact, a linear, insignificantly increasing dependence
can be found for the compounds substituted in positions C(2)’ and C(2,5)’. It is important to note
that the antitubercular activity of the discussed cinnamanilides is also dependent on electronic σ

parameters, see Figure 4B. As mentioned above, the linear insignificantly increasing dependence can
be found for the derivatives substituted on the anilide in positions C(2)’ and C(2,5)’, while a bilinear
dependence of activity on σ (for derivatives substituted in positions C(3)’, C(3,4)’, C(3,5)’, and C(2,6)’) can
be observed. The activity increases with the increasing electron-withdrawing effect with r = 0.8803
(n = 5) to optimum σAr ca. 1 (compound 13, R = 3,5-CF3) and then decreases (r = 0.9162, n = 4) with
increasing values of the electron-withdrawing parameter.

Additionally, a standard MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
assay was performed on selected compounds that were the most effective against M. tuberculosis
H37Ra and the MICs of which were previously determined, see Table 2. The MTT test can be used to
assess cell growth by measuring respiration. The MTT measured viability of M. tuberculosis H37Ra less
than 70% after exposure to the MIC values for each test agent is considered as a positive result of this
assay. This low level of cell viability indicates inhibition of cell growth by inhibition of respiration [59].
All the selected compounds, i.e., 6 (R = 3-CF3, 40.99%), 10 (R = 3,4-Cl, 59.65%), 11 (R = 3,5-Cl, 22.65%),
and 13 (R = 3,5-CF3, 66.09%) showed less than 70% viability of M. tuberculosis H37Ra at the tested
concentration equal to MICs (i.e., 8 μg/mL or 22 and 27 μM). At MIC = 16 μg/mL (33 μM) compound
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2 (R = 3-CH3) showed inhibition of viability 13.23%, and compound 5 (R = 3-F) showed inhibition of
viability 11.04% at MIC = 32 μg/mL (33 μM).
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Figure 4. Relationships between in vitro antitubercular activity against M. tuberculosis log (1/MIC (M))
and lipophilicity expressed as log k (A) and electronic Hammett’s σ parameters of ring-substituted anilide
ring (B) of studied compounds. (Derivatives excluded from SAR are illustrated by empty symbols.).

Similar effects were observed previously, for example, with ring-substituted 6-hydroxynaphthalene-
2-carboxanilides, where 3-Cl, 4-Cl, 3-Br, and 3-CF3 substituted derivatives decreased the
viability of M. tuberculosis H37Ra in the range from 41.2% to 46.5% at the lowest tested
concentration (MICs = 8 μg/mL) [20], with 8-hydroxy-N-(3-trifluoromethylphenyl)quinoline-2-carbox-
amide, where the decrease of the viability of M. tuberculosis H37Ra was to 18.8% at MIC = 8 μg/mL [60],
and with N-alkoxyphenylhydroxynaphthalenecarboxanilides substituted in C(3)’ position of the anilide
core by a longer alkoxy tail [61,62]. Since the MTT assay was positive, it can be stated that the tested
compounds caused a decrease of mycobacterial cell metabolism. Thus, based on the structure analogy
of (2E)-N-aryl-3-phenylprop-2-enamides with naphthalene-2-carboxanilides, it may be hypothesized
that the mechanism of action of these ring-substituted anilides of cinnamic acid could be connected
with the affection of mycobacterial energy metabolism [59,63–66]; nevertheless, another possible site
of action of the studied compounds in the mycobacteria cannot be excluded [67–70].

2.4. In Vitro Activity against Plant Pathogenic Fungi

Fungal infections are not only a problem in human and veterinary medicine, but also an important
problem in agriculture. Plants diseases in general are a major factor limiting the crop quality. Fungal
pathogens cause production losses and also can product mycotoxins, which are dangerous for
consumers. The widespread use of fungicides increases food availability and safety, but it can leads
to the selection of resistant pathogens and an increase of the production of mycotoxins [71]. As
cinnamic acid and its derivatives do not have only antibacterial and antimycobacterial activity, but
also activity against plant pathogens [7,72], all the prepared compounds were tested for their potency
against Fusarium avenaceum (Fr.) Sacc. IMI 319947 and Bipolaris sorokiniana (Sacc.) Shoemaker H-299.
B. sorokiniana is a wide-spread wheat and barley pathogen. It causes many diseases, such as head
blight, seedling blight, common root rot, spot blotch, etc. [73]. The last one is a big problem, especially
in Southern Asia, where 20% of crop yield is lost because of leaf blight disease [74]. F. avenaceum is one
of the most common Fusarium species causing head blight disease of cereals. It can be isolated from
cereal seeds and feed products [75]. Fusarium spp. produces a wide spectrum of mycotoxins. The most
important are the trichothecenes, zearalenone, moniifromin, and the fumonisins. These compounds
have toxic effect on humans and animals [76].

Only compound 6 (R = 3-CF3) showed moderate activity (MIC = 54.93 μM) against
F. avenaceum within the series of compounds, see Table 2. On the other hand, the investigated
compounds demonstrated higher effect against B. sorokiniana. (2E)-N-(3-Fluorophenyl)- (5) and
(2E)-N-(3-methylphenyl)-3-phenylprop-2-enamide (2) had MICs = 16.58 and 33.71 μM, respectively,
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which is comparable with the benomyl standard. Also compounds 6, 4 (R = 2-F), and 14 (2-F-5-Br)
demonstrated moderate activity (MIC range 49.98–66.32 μM) against B. sorokiniana. Surprising was the
inactivity of compound 13 (R = 3,5-CF3) against both fungal pathogens.

The dependences of the antifungal activity of the compounds against B. sorokiniana expressed as
log (1/MIC (M)) on lipophilicity expressed as log k are illustrated in Figure 5. In general, effective
compounds are preferentially substituted in positions C(3)’, C(3,5)’, or C(3,4)’. When inactive compounds
(illustrated by empty symbols) substituted in C(4)’, C(2,6)’, or C(2,5)’ are eliminated from the SAR
study, a bilinear dependence can be found. The activity increases with increasing lipophilicity from
unsubstituted derivative 1 to compound 5 (R = 3-F) with the supposed lipophilicity optimum log
k = 0.23 and then decreases to derivative 13 (R = 3,5-CF3); r = 0.9678, n = 7. It can be stated that it is an
opposite trend in comparison with antitubercular findings, which can be caused by differences in the
composition and structure of mycobacterial and fungal cell walls [77]. A similar trend can be found for
electronic properties of substituents in individual derivatives. The activity increases with an increase
of electron-withdrawing effect from compound 2 (R = 3-CH3, σAr = 0.48) to an optimum σAr = 0.82
(compound 5, R = 3-F) and then decreases with increasing electron-withdrawing effect as follows:
σAr = 0.89 (compound 6, R = 3-CF3), 1.02 (compound 4, R = 2-F), 1.11 (compound 11, R = 3,5-Cl), and
1.19 (compound 10, R = 3,4-Cl).
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Figure 5. Relationships between in vitro antifungal activity against B. sorokiniana log (1/MIC (M)) and
lipophilicity expressed as log k of studied compounds. (Derivatives excluded from SAR are illustrated
by empty symbols.).

Inhibition of B. sorokiniana Germination

All the compounds were additionally evaluated for the inhibition of B. sorokiniana conidium
germination at two concentrations (128 and 256 μg/mL), see results in Table 4. It can be stated
that at both concentrations, the compounds showed the inhibition of germination. The effect
was concentration-dependent for compounds 7, 10, 15, and 16, and the rest of compounds had
concentration-independent effect on the germination. Interestingly, compound 6 that was one of the
most active against all bacterial cells including M. tuberculosis and displayed strong inhibition on the
mycelial growth of both investigated fungi (F. avenaceum and B. sorokiniana) (Table 2), showed the
weakest effect in the germination test. Apart from compound 6, compounds 2, 4, 5, and 14 exerted the
highest B. sorokiniana mycelial growth inhibitory effect and had characteristic anti-germination activity.
Moreover, compound 5 was the most effective in both assays (IC50 = 16.58 μM in mycelial growth test
and 95.4% germination inhibition at 128 μg/mL).

2.5. In Vitro Antiproliferative Assay

The preliminary in vitro screening of the antiproliferative activity of the most effective
antimicrobial compounds was performed using a Water Soluble Tetrazolium salts-1 (WST-1) assay
kit [78] and the human monocytic leukemia THP-1 cell line by means of the method described
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recently [20,79]. The principle of the WST-1 assay kit is that antiproliferative compounds inhibit
mitochondrial dehydrogenases. The activity of this enzyme directly correlates with the number
of metabolically active cells in the culture. Antiproliferative effect was evaluated as IC50 value
(concentration of compound causing 50% inhibition of cell proliferation). It can be stated that a
compound is considered cytotoxic if it shows a toxic effect on cells up to 10 μM [80]. The highest
compound concentration used for the toxicity test was 3-fold higher than this.

IC50 values of the most effective compounds 2 (R = 3-CH3), 5 (R = 3-F), 6 (R = 3-CF3),
10 (R = 3,4-Cl), 11 (R = 3,5-Cl), and 13 (R = 3,5-CF3) ranged from ca. 22 to >30 μM, see Table 2.
For comparison, the IC50 of camptothecin was 0.16 ± 0.07 μM. Both compounds 5 and 2 effective
against B. sorokiniana as well as compounds 10 and 11 potent against M. tuberculosis showed IC50

approximately 30 μM and higher, and compounds 6 and 13 showed IC50 = 22 μM, i.e., the treatment
with these concentrations did not lead to significant antiproliferative effect on THP-1 cells, and these
compounds inhibited selectively vital processes in B. sorokiniana, M. tuberculosis, or Staphylococcus
strains. Based on these observations, it can be concluded that all the tested compounds can be
considered as nontoxic agents for subsequent design of novel therapeutic agents.

Table 4. Inhibition (%) of Bipolaris sorokiniana conidium germination by compounds 1–16 in comparison
to negative control. Benomyl (BNM) was used as positive control.

Comp.
Concentration

(μg/mL)

Inhibition (%)
Compared to

Negative Control
Comp.

Concentration
(μg/mL)

Inhibition (%)
Compared to

Negative Control

1
256 59.6

9
256 82.5

128 74.2 128 76.3

2
256 64.7

10
256 84.3

128 59.1 128 51.3

3
256 88.7

11
256 84.8

128 89.1 128 82.6

4
256 60.8

12
256 91.3

128 58.7 128 82.1

5
256 93.6

13
256 76.3

128 95.4 128 75.5

6
256 18.4

14
256 81.8

128 26.7 128 77.6

7
256 73.5

15
256 100

128 35.1 128 60.9

8
256 92.7

16
256 86.2

128 88.7 128 61.2

BNM
10 100

BNM
10 100

5 100 5 100

2.6. Inhibition of Photosynthetic Electron Transport (PET) in Spinach Chloroplasts

The activity of the evaluated cinnamamides related to the inhibition of photosynthetic electron
transport (PET) in spinach (Spinacia oleracea L.) chloroplasts was moderate or low relative to the
standard, see Table 2, except for compound 11 (R = 3,5-Cl) that expressed the highest PET-inhibiting
activity comparable with the Diuron® standard (IC50 = 5.1 μM). With respect to these low activities, no
detailed SAR study can be proposed; nevertheless, from the results listed in Table 2, bilinear trends
for both PET inhibition vs. lipophilicity and PET inhibition vs. electronic properties of the anilide
core can be suggested. Thus, PET inhibition activity increases with the lipophilicity (log k) increase as
follows: 0.063 (9, R = 2,6-Cl) < 0.264 (3, R = 4-CH3) < 0.487 (14, R = 2-F-5-Br) < 0.682 (10, R = 3,4-Cl)
<<< 0.815 (11, R = 3,5-Cl) and then decreases to 0.981 (13, R = 3,5-CF3). Also PET inhibition activity
increases with the increase of electron-withdrawing (σAr) properties as follows: 0.46 (3, R = 4-CH3) <
1.05 (13, 3,5-CF3) <<< 1.11 (11, R = 3,5-Cl) and decreases as follows: >>> 1.19 (10, R = 3,4-Cl) > 1.28 (14,

145



Int. J. Mol. Sci. 2018, 19, 2318

R = 2-F-5-Br) >> 1.33 (9, R = 2,6-Cl). It can be concluded, as mentioned above, that the substitution of
the anilide core in C(3,5)’ or C(3,4)’ positions is preferable for high PET-inhibiting activity.

The inhibition of electron transport in PS II at the QB site plastoquinone, i.e., at the acceptor side of PS II
was observed for ring-substituted salicylanilides and carbamoylphenylcarbamates [26,28], ring-substituted
hydroxynaphthalene-2-carboxanilides [27,30], N-alkoxyphenylhydroxynaphthalene-carboxamides [29],
8-hydroxyquinoline-2-carboxamides [81], and N-substituted 2-aminobenzothiazoles [82]. Based on the
structural analogy and the presence of the amide bond, it can be hypothesized that the mechanism of action
of the investigated compounds is not different from the mechanism of action of the above compounds.
Moreover, as mentioned previously [26–29,83,87], a good correlation between antimycobacterial
activity and herbicidal effect was found.

2.7. In Vivo Toxicity against Plant Cells

The most potent antifungal compounds 2, 5, 6, and 14 were tested for in vivo toxicity against
plant cells. Nicotiana tabacum var. Samsun was used for this test [88]. The results of treatment of plant
leaves with injected water solutions of each compound as well as dimethyl sulfoxide (DMSO) are
illustrated in Figure 6, where photographs of leaves are shown. The negative DMSO control did not
have any toxic effect to the plant cells as well. On the other hand, the 5% aqueous solution of DMSO
showed a significant toxic effect on the leaves demonstrated as a loss of chlorophyll in the injected area
(Figure 6A). Based on Figure 6B,C, it can be concluded that the most effective antifungal compounds
had no visible influence on the plant tissue.

These results correspond to above-mentioned PET-inhibiting activity, when all the tested
compounds showed no PET inhibition, and thus, they will not be toxic for plants at their prospective
application as a plant fungicide.

 

  

Figure 6. Toxic effect of 5% DMSO (A) to leaf of Nicotiana tabacum compared to nontoxic effect of
compounds 2 (blue ring), 5 (red ring), and 6 (black ring) (B) and nontoxic effect of compounds 6 (black
ring) and 14 (red ring) (C). The black spots in the injected area of compound 5 in Figure 6B are damages
of the leaf tissue caused by a needle.
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3. Materials and Methods

3.1. Chemistry—General Information

All reagents were purchased from Merck (Sigma-Aldrich, St. Louis, MO, USA) and Alfa
(Alfa-Aesar, Ward Hill, MA, USA). Reactions were performed using a CEM Discover SP microwave
reactor (CEM, Matthews, NC, USA). Melting points were determined on an apparatus Stuart SMP10
(Stone, UK) and are uncorrected. Infrared (IR) spectra were recorded on an UATR Zn/Se for a
Spectrum Two™ Fourier-transform IR spectrometer (PerkinElmer, Waltham, MA, USA). The spectra
were obtained by the accumulation of 32 scans with 4 cm−1 resolution in the region of 4000–400 cm−1.
All 1H- and 13C-NMR spectra were recorded on a JEOL ECZR 400 MHz NMR spectrometer (400 MHz
for 1H and 100 MHz for 13C, Jeol, Tokyo, Japan) in dimethyl sulfoxide-d6 (DMSO-d6). 1H and
13C chemical shifts (δ) are reported in ppm. High-resolution mass spectra were measured using
a high-performance liquid chromatograph Dionex UltiMate® 3000 (Thermo Scientific, West Palm
Beach, FL, USA) coupled with an LTQ Orbitrap XLTM Hybrid Ion Trap-Orbitrap Fourier Transform
Mass Spectrometer (Thermo Scientific) equipped with a HESI II (heated electrospray ionization) source
in the positive mode.

Synthesis

Cinnamic acid (3.37 mM) was suspended at room temperature in dry chlorobenzene (20 mL)
inside a microwave tube, where phosphorus trichloride (1.7 mM) and the corresponding aniline
(3.37 mM) were added dropwise. Then a magnetic stirrer was used, and the reaction mixture was
transferred to the microwave reactor at 120 ◦C for 20 min, where the synthesis at elevated pressure was
performed. After the mixture was cooled to 60 ◦C, and solvent was evaporated in vacuum. A solid
was washed with 2 M HCl, and a crude product was recrystallized, first using 96% ethanol and then
using 50% ethanol.

(2E)-N-Phenyl-3-phenylprop-2-enamide (1) [89]. Yield 91%; Mp 116–118 ◦C; IR (cm−1): 3062, 3028, 1661,
1626, 1594, 1578, 1543, 1493, 1442, 1347, 1288, 1248, 1188, 976, 904, 864, 759, 737, 704, 690, 676, 620, 592,
553, 512, 484, 454; 1H-NMR (DMSO-d6), δ: 10.22 (s, 1H), 7.72 (d, J = 7.3 Hz, 2H), 7.64–7.59 (m, 3H),
7.47–7.36 (m, 3H), 7.34 (t, J = 8 Hz, 2H), 7.09–7.05 (m, 1H), 6.85 (d, J = 16 Hz, 1H); 13C-NMR (DMSO-d6),
δ: 163.53, 140.16, 139.28, 134.73, 129.77, 129.03, 128.81, 127.72, 123.36, 122.29, 119.23; HR-MS: for
C15H14NO [M + H]+ calculated 224.1070 m/z, found 224.1065 m/z.

(2E)-N-(3-Methylphenyl)-3-phenylprop-2-enamide (2) [89]. Yield 80%; Mp 113–115 ◦C; IR (cm−1): 3259,
3136, 3082, 3064, 3028, 2918, 1658, 1620, 1541, 1488, 1447, 1408, 1342, 1292, 1201, 987, 978, 864,
775, 763, 729, 714, 685, 676, 556, 487; 1H-NMR (DMSO-d6), δ: 10.14 (s, 1H), 7.64–7.60 (m, 2H), 7.58
(d, J = 15.6 Hz, 1H), 7.53 (m, 1H), 7.5 (d, J = 8.2 Hz, 1H), 7.47–7.40 (m, 3H), 7.21 (t, J = 7.8 Hz, 1H), 6.89
(d, J=7.8 Hz, 1H), 6.84 (d, J = 15.6 Hz, 1H), 2.3 (s, 3H); 13C-NMR (DMSO-d6), δ: 163.48, 140.06, 139.23,
137.99, 134.75, 129.78, 129.04, 128.67, 127.73, 124.11, 122.38, 119.73, 116.45, 21.25; HR-MS: for C16H16NO
[M + H]+ calculated 238.1226 m/z, found 238.1222 m/z.

(2E)-N-(4-Methylphenyl)-3-phenylprop-2-enamide (3) [89]. Yield 82%; Mp 166–168 ◦C; IR (cm−1): 3240,
3187, 3128, 3085, 3028, 2954, 1660, 1622, 1597, 1538, 1493, 1448, 1405, 1342, 1252, 1187, 984, 973, 813, 781,
762, 720, 674, 533, 510, 485; 1H-NMR (DMSO-d6) δ: 10.14 (s, 1H), 7.63–7.55 (m, 5H), 7.47–7.40 (m, 3H),
7.15–7.13 (m, 2H), 6.83 (d, J = 16 Hz, 1H), 2.26 (s, 3H); 13C-NMR (DMSO-d6) δ: 163.33, 139.90, 136.81,
134.79, 132.32, 129.73, 129.22, 129.03, 127.70, 122.40, 119.22, 20.51; HR-MS: for C16H16NO [M + H]+

calculated 238.1226 m/z, found 238.1222 m/z.

(2E)-N-(2-Fluorophenyl)-3-phenylprop-2-enamide (4) [89]. Yield 85%; Mp 114–116 ◦C; IR (cm−1): 3238,
3182, 3126, 3085, 3059, 3020, 1661, 1627, 1539, 1491, 1448, 1342, 1257, 1188, 1105, 973, 760, 731, 719,
701, 687, 659, 557, 535, 495, 479; 1H-NMR (DMSO-d6) δ: 9.69 (s, 1H), 8.11 (td, J = 7.9 Hz, 2.1 Hz, 1H),
7.64–7.57 (m, 3H), 7.48–7.40 (m, 4H), 7.31–7.26 (m, 1H), 7.20–7.16 (m, 1H), 7.09 (d, J=15.6 Hz, 1H);
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13C-NMR (DMSO-d6) δ: 163.96, 153.34 (d, J = 244.7 Hz), 140.72, 134.74, 129.90, 129.05, 127.82, 126.41
(d, J = 10.6 Hz), 125.09 (d, J = 7.7 Hz), 124.44 (d, J = 2.9 Hz), 121.88, 119.23, 115.47 (d, J = 19.3 Hz);
HR-MS: for C15H13FNO [M + H]+ calculated 242.0976 m/z, found 242.0971 m/z.

(2E)-N-(3-Fluorophenyl)-3-phenylprop-2-enamide (5). Yield 84%; Mp 112–114 ◦C; IR (cm−1): 3298, 3061,
3031, 2979, 1625, 1596, 1529, 1489, 1420, 1334, 1186, 974, 943, 858, 777, 768, 756, 727, 714, 688, 679, 658,
556, 492; 1H-NMR (DMSO-d6) δ: 10.44 (s, 1H), 7.76–7.72 (m, 1H), 7.65–7.61 (m, 3H), 7.48–7.34 (m, 5H),
6.92–6.88 (m, 1H), 6.82 (d, J = 15.6 Hz, 1H); 13C-NMR (DMSO-d6) δ: 163.87, 162.23 (d, J = 241.8 Hz),
141.00 (d, J = 10.6 Hz), 140.80, 134.61, 130.44 (d, J = 9.6 Hz), 129.95, 129.06, 127.85, 121.87, 115.02 (d,
J=2.9 Hz), 109.83 (d, J = 21.2 Hz), 106.07 (d, J = 27.3 Hz); HR-MS: for C15H13FNO [M + H]+ calculated
242.0976 m/z, found 242.0972 m/z.

(2E)-3-Phenyl-N-[3-(trifluoromethyl)phenyl]prop-2-enamide (6) [90]. Yield 75%; Mp 109–111 ◦C; IR (cm−1):
3400, 2905, 2360, 1678, 1630, 1526, 1491, 1331, 1154, 1112, 1100, 1072, 982, 886, 808; 1H-NMR (DMSO-d6)
δ: 10.57 (s, 1H), 8.22 (s, 1H), 7.87 (d, J = 8.2 Hz, 1H), 7.66–7.62 (m, 3H), 7,58 (t, J = 7.8 Hz, 1H), 7.48–7.40
(m, 4H), 6.82 (d, J = 15.6 Hz, 1H); 13C-NMR (DMSO-d6) δ: 164.05, 140.98, 140.07, 134.54, 130.04, 129.99,
129.58 (q, J = 30.8 Hz), 129.05, 127.88, 124.16 (q, J = 272.6 Hz), 122.76, 121.72, 119.65 (q, J = 3.9 Hz),
115.29 (q, J = 3.9 Hz); HR-MS: for C16H13F3NO [M + H]+ calculated 292.0944 m/z, found 292.0938 m/z.

(2E)-N-(2,5-Dimethylphenyl)-3-phenylprop-2-enamide (7). Yield 91%; Mp 174–176 ◦C; IR (cm−1): 3242,
3056, 3028, 2977, 2918, 1657, 1621, 1579, 1544, 1494, 1449, 1417, 1343, 1286, 1266, 1199, 1159, 990,
978, 878, 780, 764, 746, 734, 724, 707, 681, 624, 560, 492; 1H-NMR (DMSO-d6) δ: 9.42 (s, 1H), 7.63
(d, J = 6.9 Hz, 2H), 7.58 (d, J = 16 Hz, 1H), 7.47–7.39 (m, 4H), 7.10 (d, J = 7.8 Hz, 1H), 6.99 (d, J = 16 Hz,
1H), 6.90 (d, J = 7.3 Hz, 1H), 2.26 (s, 3H), 2.20 (s, 3H); 13C-NMR (DMSO-d6) δ: 163.58, 139.88, 136.17,
134.97, 134.85, 130.15, 129.67, 128.99, 127.94, 127.68, 125.70, 124.97, 122.36, 20.67, 17.54; HR-MS: for
C17H18NO [M + H]+ calculated 252.1383 m/z, found 252.1378 m/z.

(2E)-N-(2,5-Dichlorophenyl)-3-phenylprop-2-enamide (8). Yield 83%; Mp 173–175 ◦C; IR (cm−1): 3234,
3108, 3062, 3026, 1662, 1622, 1582, 1528, 1463, 1449, 1406, 1341, 1261, 1182, 1093, 1055, 992, 979, 917,
872, 856, 806, 761, 718, 693, 675, 580, 559, 488; 1H-NMR (DMSO-d6) δ: 9.77 (s, 1H), 8.15 (d, J = 2.3 Hz,
1H), 7.66–7.62 (m, 3H), 7.54 (d, J = 8.7 Hz, 1H), 7.45–7.41 (m, 3H), 7.24 (dd, J = 8.7 Hz, 2.7 Hz, 1H),
7.18 (d, J = 15.6 Hz, 1H); 13C-NMR (DMSO-d6) δ: 164.20, 141.47, 136.28, 134.60, 131.61, 130.83, 130.05,
129.03, 127.94, 125.40, 124.11, 123.61, 121.51; HR-MS: for C18H12Cl2NO [M + H]+ calculated 292.0290
m/z, found 292.0289 m/z.

(2E)-N-(2,6-Dichlorophenyl)-3-phenylprop-2-enamide (9). Yield 85%; Mp 212–214 ◦C; IR (cm−1): 3256,
1661, 1630, 1569, 1522, 1449, 1428, 1338, 1183, 971, 782, 758, 712, 697, 508; 1H-NMR (DMSO-d6) δ: 10.09
(s, 1H), 7.67–7.62 (m, 3H), 7.58–7.56 (m, 2H), 7.48–7.41 (m, 3H), 7.39–7.35 (m, 1H), 6.89 (d, J = 16 Hz,
1H); 13C-NMR (DMSO-d6) δ: 163.67, 140.98, 134.51, 133.69, 133.03, 129.97, 129.19, 129.05, 128.56, 127.85,
120.72; HR-MS: for C15H12Cl2NO [M + H]+ calculated 292.0290 m/z, found 292.0288 m/z.

(2E)-N-(3,4-Dichlorophenyl)-3-phenylprop-2-enamide (10). Yield 78%; Mp 173–175 ◦C; IR (cm−1): 3269,
3095, 3025, 1663, 1627, 1585, 1526, 1474, 1378, 1339, 1289, 1229, 1182, 1126, 1025, 974, 863, 810, 761, 699,
677, 579, 564, 515, 484; 1H-NMR (DMSO-d6) δ: 10.52 (s, 1H), 8.12–8.11 (m, 1H), 7.64–7.61 (m, 3H), 7.58
(s, 2H), 7.46–7.40 (m, 3H), 6.79 (d, J = 16 Hz, 1H); 13C-NMR (DMSO-d6) δ: 163.63, 141.08, 139.38, 134.49,
131.09, 130.72, 130.03, 129.05, 127.88, 124.78, 121.55, 120.39, 119.25; HR-MS: for C15H12Cl2NO [M + H]+

calculated 292.0290 m/z, found 292.0288 m/z.

(2E)-N-(3,5-Dichlorophenyl)-3-phenylprop-2-enamide (11) [89]. Yield 79%; Mp 139–141 ◦C; IR (cm−1): 3246,
3177, 3085, 2967, 1663, 1622, 1584, 1532, 1442, 1408, 1338, 1180, 1109, 969, 937, 844, 802, 760,717, 668, 556,
484; 1H-NMR (DMSO-d6) δ: 10.56 (s, 1H), 7.76 (d, J = 1.8 Hz, 2H), 7.65–7.61 (m, 3H), 7.48–7.40 (m, 3H),
7.29 (t, J = 2,1 Hz, 1H), 6.76 (d, J = 15.6 Hz, 1H); 13C-NMR (DMSO-d6) δ: 164.06, 141.60, 141.35, 134.41,
134.12, 130.06, 129.02, 127.90, 122.48, 121.37, 117.30; HR-MS: for C15H12Cl2NO [M + H]+ calculated
292.0290 m/z, found 292.0288 m/z.
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(2E)-N-(2,6-Dibromophenyl)-3-phenylprop-2-enamide (12). Yield 81%; Mp 240–242 ◦C; IR (cm−1): 3251,
3180, 3028, 2902, 1660, 1627, 1558, 1516, 1441, 1422, 1337, 1263, 1180, 970, 781, 766, 759, 721, 710, 694,
686, 626, 561, 501; 1H-NMR (DMSO-d6) δ: 10.12 (s, 1H), 7.75 (d, J = 7.8 Hz, 2H), 7.67–7.64 (m, 2H),
7.60 (d, J = 16 Hz, 1H), 7.48–7.40 (m, 3H), 7.21 (t, J = 8 Hz, 1H), 6.87 (d, J = 15.6 Hz, 1H); 13C-NMR
(DMSO-d6) δ: 163.50, 140.85, 135.77, 134.50, 132.24, 130.19, 129.94, 129.05, 127.80, 124.33, 120.86; HR-MS:
for C15H12Br2NO [M + H]+ calculated 379.9280 m/z, found 379.9288 m/z.

(2E)-N-[3,5-bis(Trifluoromethyl)phenyl]-3-phenylprop-2-enamide (13). Yield 75%; Mp 143–145 ◦C; IR (cm−1):
3272, 3085, 2967, 2938, 2879, 1663, 1622, 1575, 1472, 1440, 1377, 1276, 1168, 1129, 1110, 1096, 974, 937, 886,
859, 841, 728, 680, 627, 557, 486; 1H-NMR (DMSO-d6) δ: 10.89 (s, 1H), 8.36 (s, 2H), 7.77 (s, 1H), 7.70–7.65
(m, 3H), 7.48–7.40 (m, 3H), 6.78 (d, J = 16 Hz, 1H); 13C-NMR (DMSO-d6) δ: 164.42, 141.78, 141.13,
134.28, 130.80 (q, J = 32.8 Hz), 130.22, 129.08, 127.98, 123.23 (q, J = 272.6 Hz), 121.07, 118.93–118.78 (m),
116.12–115.98 (m); HR-MS: for C17H12F6NO [M + H]+ calculated 360.0818 m/z, found 360.0811 m/z.

(2E)-N-(2-Fluoro-5-bromophenyl)-3-phenylprop-2-enamide (14). Yield 83%; Mp 161–164 ◦C; IR (cm−1): 3280,
2967, 2936, 2879, 1660, 1613, 1529, 1474, 1448, 1411, 1345, 1254, 1174, 985, 870, 800, 762, 722, 676, 617,
600, 564, 484; 1H-NMR (DMSO-d6) δ: 10.13 (s, 1H), 8.44 (dd, J = 7.1 Hz, 2.5 Hz, 1H), 7.65–7.60 (m, 3H),
7.48–7.40 (m, 3H), 7.35–7.27 (m, 2H), 7.11 (d, J = 15.6 Hz, 1H); 13C-NMR (DMSO-d6) δ: 164.22, 152.03 (d,
J = 245.6 Hz), 141.30, 134.60, 130.02, 129.04, 128.25 (d, J = 12.5 Hz), 127.88, 127.10 (d, J = 7.7 Hz), 125.10,
121.50, 117.41 (d, J = 21.2 Hz), 115.91 (d, J = 2.9 Hz); HR-MS: for C15H12FBrNO [M + H]+ calculated
320.0081 m/z, found 320.0077 m/z.

(2E)-N-(2-Bromo-5-fluorophenyl)-3-phenylprop-2-enamide (15). Yield 81%; Mp 164–166 ◦C; IR (cm−1): 3230,
3072, 3045, 2967, 2937, 2880, 1661, 1623, 1591, 1538, 1420, 1342, 1198, 1155, 991, 977, 869, 854, 804, 761,
715, 668, 598, 589, 559, 482; 1H-NMR (DMSO-d6) δ: 9.64 (s, 1H), 7.83 (dd, J = 11 Hz, 3.2 Hz, 1H), 7.72
(dd, J = 8.7 Hz, 5.9 Hz, 1H), 7.67–7.62 (m, 3H), 7.48–7.42 (m, 3H), 7.15 (d, J = 15.6 Hz, 1H), 7.04 (ddd,
J = 8.9 Hz, 8 Hz, 3.2 Hz, 1H); 13C-NMR (DMSO-d6) δ: 164.12, 161.05 (d, J = 243.7 Hz), 141.44, 137.74 (d,
J = 11.6 Hz), 134.61, 133.85 (d, J = 8.7 Hz), 130.05, 129.04, 127.95, 121.55, 113.41 (d, J = 23.1 Hz), 112.44
(d, J = 27 Hz), 110.6 (d, J = 2.9 Hz); HR-MS: for C15H12FBrNO [M + H]+ calculated 320.0081 m/z, found
320.0077 m/z.

(2E)-N-[2-Chloro-5-(trifluoromethyl)phenyl]-3-phenylprop-2-enamide (16). Yield 77%; Mp 144–146 ◦C; IR
(cm−1): 3280, 2967, 2936, 2879, 1528, 1329, 1262, 1165, 1116, 1080, 964, 892, 814, 758, 707, 686, 668,
644, 605, 560, 534, 490, 452; 1H-NMR (DMSO-d6) δ: 9,22 (s, 1H), 8.40 (d, J = 1.8 Hz, 1H), 7.79–7.77
(m, 1H), 7.68–7.64 (m, 3H), 7.55–7.53 (m, 1H), 7.49–7.40 (m, 3H), 7.19 (d, J = 15.6 Hz, 1H); 13C-NMR
(DMSO-d6) δ: 164.42, 141.66, 135.99, 134.60, 130.70, 130.06, 129.02, 128.98, 128.09 (q, J = 38.2 Hz), 127.96,
123.69 (q, J = 272.6 Hz), 121.98 (q, J = 3.9 Hz), 121.46, 120.95 (q, J = 3.9 Hz); HR-MS: for C16H12ClF3NO
[M + H]+ calculated 326.0554 m/z, found 326.0547 m/z.

3.2. Lipophilicity Determination by HPLC (Capacity Factor k/Calculated log k)

A HPLC separation module Waters® e2695 equipped with a Waters 2996 PDA Detector
(Waters Corp., Milford, MA, USA) were used. A chromatographic column Symmetry® C18 5 μm,
4.6 × 250 mm, Part No. W21751W016 (Waters Corp.) was used. The HPLC separation process was
monitored by the Empower™ 3 Chromatography Data Software (Waters Corp.). Isocratic elution
by a mixture of MeOH p.a. (72%) and H2O-HPLC Mili-Q grade (28%) as a mobile phase was used.
The total flow of the column was 1.0 mL/min, injection 5 μL, column temperature 40 ◦C, and sample
temperature 10 ◦C. The detection wavelength 214 nm was chosen. The KI methanolic solution was used
for the determination of dead time (tD). Retention times (tR) were measured in minutes. The capacity
factors k were calculated using the Empower™ 3 Chromatography Data Software according to the
formula k = (tR − tD)/tD, where tR is the retention time of the solute, while tD is the dead time obtained
using an unretained analyte. Each experiment was repeated three times. Log k, calculated from the

149



Int. J. Mol. Sci. 2018, 19, 2318

capacity factor k, is used as the lipophilicity index converted to log P scale [36]. The log k values of
individual compounds are shown in Table 1.

3.3. Biological Testing

3.3.1. In Vitro Antibacterial Evaluation

The synthesized compounds were evaluated for in vitro antibacterial activity against
representatives of multidrug-resistant bacteria and clinical isolates of methicillin-resistant
Staphylococcus aureus (MRSA) 63718, SA 630, and SA 3202 [37,38] that were obtained from the National
Institute of Public Health (Prague, Czech Republic). S. aureus ATCC 29213 was used as a reference
and quality control strain. In addition, all the compounds were tested for their activity against
vancomycin-susceptible Enterococcus faecalis ATCC 29212 as a reference strain and three isolates from
American crows of vanA-carrying vancomycin-resistant E. faecalis (VRE) 342B, 368, and 725B [39].
Ampicillin (Sigma) was used as the standard. Prior to testing, each strain was passaged onto nutrient
agar (Oxoid, Basingstoke, UK) with 5% of bovine blood, and bacterial inocula were prepared by
suspending a small portion of bacterial colony in sterile phosphate buffered saline (pH 7.2–7.3). The cell
density was adjusted to 0.5 McFarland units using a densitometer (Densi-La-Meter, LIAP, Riga, Latvia).
This inoculum was diluted to reach the final concentration of bacterial cells 5 × 105 CFU/mL in the
wells. The compounds were dissolved in DMSO (Sigma), and the final concentration of DMSO in the
Cation Adjusted Mueller-Hinton (CaMH) broth (Oxoid) or Brain-Heart Infusion for enterococci did not
exceed 2.5% of the total solution composition. The final concentrations of the evaluated compounds
ranged from 256 to 0.008 μg/mL. The broth dilution micro-method, modified according to the NCCLS
(National Committee for Clinical Laboratory Standards) guidelines [91] in Mueller–Hinton (MH) broth,
was used to determine the minimum inhibitory concentration (MIC). Drug-free controls, sterility
controls, and controls consisting of MH broth and DMSO alone were included. The determination of
results was performed visually after 24 h of static incubation in the darkness at 37 ◦C in an aerobic
atmosphere. The results are shown in Table 2.

3.3.2. Synergy Effect with Clinically Used Drugs

For synergy effect study, a method of fractional inhibitory concentration was used. The tested
compounds (A) and conventional used antibiotic (B) (tetracycline, ciprofloxacin, and vancomycin
(purchased from Sigma)) were diluted in the microtitration plate in CaMH broth (Oxoid) to get an
original combination of concentration in every well. The raw H was used for evaluation of MIC(A);
column 12 was used for evaluation of MIC(B). The plate was inoculated by the bacterial suspension to
reach final concentration 5 × 105 CFU/mL in the wells. The fractional inhibitory concentration (FIC)
index was calculated using the concentrations in the first nonturbid (clear) well found in each row and
column along the turbidity/nonturbidity interface [42]. A ΣFIC ≤ 0.5 means synergy; 0.5 < ΣFIC < 1
is additivity; 1 ≤ ΣFIC < 4 is indifference; and ΣFIC ≥ 4 is antagonism [41]. The tests were made in
duplicate, and the results were averaged. The results are summarized in Table 3.

3.3.3. Dynamics of Antibacterial Effect

The most active antistaphylococcal compounds were studied for their dynamics of antibacterial
effect. The method of time-kill curves were used [37,40]. Compound 6 was diluted in CaMH to
reach the final concentration equal to 1× MIC, 2× MIC, and 4× MIC. For the compound 13, only
concentrations 1× MIC and 2× MIC were used, due to the higher MIC and dissolution problems in the
concentration equal to 4× MIC. The tubes were inoculated with the culture of S. aureus ATTC 29213
diluted to 1 McFarland in the exponential phase of growth. The final concentration of bacteria was
7.5 × 106 CFU/mL. Tubes were stored in an incubator at 37 ◦C without shaking. Immediately after 4,
6, 8, and 24 h of inoculation, 100 μL of sample was serially diluted 1:10 in phosphate buffered saline
(PBS). From each dilution 2 × 20 μL were put onto MH agar plates. The plates were incubated at 37 ◦C
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for 24 h, and the colonies were counted. Bactericidal effect is defined as a −3log decrease of CFU/mL
compared to the growth control in time 0. The test was made in duplicate on 2 separate occasions, and
the results were averaged. The results are illustrated in Figure 2.

3.3.4. Biofilm Inhibition Assay

The most active antistaphylococcal compounds were studied for their ability to inhibit biofilm
formation. The compounds were diluted in a 96-well plate in tryptic soy broth (TSB) containing
2% of glucose to reach concentrations 256–2 μg/mL. S. aureus ATCC 29213 cultivated overnight on
blood agar was used for preparing the inoculum. A few colonies were put in a tube with 5 mL
of TSB + 2% glucose and cultivated to reach the exponential phase of growth. The inoculum was
diluted to 1 McFarland and then 1:1000 in TSB + 2% glucose. The final concentration of bacteria in
each well was 1 × 105. As positive controls, ampicillin, vancomycin, ciprofloxacin, and tetracycline
(Sigma) were used. As the compounds were dissolved in DMSO (up to 5%), the growth control
included 5% of DMSO for verification that the applied DMSO concentration did not possess bacterial
growth-inhibiting activity. The plate was cultivated for 48 h at 37 ◦C without shaking. After incubation,
the content of the wells was removed and the wells were washed 3-fold by PBS. After drying, 125 μL
of 0.1% crystal violet was put to every well. The plane was stained for 20 min at room temperature,
the content was removed, and the plate was again washed by PBS 3-fold. The coloured biofilm was
taken off from the wells by 33% acetic acid, and absorbance in 595 nm was measured. As a blank,
non-inoculated plate treated in the same way was used. The test was made in triplicates in 3 separated
occasions. The ability to inhibit biofilm formation was evaluated as a percentage inhibition of growth
compared to the growth control. The results are illustrated in Figure 3.

3.3.5. In Vitro Antimycobacterial Evaluation

Mycobacterium tuberculosis ATCC 25177/H37Ra was grown in Middlebrook broth (MB),
supplemented with Oleic-Albumin-Dextrose-Catalase (OADC) supplement (Difco, Lawrence, KS, USA).
At log phase growth, a culture sample (10 mL) was centrifuged at 15,000 rpm/20 min using a bench
top centrifuge (MPW-65R, MPW Med Instruments, Warszawa, Poland). Following the removal of the
supernatant, the pellet was washed in fresh Middlebrook 7H9GC broth and resuspended in fresh,
ODAC-supplemented MB (10 mL). The turbidity was adjusted to match McFarland standard No. 1
(3 × 108 CFU) with MB broth. A further 1:10 dilution of the culture was then performed in MB broth.
The antimicrobial susceptibility of M. tuberculosis was investigated in a 96-well plate format. In these
experiments, sterile deionised water (300 μL) was added to all outer-perimeter wells of the plates to
minimize evaporation of the medium in the test wells during incubation. Each evaluated compound
(100 μL) was incubated with M. tuberculosis (100 μL). Dilutions of each compound were prepared
in duplicate. For all synthesized compounds, final concentrations ranged from 128 to 4 μg/mL.
All compounds were dissolved in DMSO, and subsequent dilutions were made in supplemented MB.
The plates were sealed with Parafilm and incubated at 37 ◦C for 14 days. Following incubation, a 10%
addition of alamarBlue (Difco) was mixed into each well, and readings at 570 nm and 600 nm were
taken, initially for background subtraction and subsequently after 24 h reincubation. The background
subtraction is necessary for strongly coloured compounds, where the colour may interfere with the
interpretation of any colour change. For noninterfering compounds, a blue colour in the well was
interpreted as the absence of growth, and a pink colour was scored as growth. Isoniazid (Sigma) was
used as the positive control, as it is a clinically used antitubercular drug. The results are shown in
Table 2.

3.3.6. MTT Assay

Compounds were prepared as previously stated and diluted in Middlebrook media to achieve
the desired final concentration 128–1 μg/mL. Mycobacterium tuberculosis ATCC 25177/H37Ra was
suspended in ODAC supplemented Middlebrook broth at a MacFarland standard of 1.0 and
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then diluted 1:10, using Middlebrook broth as a diluent. The diluted mycobacteria (50 μL) were
added to each well containing the compound to be tested. Diluted mycobacteria in broth free
from inhibiting compounds were used as a growth control. As positive controls, ciprofloxacin
and rifampicin were used. All compounds and controls were prepared in duplicate. Plates
were incubated at 37 ◦C for 7 days. After the incubation period, 10% well volume of MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide) reagent (Sigma) was mixed into each
well and incubated at 37 ◦C for 4 h in dark. Then 100 μL of 17% Sodium dodecyl sulfate in 40%
dimethylformamide was added to each well. The plates were read at 570 nm. The absorbance readings
from the cells grown in the presence of the tested compounds were compared with uninhibited cell
growth to determine the relative percent viability. The percent viability was determined through the
MTT assay. The percent viability is calculated through comparison of a measured value against that of
the uninhibited control: % viability = OD570E/OD570P × 100, where OD570E is the reading from the
compound-exposed cells, while OD570P is the reading from the uninhibited cells (positive control).
Cytotoxic potential is determined by a percent viability of <70% [59,92]. Rifampicin a ciprofloxacin
(Sigma) were used as positive controls.

3.3.7. In Vitro Antifungal Activity

96-Well microplates were used for testing the inhibitory effect of compounds against mycelial
growth of Fusarium avenaceum (Fr.) Sacc. IMI 319947 and Bipolaris sorokiniana (Sacc.) Shoemaker
H-299 (NCBI GenBank accession No. MH697869). The compounds were diluted in DMSO to reach
the concentration of 10 mg/mL and then diluted in the microtiter plates in supplemented lysogeny
broth (LB, 10 g/L tryptone (Microtrade, Budapest, Hungary), 5 g/L yeast extract (Scharlau, Barcelona,
Spain), and 10 g/L NaCl (Reanal, Budapest, Hungary)) to get the final concentration of 256–2 μg/mL.
Positive (benomyl, Chinoin Fundazol 50WP®, Chinoin, Budapest, Hungary) and negative (solvents of
the compounds) controls were used. 50 mL LB medium was inoculated with the fungal culture grown
in an agar plate and shaken at 100 rpm at 22 ◦C for 3 days in dark; then mycelium was cut with a
sterile blender to small parts. The mycelium suspension was diluted to set OD600 = 0.2. This inoculum
was diluted 2-fold with the content of the wells. The absorbance at 600 nm was measured by a
spectrophotometer (Labsystems Multiscan MS 4.0, Thermo Scientific) immediately, and the plates
were incubated at 22 ◦C. The absorbance was measured again after 24, 48, and 72 h. The MIC was
counted in the time, when absorbance in the negative control tripled. The experiment was repeated on
3 separated occasions, and the results were averaged. The results are summarized in Table 2.

3.3.8. Inhibition of Bipolaris sorokiniana Germination

The inhibitory effect on the conidium germination was tested according to De Lucca et al. [93]
with some modifications. The tested compounds were diluted in a 96-well microplate in 45 μL sterile
distilled water to reach the final concentrations of 256 and 128 μg/mL. As a positive control, benomyl
(10 and 5 μg/mL) was used. As a negative control, nontreated wells with 5% DMSO were used.
Conidium suspension was prepared from sporulating culture grown on an agar plate. 5 μL of the
aliquot was added to each well. The final concentration of conidia in each well was 3000 conidia in
1 mL. The plate was incubated at 22 ◦C for 48 h in dark. After the incubation, the aliquot from each
well was observed microscopically (400×) for germination. A total of 50 conidia from each well were
observed. Germination was defined as the development of germ tube(s) of any size from a conidium.
The inhibition effect was counted as a ratio of nongerminated conidia compared to the negative control.
The experiment was performed in duplicate. The results are summarized in Table 4.

3.3.9. In Vitro Antiproliferative Assay

Human monocytic leukemia THP-1 cells were used for in vitro antiproliferative assay. Cells
were obtained from the European Collection of Cell Cultures (ECACC, Salisbury, UK) and
routinely cultured in RPMI (Roswell Park Memorial Institute) 1640 medium supplemented

152



Int. J. Mol. Sci. 2018, 19, 2318

with 10% fetal bovine serum, 2% L-glutamine, 1% penicillin, and streptomycin at 37 ◦C with
5% CO2. Cells were passaged at approximately one-week intervals. The antiproliferative
activity of the compounds was determined using a Water Soluble Tetrazolium Salts-1 (WST-1,
2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium) assay kit (Roche Diagnostics,
Mannheim, Germany) according to the manufacturer’s instructions. The tested compounds were
dissolved in DMSO and added in five increasing concentrations (0.37, 1.1, 3.3, 10, and 30 μM) to the
cell suspension in the culture RPMI 1640 medium. The maximum concentration of DMSO in the assays
never exceeded 0.1%. Subsequently, the cells were incubated at 37 ◦C with 5% CO2 for 24 h. For WST-1
assays, cells were seeded into 96-well plates (5 × 104 cells/well in 100 μL culture medium) in triplicate
in serum-free RPMI 1640 medium, and measurements were taken 24 h after the treatment with the
compounds. The median inhibition concentration values, IC50, were deduced through the production
of a dose-response curve. All data were evaluated using GraphPad Prism 5.00 software (GraphPad
Software, San Diego, CA, USA). The results are shown in Table 2.

3.3.10. Study of Inhibition of Photosynthetic Electron Transport (PET) in Spinach Chloroplasts

Chloroplasts were prepared from spinach (Spinacia oleracea L.) according to Masarovicova and
Kralova [94]. The inhibition of photosynthetic electron transport (PET) in spinach chloroplasts was
determined spectrophotometrically (Genesys 6, Thermo Scientific), using an artificial electron acceptor
2,6-dichlorophenol-indophenol (DCIPP) according to Kralova et al. [95], and the rate of photosynthetic
electron transport was monitored as a photoreduction of DCPIP. The measurements were carried out
in phosphate buffer (0.02 mol/L, pH 7.2) containing sucrose (0.4 mol/L), MgCl2 (0.005 mol/L), and
NaCl (0.015 mol/L). The chlorophyll content was 30 mg/L in these experiments, and the samples
were irradiated (~100 W/m2 with 10 cm distance) with a halogen lamp (250 W) using a 4 cm water
filter to prevent warming of the samples (suspension temperature 22 ◦C). The studied compounds
were dissolved in DMSO due to their limited water solubility. The applied DMSO concentration (up to
4%) did not affect the photochemical activity in spinach chloroplasts. The inhibitory efficiency of the
studied compounds was expressed by IC50 values, i.e., by molar concentration of the compounds
causing a 50% decrease in the oxygen evolution rate relative to the untreated control. The comparable
IC50 value for the selective herbicide 3-(3,4-dichlorophenyl)-1,1-dimethylurea, DCMU (Diuron®) was
about 2.1 μmol/L. The results are shown in Table 2.

3.3.11. In Vivo Toxicity against Plant Cells

Nicotiana tabacum var. Samsun was used for this test. The compounds were diluted in water to
reach concentrations equal to 1× MIC and 4× MIC. As the negative control, solutions of DMSO in the
same concentration were used. The positive control was 5% DMSO, which should be toxic to the plant
cells. The aqueous solutions were injected into the plant leaves by a syringe (needle 27G × 3⁄4”) to fill
area approx. 1 cm2 [88]. The test was made in triplicates in three different plants. The plants were kept
in a greenhouse on direct sunlight. The effect of the compounds was visually checked every day for
5 weeks. In the presence of tested compounds, no visible changes in the plant tissues were observed.
The results are illustrated in Figure 6.

4. Conclusions

A series of sixteen ring-substituted N-arylcinnamamides was prepared, characterized,
and evaluated against Staphylococcus aureus, three methicillin-resistant S. aureus strains,
Mycobacterium tuberculosis H37Ra, Fusarium avenaceum, and Bipolaris sorokiniana. Additionally,
the compounds were tested for their activity related to the inhibition of photosynthetic electron
transport in spinach chloroplasts. (2E)-3-Phenyl-N-[3-(trifluoromethyl)phenyl]prop-2-enamide
(6) and (2E)-N-[3,5-bis(tri-fluoromethyl)phenyl]-3-phenylprop-2-enamide (13) showed the highest
activity (MIC = 27.47 and 22.27 μM, respectively) against all four staphylococcal strains as
well as against M. tuberculosis. These compounds also showed activity against bacterial
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biofilm forming, the ability to increase the effect of clinically used antibiotics such as
tetracycline, vancomycin, and ciprofloxacin and concentration-dependent antibacterial effect,
which led to killing >99% of bacteria. On the other hand, (2E)-N-(3-fluorophenyl)- (5) and
(2E)-N-(3-methylphenyl)-3-phenylprop-2-enamide (2) had MICs = 16.58 and 33.71 μM, respectively,
against B. sorokiniana, while both compounds did not show any in vivo toxicity against Nicotiana
tabacum var. Samsun. (2E)-N-(3,5-dichlorophenyl)-3-phenylprop-2-enamide (11, IC50 = 5.1 μM) was the
most active PET inhibitor. These compounds showed activities comparable with or higher than those of
standards. A significant decrease of mycobacterial cell metabolism (viability of M. tuberculosis H37Ra)
was observed using the MTT assay. The screening of the cytotoxicity of the selected compounds
was performed using THP-1 cells, and no significant lethal effect was observed for the most potent
compounds. The position of substituents on the anilide ring seems to be crucial for both antitubercular
and antifungal activity; positions C(3)’, C(3,4)’, and C(3,5)’ are preferable. Lipophilicity is another
important factor; antitubercular activity increases with increasing lipophilicity, while antifungal activity,
to the contrary, decreases from the most effective compound 5 (R = 3-F) with lipophilicity log k = 0.23
with increasing lipophilicity. The activity is also dependent on the electronic parameters of substituents
on the anilide core. Bilinear trends for effective compounds can be observed for both antitubercular and
antifungal dependences; nevertheless, for antitubercular effectivity, rather more electron-withdrawing
properties are preferred (σAr ≈ 1, compound 13, R = 3,5-CF3), while for antifungal activity against
B. sorokiniana, less electron-withdrawing properties are preferred (σAr = 0.82, compound 5, R = 3-F).
Also the dependences of PET-inhibiting activity on lipophilicity and electronic properties showed
bilinear trends, as mentioned above, where C(3,5)’ or C(3,4)’ substitution of the anilide core is preferable.
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Abstract: Amyloid-β (Aβ) is commonly recognized as the most important factor that results in
neuronal cell death and accelerates the progression of Alzheimer’s disease (AD). Increasing evidence
suggests that microglia activated by Aβ release an amount of neurotoxic inflammatory cytokines
that contribute to neuron death and aggravate AD pathology. In our previous studies, we found that
lychee seed fraction (LSF), an active fraction derived from the lychee seed, could significantly improve
the cognitive function of AD rats and inhibit Aβ-induced neuroinflammation in vitro, and decrease
neuronal injuries in vivo and in vitro. In the current study, we aimed to isolate and identify the
specific components in LSF that were responsible for the anti-neuroinflammation effect using
preparative high performance liquid chromatography (pre-HPLC), liquid chromatography-mass
spectrometry (LC-MS), and nuclear magnetic resonance (NMR) methods. To this end, we confirmed
two polyphenols including catechin and procyanidin A2 that could improve the morphological status
of BV-2 cells and suppress the release, mRNA levels, and protein expression of pro-inflammatory
cytokines such as tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), and interleukin-6
(IL-6) through downregulating the nuclear factor-κB (NF-κB) signaling pathway using ELISA,
RT-PCR, and Western blotting methods. Furthermore, catechin and procyanidin A2 could inhibit
Aβ-induced apoptosis in BV-2 cells by upregulating Bcl-2 and downregulating Bax protein expression.
Therefore, the current study illustrated the active substances in lychee seed, and first reported
that catechin and procyanidin A2 could suppress neuroinflammation in Aβ-induced BV-2 cells,
which provides detailed insights into the molecular mechanism of catechin and procyanidin A2 in
the neuroprotective effect, and their further validations of anti-neuroinflammation in vivo is also
essential in future research.

Keywords: Aβ; AD; lychee seed; neuroinflammation; catechin; procyanidin A2; apoptosis

1. Introduction

Alzheimer’s disease (AD) is the most common type of late-onset dementia, which is characterized
by dysfunction in cognition and behavior. Senile plaques (SPs) and neurofibrillary tangles (NFTs) are
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recognized as two key pathological features of AD, and amyloid-β (Aβ) and hyperphosphorylated
tau are the two main aggregated proteins in SPs and NFTs, respectively. These aggregated proteins
accumulate in neurons, which lead to neuronal death and ultimately dementia. Therefore, AD patients
exhibit an extensive loss of synapses and neurons in the cortex and hippocampus [1,2].

AD pathogenesis is not the only Aβ- and tau-induced neuronal injury, but is also a kind of
neuroinflammation activated by Aβ and tau [3–6]. Microglia are a special form of macrophage,
which are involved in the innate immune system of the central nervous system (CNS) and mediate
the key neuroinflammatory cytokines [7–9]. In general, aggregated proteins such as Aβ, α-synuclein,
and mHtt associated with AD, Parkinson’s disease (PD), and Huntington’s disease (HD) respectively,
can activate microglia and release amounts of pro-inflammatory cytokines such as tumor necrosis factor
alpha (TNF-α), interleukin-1β (IL-1β), interleukin-6 (IL-6), nitric oxide (NO), and reactive oxygen
species (ROS). These toxic inflammatory cytokines then induce microglial activation and neuronal
death, which in turn further aggravate the inflammatory response. In AD patients, the morphology of
microglia has been found to be abnormal and over-activated by oligomeric Aβ [9,10].

With the improvements in the material standards of people’s lives, the aging population is
becoming an important issue. More and more age-related diseases—such as dementia, diabetes,
hypertension, coronary heart disease, etc.—are accelerating, of which, dementia with dysfunction in
cognition and behavior brings a heavy spirit and economic burdens to the patients, their families,
and countries. However, up until now, there are still no effective drugs that can be used for the
treatment of AD owing to its complicated mechanisms [11]. Traditional Chinese medicines (TCMs)
have a long usage history in the prevention and treatment of diverse diseases. There are many Chinese
medical herbs and formulas—such as Radix polygalae, Radix ginseng, Ginkgo biloba, Salvia miltiorrhiza,
Ginseng, Dangguishaoyao San, Tiaoxin Fang, and Zhiling Tang—that have been proven to modulate
neurodegenerative disease [12–18].

Lychee seed (lizhihe in Chinese) is from the dried mature seeds of Litchi chinensis Sonn, which is a
Chinese folk medicine recorded in “Ben cao gang mu”. Its traditional efficacies include promoting
the circulation of Qi to resolve stagnation and treating hernia. Modern pharmacological studies
have proven that lychee seed exerts the following bioactivities including improving blood sugar
concentration, liver-protection, anti-oxidation, anti-virus, and anti-tumor effects. In our previous
studies, we found that LSF, a bioactive fraction derived from lychee seed, could improve cognitive
function of AD rats, suppress apoptosis in Aβ-induced PC-12 cells, and reduce Aβ and tau proteins in
T2DM rats [19,20]. Recently, we have characterized the detailed components in LSF and proven that
LSF could suppress Aβ-induced neuroinflammation in BV-2 cells. In the present study, we aimed to
isolate and identify the components in LSF that are responsible for the anti-neuroinflammation effect in
Aβ-induced BV-2 cells. Through its isolation, purification, identification, and elucidation using column
chromatography, preparative high performance liquid chromatography (Pre-HPLC), and nuclear
magnetic resonance (NMR) technologies, two polyphenols including catechin and procyanidin A2
were proven to suppress Aβ-induced neuroinflammation and apoptosis in Aβ-induced BV-2 cells.
These findings in the current study provide evidences for the action substances and mechanism of
lychee seed in the improvement of the cognition and behavior of AD rats, and further investigation of
their pharmacokinetics in rat brain and the validation of their anti-inflammation effect in vivo are also
essential for future therapeutic approaches.

2. Results

2.1. Isolation, Purification, Identification, and Elucidation of Catechin and Procyanidin A2 in LSF

LSF was prepared according to the previous study [19,20] and first analyzed using RP-HPLC
monitored at 280 nm. A total of 12 main peaks were collected using AKTA protein purification system
(Figure S1A,B). The purity of 12 collected peaks were measured by using RP-HPLC (Figure S1C).
Through the preliminary evaluation of the anti-neuroinflammation effect of these 12 fractions
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using Wright–Giemsa staining and ELISA methods, Fractions 3 and 9 were found to improve the
morphological status, decrease the ratio of activated BV-2 cells, increase cell density, and decrease
the release of pro-inflammatory cytokines in Aβ(1-42)-induced BV-2 cells (Figures S2 and S3),
suggesting that the compounds in Fraction 3 and 9 could be the major bioactive components that are
responsible for the anti-inflammation effect. Therefore, we applied pre-HPLC to further purify the
compounds in Fractions 3 and 9, and obtained compounds 1 and 2 from Fractions 3 and 9, respectively.
Through the elucidation using ultra-high-performance liquid chromatography with diode array
detector coupled with electrospray ionization-tandem mass spectrometry (UHPLC-DAD-ESI-/MS/MS)
and NMR instruments (Figures S4–S6), Compounds 1 and 2 were confirmed to be catechin and
procyanidin A2, respectively. Their structures, DAD chromatograms, and MS spectrums are displayed
in Figure 1 and Figure S7.

Figure 1. UHPLC-DAD-ESI-MS/MS chromatograms of catechin and procyanidin A2. The structures
of (A) catechin and (B) procyanidin A2. (C) DAD chromatograms of catechin and procyanidin A2
recorded at 280 nm, MS spectrum of (D) catechin and (E) procyanidin A2 in negative mode.

162



Int. J. Mol. Sci. 2018, 19, 2109

Compound 1: UV λmax: 215, 276 nm, LC-ESI-MS/MS: m/z 289.2 [M − H]−, 1H-NMR (400 MHz,
DMSO): d 9.22 (s, 1H, 5-OH), 8.97 (s, 1H, 7-OH), 8.90 (s, 1H, 3′-OH), 8.85 (s, 1H, 4′-OH), 6.71 (m, 1H,
2′-H), 6.67 (d, J = 1.9 Hz, 1H, 5′-H), 6.60 (d, J = 1.9 Hz, 1H, 6′-H), 5.88 (d, J = 2.3 Hz, 1H, 6-H),
5.68 (d, J = 2.2 Hz, 1H, 8-H), 4.90 (d, J = 5.1 Hz, 1H, 3-OH), 4.48 (d, J = 7.5 Hz, 1H, 2-H), 3.81 (m, 1H,
3-H), 2.63 (dd, J = 16.1, 5.3 Hz, 1H, 4-H), 2.35 (dd, J = 16.0, 8.0 Hz, 1H, 4-H); 13C-NMR (101 MHz,
DMSO): d 156.90 (C-7), 156.62 (C-5), 155.80 (C-8a), 145.28 (C-39, 49), 131.00 (C-19), 118.88 (C-69),
115.49 (C-29), 114.94 (C-59), 99.47 (C-4a), 95.49 (C-6), 94.24 (C-8), 81.44 (C-2), 66.73 (C-3), 28.34 (C-4).
The above data were consistent with the reported papers and identified as catechin [21,22].

Compound 2: UV λmax: 215, 276 nm, LC-MS/MS: m/z 575.2 [M − H]−, 1H-NMR (400 MHz, MeOD)
δ 7.14 (1H, d, J = 2.0 Hz, H-2”), 7.13 (1H, d, J = 2.0 Hz, H-2′”), 7.01 (1H, dd, J = 8.3, 2.2 Hz, H-6”),
6.97 (1H, dd, J = 8.3, 2.0 Hz, H-6′”), 6.81 (1H, d, J = 1.7 Hz, H-5”), 6.79 (1H, d, J = 1.8 Hz, H-5′”),
6.08 (1H, s, H-6′), 6.06 (1H, d, J = 2.3 Hz, H-8), 5.99 (1H, d, J = 2.4 Hz, H-6), 4.92 (1H, s, H-2′), 4.40 (1H,
d, J = 3.4 Hz, H-4), 4.23 (1H, m, H-3′), 4.05 (1H, d, J = 3.4 Hz, H-3), 2.94 (1H, dd, J = 17.2, 4.9 Hz,
H-4′α), 2.75 (1H, dd, J = 17.2, 2.3 Hz, H-4′β); 13C-NMR (101 MHz, MeOD) δ 158.29 (C-7), 157.15 (C-5),
156.76 (C-5′), 154.42 (C-9), 152.46 (C-7′), 152.30 (C-9′), 146.93 (C-3′”), 146.47 (C-3”), 146.16 (C-4′”),
145.82 (C-4”), 132.63 (C-1”), 131.36 (C-1′”), 120.57 (C-6”), 119.97 (C-6′”), 116.23 (C-5”), 116.1 (C-5′”),
115.85 (C-2”), 115.82 (C-2′”), 107.39 (C-8′), 104.45 (C-10), 102.62 (C-10′), 100.36 (C-2), 98.50 (C-6),
96.82 (C-8), 96.70 (C-6′), 81.94 (C-2′), 68.24 (C-3), 67.14 (C-3′), 30.06 (C-4′), 29.43 (C-4). The above data
were consistent with the reported papers and identified as procyanidin A2 [23].

2.2. Catechin and Procyanidin A2 Improve the Morphology of BV-2 Cells

The cellular morphology of BV-2 cells can reflect the inflammatory response [24]. In this
part, we first examined the cytotoxicity of catechin and procyanidin A2 against BV-2 cells using
a CCK-8 kit, and there no cytotoxicity was observed under 80 μM (Figure 2A). Figure 2B showed
the morphologic changes of BV-2 cells treated with Aβ(1-42) alone and Aβ(1-42) co-treated with LSF,
catechin, and procyanidin A2, which were detected by the Wright–Giemsa staining method. As shown
in Figure 2B–D, LSF, catechin and procyanidin A2 could reduce the ratio of activated BV-2 cells that
displayed ameboid shape, fusiform, more synapse and obvious nucleus fragmentations, and increase
cell density in Aβ(1-42)-induced BV-2 cells, suggesting that LSF and its derived compounds could
suppress Aβ(1-42) induced neuroinflammation. Therefore, catechin and procyanidin A2 could be the
bioactive components that are responsible for the anti-neuroinflammation effect.
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Figure 2. Morphological changes of BV-2 cells. (A) Cytotoxicity of catechin and procyanidin A2 against
BV-2 cells for 48 h using CCK-8 kit; (B) BV-2 cells were pretreated with 5 μM Aβ(1-42) for 12 h, followed
by incubations of LSF (0.469 μg/mL), catechin (10 μM), and procyanidin A2 (10 μM), respectively.
The red arrows indicate the activated BV-2 cells with ameboid shape. Magnification: ×100; Scale bar:
50 μm. (C) The ratio of activated BV-2 cells, which was calculated by counting the number of activated
BV-2 cells in all of the BV-2 cells views; (D) The density of BV-2 cells, which was quantified by counting
the number of all the BV-2 cells, and a minimum of 150 cells from three randomly selected fields were
scored. BV-2 cells treated with medium alone were set as the control group, and BV-2 cells treated with
5 μM Aβ(1-42) alone were set as the Aβ group. ### p < 0.001 vs. Control group; ** p < 0.005, *** p < 0.001
vs. Aβ group.
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2.3. Catechin and Procyanidin A2 Inhibit Pro-Inflammatory Cytokines in Aβ(1-42)-Induced BV-2 Cells

Our previous study proved that LSF could inhibit the release, mRNA levels, and protein
expressions of TNF-α, IL-1β, COX-2, and iNOS. Based on the preliminary screen result
of the anti-neuroinflammation effect of the 12 isolated fractions, we further validated the
anti-neuroinflammation effect of catechin and procyanidin A2 in Fractions 3 and 9 in the current
experiment. As shown in Figure 3, LSF, catechin and procyanidin A2 could significantly decrease
the release of TNF-α, IL-1β, and IL-6 levels in cell culture supernatants using an ELISA kit in
Aβ(1-42)-induced BV-2 cells. Additionally, the mRNA levels of TNF-α, IL-1β, and iNOS were
measured using RT-PCR. Figure 4 shows that LSF, catechin, and procyanidin A2 could significantly
reduce the mRNA levels in Aβ(1-42)-induced BV-2 cells. Correspondingly, the protein expressions
of TNF-α, IL-1β, and iNOS in Aβ(1-42)-induced BV-2 cells under the treatments of LSF, catechin,
and procyanidin A2 were detected by Western blotting. As shown in Figure 5, LSF, catechin,
and procyanidin A2 dramatically reduced the protein content of TNF-α, IL-1β, and iNOS. In summary,
catechin and procyanidin A2 could inhibit the inflammatory response in Aβ(1-42)-induced BV-2 cells,
suggesting that catechin and procyanidin A2 could be the key active components in LSF.

Figure 3. The release of TNF-α, IL-1β, and IL-6 in Aβ(1-42)-induced BV-2 cells under the treatments of
LSF, catechin, and procyanidin A2. BV-2 cells were pretreated with 5 μM Aβ(1-42) for 12 h, followed
by incubations of LSF (0.469 μg/mL), catechin (10 μM), and procyanidin A2 (10 μM) for another
12 h. After treatment, the cell free supernatants were subsequently employed for TNF-α (A), IL-1β (B),
and IL-6 (C) assays using ELISA kit. BV-2 cells treated with medium alone were set as the control group,
and BV-2 cells treated with 5 μM Aβ(1-42) alone were set as the Aβ group. ### p < 0.001 vs. control
group; *** p < 0.001 vs. Aβ group. Data are the mean value ± S.D. of ten independent experiments.

Figure 4. The mRNA levels of TNF-α, IL-1β, and iNOS in Aβ(1-42)-induced BV-2 cells under the
treatments of LSF, catechin, and procyanidin A2. BV-2 cells were pretreated with 5 μM Aβ(1-42) for
12 h, followed by incubations of LSF (0.469 μg/mL), catechin (10 μM), and procyanidin A2 (10 μM) for
another 12 h. After treatment, total mRNA were extracted and subsequently employed for TNF-α (A),
IL-1β (B), and iNOS (C) measurements using RT-PCR. BV-2 cells treated with medium alone were set
as the control group, and BV-2 cells treated with 5 μM Aβ(1-42) alone were set as the Aβ(1-42) group.
### p < 0.001 vs. control group; *** p < 0.001 vs. Aβ group. Data are the mean value ± S.D. of five
independent experiments.
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Figure 5. The protein expressions of TNF-α, IL-1β, and iNOS in Aβ(1-42)-induced BV-2 cells under
the treatments of LSF (0.469 μg/mL), catechin (10 μM), and procyanidin A2 (10 μM). BV-2 cells were
pretreated with 5 μM Aβ(1-42) for 12 h, followed by incubations of LSF, catechin, and procyanidin
A2 for another 12 h. (A) After treatment, cell lysates were harvested and subsequently employed
for TNF-α, IL-1β, and iNOS measurements using Western blotting. Band intensities of TNF-α (B),
IL-1β (C), and iNOS (D) were quantified using Image J software and normalized to β-actin. Bars are
representatives of three independent experiments. BV-2 cells treated with medium alone were set as
the control group, and BV-2 cells treated with 5 μM Aβ(1-42) alone were set as the Aβ group. # p < 0.05,
### p < 0.001 vs. control group; * p < 0.05, ** p < 0.01 vs. Aβ group. The full-length Western blotting
images are shown in Figure S8.

2.4. Catechin and Procyanidin A2 Inhibit the Activation of NF-κB Signaling Pathway

Emerging evidence implies that the NF-κB signaling pathway is activated in AD pathogenesis.
This pathway can regulate the release and expression of pro-inflammatory cytokines, and its function
is related to its inhibitory factor, IκBα. Aβ can activate the NF-κB signaling pathway then release
the pro-inflammatory cytokines. In this study, we investigated the inhibition effect of LSF and the
isolated components, catechin and procyanidin A2 in neuroinflammation in Aβ(1-42)-induced BV-2
cells. As shown in Figure 6, LSF, catechin, and procyanidin A2 could significantly suppress the protein
expression of NF-κB and the ratio of p-IκBα/IκBα, suggesting that LSF, catechin, and procyanidin A2
suppressed the neuroinflammation via inhibiting the NF-κB signaling pathway in Aβ(1-42)-induced
BV-2 cells.
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Figure 6. Catechin and procyanidin A2 inhibit the activation of the NF-κB signaling pathway.
BV-2 cells were pretreated with 5 μM Aβ(1-42) for 12 h, followed by incubations of LSF (0.469 μg/mL),
catechin (10 μM), and procyanidin A2 (10 μM) for another 12 h. (A) After treatment, the cell lysates
were harvested and subsequently employed for IκBα, p-IκBα, and NF-κB detections using Western
blotting. Band intensities of p-IκBα/IκBα (B) and NF-κB (C) were quantified using Image J software
and normalized to β-actin. Bars are representatives of three independent experiments. BV-2 cells
treated with medium alone were set as the control group, and BV-2 cells treated with 5 μM Aβ(1-42)
alone were set as the Aβ group. ## p < 0.01 vs. control group; * p < 0.05, ** p < 0.01, *** p < 0.001 vs. Aβ

group. The full-length Western blotting images are shown in Figure S8.

2.5. Catechin and Procyanidin A2 Inhibit Cell Apoptosis in Aβ(1-42)-Induced BV-2 Cells

As is known to us, over-expression of pro-inflammatory cytokines can induce the microglial
activation and lead to neuronal death. Our previous study have proved that LSF could inhibit
cell apoptosis in Aβ(1-42)-induced BV-2 cells. In this current experiment, we also investigated the
suppression effect of cell apoptosis in Aβ(1-42)-induced BV-2 cells under the treatments of LSF and
the isolated components, catechin and procyanidin A2. As shown in Figure 7, LSF, catechin and
procyanidin A2 could inhibit Aβ(1-42)-induced BV-2 cells apoptosis by reducing Bax/Bcl-2 ratio and
attenuating the proportion of cleaved-PARP in total PARP. These results suggested that the decreased
cell apoptosis could relate to the inhibition of inflammatory response in Aβ(1-42)-induced BV-2 cells
with the treatments of catechin and procyanidins A2.
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Figure 7. Catechin and procyanidin A2 inhibit cell apoptosis in the Aβ(1-42)-induced BV-2 cells. BV-2
cells were pretreated with 5 μM Aβ(1-42) for 12 h, followed by incubations of LSF (0.469 μg/mL),
catechin (10 μM), and procyanidin A2 (10 μM) for another 12 h. (A) After treatment, cell lysates
were harvested and subsequently employed for Bax, Bcl-2 PARP, and cleaved-PARP detections using
Western blotting. Band intensities of Bax/Bcl-2 (B) and cleaved-PARP/PARP (C) were quantified using
Image J software and normalized to β-actin. Bars are representatives of three independent experiments.
BV-2 cells treated with medium alone were set as the control group, and BV-2 cells treated with 5 μM
Aβ(1-42) alone were set as the Aβ group. ## p < 0.01, ### p < 0.001 vs. control group; * p < 0.05, ** p < 0.01,
*** p < 0.001 vs. Aβ group. The full-length Western blotting images are shown in Figure S8.

3. Discussion

AD is the most common type of dementia worldwide. Its pathological hallmarks are recognized
as the accumulated Aβ in SPs and the hyperphosphorylation of tau in NFTs [25,26]. The inactivated
microglia can improve Aβ clearance and promote anti-inflammatory effects, and also protect the CNS
from injury and invading pathogens [27]. However, it has recently been shown that microglial depletion
for 2–4 weeks in the mouse model at advanced stage cannot reduce Aβ plaque, suggesting that the
aged microglia is inactivated in clearing plaques in the AD brain [28]. It has been reported that
immune activation early in life could trigger the onset of AD, while exposing microglia to Aβ could
induce sustained chronic neuroinflammation, tau hyperphosphorylation, and a loss of synapses and
neurons [7,29–31]. Therefore, the timing of Aβ pathogenesis is recognized to be critical for microglia
to form a physical barrier to limit neurotoxicity [32], and a potent inhibitor of microglia activation is
essential for inhibiting neuroinflammation. Lychee seed, a commonly used TCM, has been reported to
exert many biological activities such as anti-oxidation, anti-virus, and improving insulin resistance
(IR) [33–36]. In our previous study, LSF, a bioactive fraction from lychee seed, was first proven to
improve the cognitive function of AD rats, protect PC12 cells against Aβ-induced injury, and suppress
neuroinflammation in Aβ(1-42)-induced BV-2 cells [19,20]. However, the specific components being
responsible for this effect are still unknown. In this experiment, we isolated and identified two
bioactive components from LSF that are responsible for these neuroprotective effects.
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It has been reported that SP is surrounded by a cluster of reactive microglia as phagocytic
cells. These microglia can remove Aβ in brain and protect neurons [29,37,38]. On the other hand,
studies have shown that the content of Aβ in microglia was remarkably increased in AD patients
and model animals’ brains, suggesting that the microglia are over activated and then contribute to
the occurrence of AD [39,40]. Therefore, the over-activated microglia induced by accumulated Aβ

or tau will induce neuroinflammation and accelerate AD progression. Based on this evidence, we
used Aβ(1-42)-induced BV-2 cells to simulate the over activated microglia in AD patients or rats.
With persistent activation of BV-2 cells by Aβ(1-42), many cytotoxic factors including TNF-α, IL-1β,
IL-6, nitric oxide (NO), and superoxide are released from the over-activated microglia [29,41–43].
The released toxic inflammatory cytokines induce microglial activation and lead to neuronal death,
and ultimately dementia [44]. In the present study, we symmetrically isolated and identified
two polyphenols including catechin and procyanidin A2 from LSF using column chromatography,
pre-HPLC, and NMR technologies. The bioactive validation proved that catechin and procyanidin
A2 could suppress Aβ-induced neuroinflammation in Aβ(1-42)-induced BV-2 cells by inhibiting the
release, mRNA levels, and protein expressions of TNF-α, IL-1β, IL-6, and iNOS.

Polyphenols widely exist in most natural plants such as Radix et Rhizoma Rhei, Radix Scutellariae,
Rhizoma et Radix Polygoni Cuspidati, etc. As is known to us, polyphenols exert a potent anti-oxidative
effect and protect cells or tissue against oxidative damage, which results in improved immunity,
anti-cancer, and anti-aging effects. Recently, many polyphenols such as resveratrol from Rhizoma et
Radix Polygoni Cuspidati [45]; epigallocatechin gallate (EGCG) from green tea [46]; curcumin from
the spice turmeric [47]; and the flavonoids—including baicalin, baicalein, wogonoside, wogonin,
oroxylin A, etc.—from Radix Scutellariae [48] have been proved to inhibit Aβ aggregation. Catechin and
procyanidin A2 widely exist in fruit seed and skin including grape seed, apple seed, and the skin
from Hylocereus undatus ‘Foo-Lon’. Catechin has been reported to stimulate antioxidant activity by
scavenging free radicals, inhibiting pro-oxidant enzymes, and stimulating antioxidant enzymes. In this
study, our data suggested that catechin inhibited neuroinflammation, which is consistent with previous
studies that claimed that catechin possessed a neuroprotective effect [49]. Procyanidins are members
of the proanthocyanidin (or condensed tannins) class of flavonoids. They are oligomeric compounds
composed of catechin and epicatechin. It has been reported that procyanidins have an extremely strong
antioxidant and free radical clearing effect. At the same time, catechin and procyanidins have also been
proved to inhibit Aβ-induced apoptosis in PC12 cells and inhibit Aβ aggregation, respectively [50,51].
However, up to now, there have been no reports on the inhibition effect of catechin and procyanidin
A2 in Aβ-induced neuroinflammation.

In this study, we identified the key active components of LSF to inhibit Aβ(1-42)-mediated
neuroinflammation. In general, morphological appearance is often related to functional properties,
and we found the appearance of BV-2 cells treated with Aβ(1-42) were ameboid shaped, indicating
a fully activated state [52,53]. Furthermore, the proportion of ameboid-shaped cells in Aβ(1-42)
pre-treated BV-2 cells was decreased after the treatment of LSF, catechin, or procyanidin A2, suggesting
that LSF, catechin, and procyanidin A2 can inhibit BV-2 cells activation.

NF-κB is a protein complex that regulates the transcription of DNA, pro-inflammatory cytokine
release, and cell survival [54–58]. Pro-inflammatory mediators such as TNF-α, IL-1, IL-6, iNOS,
and cyclooxygenase-2 (COX-2) are released from cells as NF-κB is activated [59]. NF-κB usually exists
in the cytoplasm in the form of homo- and/or heterodimers, and forms an inactive complex with its
inhibitory factor IκBα [60,61]. IκBα is phosphorylated by IκB kinase (IKK) and releases the NF-κB
dimer when the pathway is activated. Our previous studies proved that LSF could inhibit neuronal
and BV-2 cells apoptosis, which could be associated with the inhibition of the NF-κB pathways [20].
In the current study, catechin and procyanidin A2 in LSF were found to inhibit the NF-κB pathway by
downregulating the p-IκBα/IκBα and NF-κB expressions.

Aβ also induces microglial apoptosis and further aggravates the inflammatory response. The Bcl-2
family plays an important role in the regulation of apoptosis. It consists of anti-apoptotic proteins such
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as Bcl-2, Bcl-xl, Bcl-w, and Mcl-1, and pro-apoptotic proteins including Bax, Bak, Bad, Bid, and Bim.
In the present study, we found that catechin and procyanidin A2 could decrease the Bax/Bcl-2 ratio in
Aβ(1-42)-induced BV-2 cells. Additionally, another apoptosis related protein, the poly (ADP-ribose)
polymerase (PARP) protein family, is associated with many cellular processes such as DNA repair,
genomic stability, and programmed cell death. The cleaved-PARP is generally considered to be an
important indicator of apoptosis and caspase 3 activation [62,63]. Similarly, catechin and procyanidin
A2 could reduce the proportion of cleaved-PARP in total PRAP in Aβ(1-42)-induced BV-2 cells.
Taken together, all of the above results indicated that catechin and procyanidin A2 could suppress
apoptosis in Aβ-induced BV-2 cells.

The blood–brain barrier (BBB) permeability of the drugs acting on CNS is becoming an important
issue to which we should pay attention. The permeability of dietary polyphenols across the blood–brain
barrier (BBB) is selective, has poor absorption, and rapid metabolism, which limits their bioavailability
and neuroprotective effect. Most polyphenols have been proven to have a neuroprotective effect
in vitro and vivo. Recently, a study found that the bioavailable polyphenol metabolites could transport
across the BBB endothelium and protect brain endothelial cells and neuronal cells, and reduce
neuroinflammation [64]. Although the polyphenols intracellular concentrations in neurons and
microglial cells are limited, such concentrations are in fact beneficial [65]. Catechin, the compound
identified from LSF in the current study, has previously been reported to pass through BBB after
intravenous (iv) administration [66]. In addition, nanosystems could be a promising strategy for
delivering resveratrol, a polyphenol, into the brain, which can protect it from degradation in the blood
stream [67]. Therefore, a rational administration or formulation could avoid the first pass effect, protect
degradation, and improve the BBB permeability of the polyphenols.

Collectively, our study confirmed that the two key active substances of LSF, catechin and
procyanidin A2, could inhibit Aβ-induced neuroinflammation. In future study, we will try to
investigate the concentration of catechin and procyanidin A2 passed through BBB by selecting the
optimal administration route and formulation, which are expected to be developed as novel drugs
for AD.

4. Materials and Methods

4.1. Reagent and Instrument

LSF was prepared according to our previous method [19,20]. HPLC-grade acetonitrile and
methanol, sodium dodecyl sulfate (SDS), and Aβ(1-42) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Roswell Park Memorial Institute 1640 medium (RPMI 1640) was obtained from Gibco
(Grand Island, NY, USA). Fetal bovine serum (FBS), RT-PCR kit, and PCR kit were purchased from
TransGen Biotech Inc. (Beijing, China). The Wright–Giemsa stain kit was purchased from Nanjing
Jiancheng Bioengineering Institute (Nanjing, China). Primary antibodies such as TNF-α, IL-1β,
inducible nitric oxide synthase (iNOS), nuclear factor kappa-light-chain-enhancer of activated B
(NF-κB), inhibitor of NF-κB alpha (IκBα), phosphorylate-IκBα (p-IκBα), poly ADP-ribose polymerase
(PARP), cleaved-PARP, Bax, Bcl-2, and β-actin were obtained from Cell Signaling Technology (CST)
(Beverly, MA, USA). Enzyme linked immunosorbent assay (ELISA) kits of TNF-α, IL-1β, and IL-6
were purchased from Beijing Cheng Lin Biological Technology Co., Ltd. (Beijing, China).

4.2. Instrument and Chromatograph Condition for the Separation of the Components in LSF

The separation and purification of the components in LSF was performed using AKAT protein
purification system equipped with a UV–vis detector at 280 nm on an amethyst C18–H column
(21.2 × 250 mm, 5 μm) which was purchased from Sepax Technologies Inc. (Suzhou, China) at a flow
rate of 10 mL/min. The parameters of the gradient elution program were applied as follows: the ratio
of mobile phase B (acetonitrile) to mobile phase A (0.1% formic acid in water) changed from 15% to
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35% in 45 min. The peaks displaying in the chromatograms were collected according to their retention
time. All the collected solutions were concentrated by rotary evaporator.

4.3. Cell Culture

BV-2 cells, an immortalized mouse microglia cell line, was purchased from the Kunming Institute
of Zoology, Chinese Academy of Science (Kunming, China). It was cultured in RPMI 1640 medium
supplemented with 20% fetal bovine serum and 1% penicillin/streptomycin at 37 ◦C with CO2 (5%) [8].

4.4. Cell Viability

Twelve isolated fractions were dissolved with dimethyl sulfoxide (DMSO) to make a final
concentration of 80 g/L. Cell viability of Fractions 1–12 against BV-2 cells was measured with a
CCK-8 kit according to the manufacture’s protocols. In brief, BV-2 cells were plated on 96-well plates
(100 μL, 1 × 105 cells/well) one day before LSF treatment under the indicated concentrations. After
48 h treatment, 10 μL of CCK-8 solution was added into each well and incubated for another 2 h.
Colorimetric reading of the solute mixture was then determined at OD 450 nm using a standard
plate-reader (DG5032, Hua Dong, Nanjing, China). The percentage of cell viability was calculated
using the following formula: Cell viability (%) = Cells number treated/Cells number DMSO control × 100.
Data were obtained from three independent experiments.

4.5. Identification of the Components in LSF

Reverse phase ultra-high-performance liquid chromatography (RP-UHPLC) (Shimadzu
Corporation, Hadano, Japan) equipped with DGU-20A5R degasser, two LC-20ADXR pumps,
a SIL-20ACXR autosampler, a CTO-20AC column oven, a SPD-M20A diode array detector, and a
Shimadzu CBM-20A system controller was used for analysis in the current study. All the samples
dissolved in methanol were separated by a C18 column (4.6 × 250 mm, 5.0 μm particle size) (GL Science,
Torrance, CA, USA) at a flow rate of 1 mL/min. The gradient elution system consisting of mobile
phase A (acetonitrile) and mobile phase B (0.1% acetic acid, v/v) was set as follows: 0–10 min, 5–24%
(A); 10–11 min, 24–24% (A); 11–11.01 min, 24–28% (A); 11.01–12 min, 28–28% (A); 12–12.01 min, 28–36%
(A); 12.01–13 min, 36–36% (A); 13–13.01 min, 36–40% (A); 13.01–14 min, 40–40% (A); 14–14.01 min,
40–45% (A); 14.01–15 min, 55–55% (A); 15–15.01 min, 55–50% (A); 15.01–16 min, 50–50% (A); 16–18 min,
50–60% (A); 18–30 min, 60–70% (A). The column temperature was maintained at 25 ◦C and the injection
volume was 20 μL of each sample. The UV–vis absorption spectra were recorded on-line from 190 to
800 nm during the analysis and the components in LSF were monitored at 280 nm. Data analysis was
carried out using Shimadzu LabSolutions software B.01.03 (Shimadzu Corporation, Hadano, Japan).

Ultra-high-performance liquid chromatography (UHPLC) (Shimadzu Corporation, Hadano,
Japan) equipped with DGU-30A5R degasser, two LC-30ADXR pumps, a SIL-30ACXR autosampler,
a CTO-30AC column oven, a SPD-M30A diode array detector, a Shimadzu CBM-30A system controller,
and a 8045 electrospray ionization tandem mass spectroscopic (ESI-MS/MS) was used to identify the
isolated components from LSF in negative and positive modes. Data were acquired in scan mode from
m/z 100 to 1000 Da with 2.0 spectra/s. Data analysis was carried out using Shimadzu LabSolutions
software B.01.03 (Shimadzu Corporation, Hadano, Japan).

4.6. Wright–Giemsa Staining

BV-2 cells were seeded on coverslips in a 6-well plate a day before treatments. The cells
were pretreated with 5 μM Aβ(1-42) for 12 h, followed by incubations of the test fractions or
compounds for another 12 h. After treatments, these coverslips were air-dried and stained with
Giemsa solution as described previously [68]. In brief, slides stained in the diluted Giemsa solution
(1:20) in PBS for 15–20 min were washed with PBS to remove the excess stain and air-dried
at room temperature. The air-dried slides were mounted with FluorSaveTM mounting media
(Calbiochem, San Diego, CA, USA), and the optical microscope images were observed and taken
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with an optical microscope (Leica DM750 optical microscope, Leica, Germany). The ratio of activated
BC-2 cells was calculated by counting the number of the activated BV-2 cells in all of the BV-2 cells.
In addition, the density of BV-2 cells was quantified by counting the number of all of the BV-2 cells.
A minimum of 150 cells from three randomly selected fields were scored.

4.7. Cytokines ELISA

BV-2 cells were plated on a 96-well plate (100 μL, 1 × 105 cells/well) a day before treatments.
The cells were pretreated with 5 μM Aβ(1-42) for 12 h, followed by an incubation of the fractions
or compounds for another 12 h. The cell-free supernatants were subsequently employed for TNF-α,
IL-1β, and IL-6 assays using the ELISA kits according to the manufacturer’s instructions.

4.8. Quantitative Reverse Transcription PCR (qRT-PCR)

The total RNA of BV-2 cells was extracted by TRIZOL reagent, and its reverse transcription into
cDNA were performed according to the manufacture’s protocol for the Prime Script RT reagent kit
(Trans Serum, Beijing, China). The primers are listed as follows

TNF-α
Forward: 5′-GAGCACAGAAAGCATGATCC-3′

Reverse: 5′-GAGAAGAGGCTGAGACATAG-3′

IL-1β
Forward: 5′-CTAGGGACTTAGGTGCTGTC-3′

Reverse: 5′-CTCTGCCTTTGCTTCCAAGC-3′

iNOS
Forward: 5′-CGTTGGATTTGGAGCAGAAG-3′

Reverse: 5′-CCTCTTTCAGGTCACTTTGG-3′

GAPDH
Forward: 5′-GACAGTCGGAAACTGGGAAG-3′

Reverse: 5′-CATCACGTCCTCCATCATCC-3′

4.9. Western Blotting

After treatment, cells were washed with pre-cooled PBS and lysed by RIPA lysis buffer (Beyotime,
Shanghai, China) containing 20 mM Tris-HCl (pH 7.4), 1% Triton X-100, 140 mM NaCl, and 1 mM
phenylmethylsulfonyl fluoride (PMSE). Protein concentrations were measured by BCA kit (Beyotime,
Shanghai, China) as per the previous report [20]. Equal amounts of each protein (50 μg/well) were
loaded onto SDS-PAGE and the separated proteins on the gel were transferred onto a polyvinylidene
difluoride (PVDF) membrane, which was then blocked with 5% non-fat milk in Tris-buffered saline and
Tween 20 (TBST) for 1 h. The membrane was then washed with TBST three times and incubated with the
primary antibodies including β-actin, TNF-α, IL-1β, iNOS, NF-κB, IκBα, p-IκBα, PARP, cleaved-PARP,
Bax, and Bcl-2 overnight at 4 ◦C. After the membrane was washed with TBST three times, it was
followed with a further incubation for 1 h at room temperature with horseradish peroxidase (HRP)
conjugated secondary antibodies. The protein expression bands were revealed by the ultra ECL
Detection Reagent ECL (4A Biotech Co., Ltd., Beijing, China) and detected by the ChemiDoc MP
Imaging System (Bio-Rad, Hercules, CA, USA). Band intensity was quantified using Image J software
(National Institutes of Health, Bethesda, MD, USA) and the ratio of the interest proteins to β-actin
was calculated.

4.10. Statistical Analysis

All data were presented as the mean ± standard deviation (S.D.) and were analyzed using
GraphPad Prism 5.0 statistical analytical software (GraphPad Software, San Diego, CA, USA). The data
were considered to have significant difference as p < 0.05. One-way ANOVA followed by the post-Tukey
test was applied for statistical analysis to compare all the different groups in the current study.
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5. Conclusions

In the current study, two polyphenols—catechin and procyanidin A2—were isolated and
identified in LSF derived from lychee seed; they were proven to be the bioactive components
responsible for the inhibition effect of neuroinflammation in Aβ(1-42)-induced BV-2 cells by
modulating the NF-κB signaling pathway. Furthermore, catechin and procyanidin A2 could also
inhibit cell apoptosis in Aβ(1-42)-induced BV-2 cells. This study illuminated the action substances and
molecular mechanism of LSF in anti-neuroinflammation. Further studies on brain pharmacokinetics
and the pharmacological activity in vivo are also essential.
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Abbreviations

Aβ Amyloid-β
AD Alzheimer’s disease
LSF Lychee seed fraction
pre-HPLC Preparation of high performance liquid chromatography
NMR Nuclear magnetic resonance
TNF-α Tumor necrosis factor-α
IL-1β Interleukin-1β
IL-6 Interleukin-6
NF-κB Nuclear factor-κB
ELISA Enzyme linked immunosorbent assay
RT-PCR Real time-PCR
SPs Senile plaques
NFTs Neurofibrillary tangles
CNS Central nervous system
PD Parkinson’s disease
HD Huntington’s disease
NO Nitric oxide
ROS Reactive oxygen species
TCMs Traditional Chinese medicines
T2DM Type 2 diabetes mellitus
COX-2 Cyclooxygenase 2
iNOS Inducible nitric oxide synthase
IκBα NF-κB inhibitor α
PARP Poly ADP-ribose polymerase
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IR Insulin resistance
EGCG Epigallocatechin gallate
IKK IκB kinase
BBB Blood–brain barrier
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Abstract: Jujubae Fructus, the dried fruit of Ziziphus jujuba, has been used as Chinese medicine and food
for centuries. Triterpenic acids have been found to be the major bioactive constituents in Jujubae Fructus
responsible for their hepatoprotective activity in previous phytochemical and biological studies, while few
pharmacokinetic studies have been conducted. To reveal the kinetics of the triterpenic acids under
the pathological liver injury state, an established ultra-performance liquid chromatography coupled
with a mass spectrometry method was applied for the simultaneous quantitation of seven triterpenic
acids (ceanothic acid, epiceanothic acid, pomonic acid, alphitolic acid, maslinic acid, betulinic acid,
and betulonic acid) in plasma samples of normal and acute liver injury rats induced by CCl4.
The results showed that there were significant differences (p < 0.05) in the pharmacokinetic parameters of
seven triterpenic acids between model and normal groups. The AUC0–t and AUC0–∞ of epiceanothic
acid (5227 ± 334 μg·h/L vs. 1478 ± 255 μg·h/L and 6127 ± 423 μg·h/L vs. 1482 ± 255 μg·h/L,
respectively) and pomonic acid (4654 ± 349 μg·h/L vs. 1834 ± 225 μg·h/L and 4776 ± 322 μg·h/L
vs. 1859 ± 230 μg·h/L, respectively) in model rats were significantly higher than those in normal rats,
and the CLz/F of them were significantly decreased (0.28 ± 0.02 L/h/kg vs. 1.36 ± 0.18 L/h/kg and
19.96 ± 1.30 L/h/kg vs. 53.15 ± 5.60 L/h/kg, respectively). In contrast, the above parameters for alphitolic
acid, betulinic acid and betulonic acid exhibited the quite different trend. This pharmacokinetic research
might provide useful information for the clinical usage of triterpenic acids from Jujubae Fructus.

Keywords: Ziziphus jujuba; triterpenic acids; pharmacokinetic study; acute liver injury

1. Introduction

Jujubae Fructus, the fruit of Ziziphus jujuba Mill., has been used as herb medicine and food for
centuries in China [1,2]. According to traditional Chinese medicine theory, Jujubae Fructus could
reinforce spleen and stomach, and is commonly used for the treatment of anorexia, fatigue and loose
stools related to deficiency syndromes of the spleen and hysteria in women [3]. The controlled clinical
trials also showed that Jujubae Fructus extract is an effective treatment for chronic constipation [4] and
type 2 diabetes [5]. In addition, in northern China, the decoction of Jujubae Fructus are claimed as
useful remedies for the management and/or control of hepatitis in folk [6].
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In support of its traditional efficacy, modern researches have revealed that Jujubae Fructus
has pharmacological properties including hepatoprotective [6], gastrointestinal protective [7],
anti-inflammatory [8], immunomodulating [9] and hematopoiesis effects [10]. Among them, ethanolic
extract of Jujubae Fructus with a dose of 200 mg/kg could significantly decrease ALT and AST,
and attenuate histopathology of hepatic injury induced by carbon tetrachloride (CCl4), and the results
indicated that hepatic protective effects of Jujubae Fructus were relevant to modulate the oxidative
stress in hepatic injury [6,11]. These results further confirmed the traditional efficacy of Jujubae Fructus
on the hepatoprotective effect. Phytochemical and biological studies showed that these multiple
bioactivities of Jujubae Fructus could be attributed to its various constituents, such as triterpenic
acids [12], polysaccharides [2], phenolic acids [13], flavonoids [14], nucleoside and amino acids [15,16].
Among these components, triterpenic acids, such as betulinic acid, alphitolic acid, maslinic acid, etc.,
have been reported to possess biological effects of hepatoprotective, anti-inflammatory, antimicrobial
and antioxidant activities [6,8,17,18], which have attracted great attention from researchers.

The liver is a crucial organ for metabolism and detoxification in the human body, and liver disease
has nowadays become one of the most common causes of death [19]. There are reports that acute
liver injury is the main initiating factor and pathological basis for liver fibrosis, hepatitis, cirrhosis
and even liver cancer, which could result in terminal liver failure [20,21]. The previous studies have
reported the hepatoprotective effect of Jujubae Fructus, and triterpenic acids have been considered
as the main bioactive compounds for the above activity [6,11]. However, there were few reports on
the pharmacokinetic studies of triterpenic acids from Jujubae Fructus in liver injury model animals,
and relevant pharmacokinetic studies of Jujubae Fructus in humans were also rare. It is well known
that under the pathological condition of liver injury, pharmacokinetic and metabolic behaviors of
drugs are often altered [20,22,23]. Thus, based on the ultra-performance liquid chromatography
coupled with mass spectrometry (UHPLC-MS/MS) method established in the previous study [24],
the pharmacokinetics of triterpenic acids from Jujubae Fructus in normal and acute liver injury rats
were compared in this paper for the purpose of providing clinical reference for Jujubae Fructus.

2. Results and Discussion

2.1. Validation of the Acute Liver Injury Rats Model

To verify whether the rat model of acute liver injury was successful, peripheral blood routine,
levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST) and histopathological
characteristics were analyzed. All the results are presented in Figures 1 and 2. It was shown that the
liver injury score and the levels of white blood cell count (WBC), neutrophil (NEU) count and ratio,
erythrocyte mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), AST and ALT
of the model group after being injected intraperitoneally with CCl4 increased significantly (p < 0.05)
compared to control group. Lymphocyte (LYM) ratios of the model group decreased significantly.
It was known that the levels of AST and ALT were all related to liver function. Besides, it has reported
that liver injury induced by CCl4 could cause inflammation [19,25], which could be presented with the
increases of WBC and NEU. Thus, the above results indicated that the acute liver injury rat model was
successful, and could be used for the following experiment.
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Figure 1. Changes in alanine aminotransferase (ALT), aspartate aminotransferase (AST), and peripheral
blood routine between control group (C) and model group of acute liver injury (M). WBC: white blood cell
count, LYM: lymphocyte ratio, NEU: neutrophil count/ratio, MCV: erythrocyte mean corpuscular volume,
MCH: mean corpuscular hemoglobin (means ± SEM, n = 6, * p < 0.05, ** p < 0.01 vs. control group).

Figure 2. Pathological sections of liver, means ± SEM, n = 6, ** p < 0.01 vs. control group.
(A) blank group: Local hepatocellular necrosis, nucleus fragmentation dissolves or pyknosis,
and eosinophilic cytoplasm can be seen as shown by black arrows; degeneration of hepatocytes,
swelling of cell bodies, irregular vacuoles and eosinophilic particles in the cytoplasm were shown
by yellow arrows; (B) acute liver injury group: hepatocyte necrosis, nucleus fragmentation or
dissolution, and eosinophilic cytoplasmic enhancement were shown by the black arrow; inflammatory
cell infiltration was indicated by the yellow arrow; hepatic cell vesicle steatosis was shown by the
green arrow; some hepatocytes in the vicinity of the necrotic lesions are degenerated, as indicated by
the red arrow; pathological mitoses can be seen, as indicated by the blue arrows; and (C) Column chart
of liver injury score.

2.2. Method Validation

The method for separation and detection of analytes was performed in the established
UHPLC-MS/MS method previously [24] with appropriate adjustments.
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2.2.1. Selectivity

Figure 3 showed the chromatograms obtained from the blank plasma of a rat, blank plasma
spiked with the standards of seven mixed triterpenic acids and internal standard (IS), and rat plasma
acquired at 6 h after oral administration of triterpenic acids extract (TAE). No significant endogenous
interference or metabolites were found in the blank plasma at the retention times of standards and IS,
which revealed that the selectivity of the method was acceptable.

Figure 3. Typical UHPLC-MS/MS chromatograms of (A) blank plasma, (B) blank plasma spiked with
the analytes and IS, and (C) plasma sample from a normal rat at 6 h after oral administration of TAE,
which were detected with multiple reaction monitoring mode.; ceanothic acid (1), epiceanothic acid (2),
pomonic acid (3), alphitolic acid (4), maslinic acid (5), betulinic acid (6), betulonic acid (7).

2.2.2. Linearity and Lower Limit of Quantification (LLOQ)

The linearity of the proposed method was evaluated by means of representative calibration
curves, correlation coefficients and a linear range of the seven standards, and LLOQs were used for
determining the sensitivity of the method. As shown in Table 1, all the correlation coefficients (R2) are
≥0.9930, which indicated the good linearity of all analytes and the LLOQs of the seven triterpenic
acids in plasma were suitable for quantitative detection.

2.2.3. Precision and Accuracy

As shown in Table 2, the deviation in intra- and inter-day precision of all the analytes in QC
samples were ≤10.11% and ≤14.29%, respectively, and the accuracies (RE) of those analytes ranged
from −2.03% to 14.87%. The results indicated that the method was accurate, precise and was acceptable
for analysis of biological samples due to the values being within the acceptable criteria.
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Table 1. Regression equation and LLOQ of seven compounds.

Compound Linear Regression Equation R2 Range (ng/mL) LLOQ (ng/mL)

Ceanothic acid y = 2.347 × 10−3 x + 8.488 × 10−2 0.9982 4.61–2951 2.93
Epiceanothic acid y = 1.832 × 10−3 x − 3.799 × 10−2 0.9987 2.35–3009 0.92

Pomonic acid y = 2.989 × 10−4 x − 1.377 × 10−3 0.9997 22.82–2922 6.47
Alphitolic acid y = 4.411 × 10−3 x + 4.185 × 10−1 0.9930 22.60–2892 7.34
Maslinic acid y = 1.657 × 10−3 x + 1.111 × 10−1 0.9968 22.94–2936 15.02
Betulinic acid y = 6.084 × 10−3 x + 9.910 × 10−2 0.9996 23.62–3023 17.23
Betulonic acid y = 3.058 × 10−3 x + 1.718 × 10−2 0.9999 23.51–3009 22.68

Table 2. Precision and accuracy for the determination of the seven compounds.

Compound Concentration (ng/mL)
Intra-Day Inter-Day

Accuracy (RE, %) Precision (RSD, %) Accuracy (RE, %) Precision (RSD, %)

Ceanothic acid
23.05 14.39 1.98 9.85 6.29
368.8 14.12 1.68 8.64 7.18
2951 5.62 8.49 4.77 8.03

Epiceanothic acid
23.51 10.40 3.94 5.66 11.33
376.1 9.97 1.33 5.95 5.43
3009 5.04 7.30 2.74 6.52

Pomonic acid
22.82 −2.03 10.11 9.02 9.31
365.2 13.73 6.63 11.33 12.443
2922 9.42 9.49 11.09 9.75

Alphitolic acid
22.60 12.42 1.38 10.95 13.39
361.6 12.18 2.39 9.76 5.14
2892 5.87 7.69 1.19 5.90

Maslinic acid
22.94 12.03 4.88 14.61 14.29
367.0 14.87 1.17 12.99 9.18
2936 12.44 6.58 8.21 5.77

Betulinic acid
23.62 12.86 7.05 11.93 8.80
377.9 13.93 3.97 10.59 7.69
3023 4.42 5.63 2.43 4.96

Betulonic acid
23.51 13.50 7.82 10.31 12.88
376.1 12.88 2.14 10.52 8.78
3009 8.41 8.57 5.52 8.75

2.2.4. Extraction Recovery and Matrix Effect

The results of extraction recovery and the matrix effect are shown in Table 3. It was shown that
the extraction recoveries ranged from 78.98% to 103.8%, and the matrix effects were between 75.28%
and 109.3% with the RSD values less than 15.0% for the seven analytes at three QC concentrations.
As for IS, the extraction recoveries and matrix effects were 87.37–98.45% and 75.52–80.31%, respectively.
All the results suggested the reliable extraction recoveries of these analytes and no significant matrix
effect in this experiment.

2.2.5. Stability

The QC samples with different conditions (three freeze-thaw cycles; 12 h at room temperature;
24 h at 4 ◦C; 20 days at −20 ◦C) were used to investigate the stability of the seven triterpenic acids,
and the results (Table 4) showed that the RSD values were all less than 13.59%, which indicated that all
analytes were stable throughout the whole test.
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Table 3. Recoveries and matrix effects of the seven compounds in rat plasma.

Compound Concentration (ng/mL) Recovery (%, Mean ± S.D.) Matrix Effect (%, Mean ± S.D.)

Ceanothic acid
23.05 87.77 ± 3.88 94.42 ± 4.37
368.8 89.99 ± 6.08 91.57 ± 12.23
2951 83.88 ± 2.30 82.64 ± 1.67

Epiceanothic acid
23.51 91.06 ± 13.06 91.71 ± 8.25
376.1 90.87 ± 6.21 108.4 ± 15.8
3009 82.01 ± 1.28 105.9 ± 1.6

Pomonic acid
22.82 78.98 ± 2.93 75.28 ± 9.39
365.2 89.32 ± 5.73 94.82 ± 12.17
2922 83.31 ± 3.72 109.3 ± 3.9

Alphitolic acid
22.60 90.09 ± 3.62 85.95 ± 6.71
361.6 93.48 ± 5.93 82.60 ± 7.93
2892 85.33 ± 0.80 77.22 ± 0.67

Maslinic acid
22.94 94.67 ± 8.49 89.02 ± 8.68
367.0 93.23 ± 5.66 93.72 ± 8.65
2936 83.58 ± 2.24 89.37 ± 1.33

Betulinic acid
23.62 103.8 ± 11.3 89.83 ± 10.73
377.9 100.5 ± 8.9 101.8 ± 14.8
3023 89.34 ± 1.81 91.10 ± 0.28

Betulonic acid
23.51 101.0 ± 8.1 92.62 ± 7.51
376.1 101.7 ± 7.2 100.4 ± 13.5
3009 85.79 ± 2.10 102.0 ± 2.0

Table 4. Stabilities of the seven compounds in rat plasma.

Compound
Concentration

(ng/mL)
Three Freeze-Thaw

Cycles (RSD%)

12 h at Room
Temperature

(RSD%)

24 h at 4 ◦C
(RSD%)

20 Days at
−20 ◦C
(RSD%)

Ceanothic acid
23.05 9.10 12.59 10.45 8.57
368.8 2.56 10.12 5.91 2.04
2951 3.41 11.68 8.14 7.15

Epiceanothic acid
23.51 9.22 13.33 9.92 6.33
376.1 3.05 9.67 6.30 1.65
3009 5.46 12.27 8.07 6.30

Pomonic acid
22.82 13.42 13.59 12.50 11.71
365.2 5.33 10.54 7.15 7.01
2922 4.17 12.67 8.42 7.72

Alphitolic acid
22.60 9.78 11.32 11.99 1.82
361.6 3.06 8.64 6.14 2.88
2892 4.28 11.39 9.52 4.90

Maslinic acid
22.94 10.21 9.47 13.61 10.65
367.0 3.10 7.76 5.34 1.17
2936 5.54 11.54 9.72 6.31

Betulinic acid
23.62 10.49 11.32 9.31 5.82
377.9 3.61 6.96 5.46 3.35
3023 5.32 11.95 8.62 4.50

Betulonic acid
23.51 11.18 10.50 4.53 7.47
376.1 3.44 6.99 4.08 2.48
3009 6.47 11.46 6.13 8.51

2.3. Pharmacokinetic Study

The pharmacokinetics of seven triterpenic acids in plasma after a single oral administration of
TAE in normal and acute liver injury rats were analyzed by the validated UHPLC-MS/MS method.
The pharmacokinetic parameters obtained with the non-compartment module of Drug and Statistic
(DAS) 3.2.8 pharmacokinetic software are listed in Table 5. The mean concentration-time profiles are
presented in Figure 4.
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Table 5. Pharmacokinetic parameters of seven compounds after an oral administration in normal and
model rats (means ± SEM, n = 6).

Compound Group
Cmax CLz/F Tmax T1/2z AUC0–t AUC0–∞

(μg/L) (L/h/kg) (h) (h) (μg·h/L) (μg·h/L)

Ceanothic acid
C 326.9 ± 67.4 1.25 ± 0.08 6.67 ± 0.47 2.06 ± 0.26 2474 ± 168 2479 ± 171
M 286.5 ± 21.1 0.87 ± 0.06 8.67 ± 1.25 4.11 ± 0.48 3431 ± 171 * 3567 ± 232

Epiceanothic acid C 169.7 ± 34.4 1.36 ± 0.18 7.33 ± 0.47 2.45 ± 0.03 1478 ± 255 1482 ± 255
M 371.9 ± 19.9 * 0.28 ± 0.02 * 7.33 ± 0.47 7.00 ± 1.33 5227 ± 334 ** 6127 ± 423 **

Pomonic acid
C 304.9 ± 53.8 53.15 ± 5.60 6.00 ± 0.00 2.88 ± 0.54 1834 ± 225 1859 ± 230
M 495.2 ± 60.9 19.96 ± 1.30 * 6.00 ± 0.82 3.87 ± 0.58 4654 ± 349 ** 4776 ± 322 **

Alphitolic acid C 526.7 ± 45.6 3.53 ± 0.27 6.67 ± 0.47 3.72 ± 0.46 5446 ± 346 5580 ± 379
M 171.0 ± 21.9 ** 10.25 ± 0.59 ** 4.67 ± 0.47 4.18 ± 0.65 1855 ± 126 ** 1912 ± 112 **

Maslinic acid
C 899.5 ± 144.4 13.50 ± 0.67 6.00 ± 0.00 2.17 ± 0.36 5026 ± 245 5040 ± 239
M 578.7 ± 78.6 11.96 ± 1.24 6.00 ± 0.82 3.06 ± 0.13 5879 ± 702 5931 ± 715

Betulinic acid
C 189.5 ± 20.5 33.90 ± 3.03 8.00 ± 1.41 3.58 ± 0.57 1951 ± 180 1995 ± 192
M 69.8 ± 7.8 * 70.09 ± 4.33 ** 1.33 ± 0.24 * 9.00 ± 2.20 774 ± 42 * 945 ± 54 *

Betulonic acid
C 522.7 ± 65.6 13.65 ± 0.61 6.00 ± 0.00 3.74 ± 0.92 3939 ± 98 4107 ± 190
M 133.2 ± 14.8 * 22.80 ± 0.78 ** 3.33 ± 0.47 * 10.49 ± 1.56 1928 ± 205 ** 2450 ± 88 **

* p < 0.05, ** p < 0.01 vs. control group.

Figure 4. Mean plasma concentration–time curves of seven triterpenic acids after oral administration
of TAE for control (C) and acute liver injury model groups (M) (means ± SEM, n = 6).

As shown in Figure 4, the consistent plasma concentration-time profiles in normal rats were
found for these seven analytes, which may be attributed to their similar chemical structures.
However, this phenomenon was not found in the acute liver injury model, which could be ascribed
to the pathological changes of the liver. Moreover, certain pharmacokinetic parameters for these
triterpenic acids in acute liver injury rats showed significant differences from those in normal
rats, especially for the area under the time curve (AUC0–t and AUC0–∞) and the apparent plasma
clearance (CLz/F). The AUC0–t and AUC0–∞ of epiceanothic acid and pomonic acid achieved from the
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drug concentration-time in acute liver injury rats after oral administration of TAE were significantly
higher than those in normal rats, and the CLz/F of them were significantly decreased. These indicated
that the acute liver injury could increase the bioavailiability of epiceanothic acid and pomonic
acid, and decrease their elimination. In contrast, the mean AUC0–t, AUC0–∞ and the mean peak
concentration (Cmax) of alphitolic acid, betulinic acid and betulonic acid in acute liver injury rats
were achieved with relatively lower values compared to those in normal rats. The obvious higher
CLz/Fs of alphitolic acid, betulinic acid and betulonic acid compared to normal rats were also found.
The above results suggested that the systemic exposure of alphitolic acid, betulinic acid and betulonic
acid were weakened and the elimination increased under the liver injury pathological condition.
Additionally, the Tmax of betulinic acid and betulonic acid of the model group were lower than those
of the normal group (p < 0.05), and the AUC0–t of ceanothic acid and the Cmax of epiceanothic acid
were significantly higher in acute liver injury rats. The other pharmacokinetic parameters in the model
rats were found to be different but not significant compared with the normal rats.

It is well known that the liver plays important roles in drug biotransformation, metabolism,
detoxification and so on [19]. It contains various enzymes involved in drug metabolism, including
cytochrome P450 which converts the drug to active metabolites and directly affects the rate of
metabolism [26]. Liver injury might lead to liver cell degeneration, necrosis and changes in cytochrome
P450 isoenzyme contents, which could alter the disposition of drugs in the body [22,27]. There have
been reports on changes in biotransformation, clearance and pharmacokinetics of drugs in liver
injury [28].

Besides, the influence of intestinal drug transport and its microbiota might be an important factor
in the absorption and bioavailability of the orally administered medicines. It has been reported that
liver injury often causes the increase in intestinal permeability and endotoxin, and the disorder of the
intestinal microbiota [29–31]. The increased endotoxin could further cause liver injury more severely
and might be a vicious cycle [30]. All the above reasons might synthetically result in differences in
pharmacokinetic behavior between acute liver injury and normal rats after oral administration of TAE.
However, the hypotheses are still undefined and need further validation.

It is worth noting that the plasma concentration–time profiles of epiceanothic acid and pomonic
acid were markedly different from alphitolic acid, betulinic acid and betulonic acid in acute liver
injury rats administered TAE from Jujubae Fructus. The AUC0–t and AUC0–∞ of epiceanothic acid and
pomonic acid achieved from the drug concentration-time in acute liver injury rats were significantly
higher than those in normal rats, and the CLz/F of them were significantly decreased. In contrast,
the mean AUC0–t, AUC0–∞ and CLz/F of alphitolic acid, betulinic acid and betulonic acid in acute
liver injury rats showed quite a different trend. This phenomenon might be attributed to their subtle
difference in chemical structures which could lead to different metabolic pathways. Therefore, further
studies for the investigation of triterpenic acids metabolism and distribution in vivo are warranted.

At present, there are some clinical reports about the liver protection of Jujubae Fructus, but there is
little relevant pharmacokinetic study of Jujubae Fructus in humans. Thus, the depth clinical studies to
validate the proposed hypothesis need to be conducted in the future.

3. Materials and Methods

3.1. Chemicals and Reagents

Acetonitrile and methanol were purchased from Merck KGaA (Darmstadt, Germany).
Chloramphenicol used as the internal standard (IS) was obtained from Aladdin reagent Co., Ltd.
(Shanghai, China). Ammonium acetate and CCl4 were purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). Deionized water was prepared by a Milli-Q system
(Millipore, Bedford, MA, USA). Jujubae Fructus was gathered at Liuling, Shanxi Province, China.
The standards (>98% purity) including ceanothic acid, epiceanothic acid, pomonic acid, alphitolic
acid, maslinic acid, betulinic acid and betulonic acid were isolated from Z. jujuba fruits in our
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laboratory, and their structures were identified by NMR, HPLC and MS. Other reagents used were of
analytical grade.

TAE of Jujubae Fructus prepared in our previous experiment [24] was used in this experiment,
which contains ceanothic acid, epiceanothic acid, pomonic acid, alphitolic acid, maslinic acid,
betulinic acid, and betulonic acid with the contents of 0.78, 0.44, 24.08, 4.97, 17.31, 16.79
and 14.29 mg/g, respectively.

3.2. Instrumentation and Chromatographic Conditions

A Waters Acquity™ UPLC system (Waters Corp., Milford, MA, USA) equipped with a Waters
Xevo™ TQ/MS (Waters Corp.) was used. Separation and detection of analytes was performed with
the established method described previously [24]. Data acquired was analyzed by MassLynx V4.1
workstation (Waters Corp.).

3.3. Animals and Induction of Acute Liver Injury

Male Sprague-Dawley rats (SPF, 220-240 g) were bought from Experimental Animal Center
of Zhejiang Province and the permit number was SCXK (zhe) 2014-0001 (project identification
code: No1703300021, 31/03/2017). Animals were housed in Drug Safety Evaluation Center of
Nanjing University of Chinese Medicine, Nanjing, China. Animal welfare and all experimental
protocols were performed in accordance with the Regulations of Experimental Animal Administration
(State Committee of Science and Technology of the People’s Republic of China) and approved by
the Animal Ethics Committee of Nanjing University of Chinese Medicine. These rats were housed
under standard environment with food and water provided ad libitum. After adaptation for 7 days,
the 12 rats were randomly divided into 2 groups: control group (C) and acute liver injury group
(model group, M). Rats of M group were injected intraperitoneally with 50% CCl4 once at a dose
of 2 mL/kg. CCl4 used for injection was dissolved in peanut oil. To verify whether the model was
successful, whole blood and serum samples were collected from the retro-orbital plexus of rats after
modeling for measuring the peripheral blood routine parameters using ADVIA120 fully automatic
blood analyzer (Bayer, Germany) and the levels of ALT and AST with Dimension Xpand automatic
biochemical analyzer (Bayer, Germany). Furthermore, after the final collection of blood, the rats were
anesthetized and sacrificed with 10% choral hydrate (350 mg/kg ip) and the liver samples were taken
and fixed in formaldehyde solution for histopathological analysis.

3.4. Sample Preparation

After being thawed at room temperature (18–25 ◦C), each plasma sample (100 μL) was precipitated
with 300 μL acetonitrile and 20 μL IS. The mixture was vortexed for 1 min and centrifuged at 15,000× g
for 15 min. Then, 2 μL of supernatant was injected for UHPLC-MS/MS analysis.

3.5. Preparation of Standard Solutions, Calibration Standards and Quality Control (QC) Samples

A mixed stock solution containing 126.9 μg/mL of ceanothic acid, 129.4 μg/mL of epiceanothic
acid, 125.6 μg/mL of pomonic acid, 124.4 μg/mL of alphitolic acid, 126.3 μg/mL of maslinic acid,
130.0 μg/mL of betulinic acid and 129.4 μg/mL of betulonic acid was prepared with methanol as
a solvent. A series of working standard solutions were prepared from the mixed stock solution
by sequential dilution with methanol. Calibration solutions were prepared by spiking 10 μL of
working solution into 100 μL blank plasma to obtain a mixed final dilution of 2.31–2951 ng/mL
ceanothic acid, 2.35–3009 ng/mL epiceanothic acid, 2.28–2922 ng/mL pomonic acid, 2.26–2892 ng/mL
alphitolic acid, 2.29–2936 ng/mL maslinic acid, 2.36–3023 ng/mL betulinic acid, and 2.35–3009
ng/mL betulonic acid. The quality control (QC) samples were prepared at low, medium, and high
concentrations (23.05, 368.8, and 2951 ng/mL ceanothic acid, 23.51, 376.1, and 3009 ng/mL epiceanothic
acid, 22.82, 365.2, and 2922 ng/mL pomonic acid, 22.60, 361.6, and 2892 ng/mL alphitolic acid, 22.94,
367.0, and 2936 ng/mL maslinic acid, 23.62, 377.9, and 3023 ng/mL betulinic acid, and 23.51, 376.1,
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and 3009 ng/mL betulonic acid) in the same way as calibration solutions. The stock solution of IS
(9.76 μg/mL chloramphenicol) was also prepared in methanol.

3.6. Method Validation

This proposed method was validated according to US-FDA Bioanalytical Method Validation
Guidance [32], and selectivity, linearity, precision, extraction recovery, matrix effect and stability
were assessed.

3.6.1. Selectivity

The chromatograms of the rat blank plasma, blank plasma spiked with the seven standards and
IS, and rat plasma acquired at 6 h after gavage of TAE, were analyzed and compared to investigate the
selectivity of the method [33].

3.6.2. Linearity and LLOQ

The peak area ratio (y) of the analyte to the IS vs. the nominal concentration (x, ng/mL) was
used to plot the calibration curve and determine the linearity with weighted (1/x2) least square linear
regression [34]. LLOQ of the method was determined based on the signal to noise ratio of 10:1 with
the acceptable precision in six replicates of blank plasma (RSD ≤ 20%) [35].

3.6.3. Accuracy and Precision

The intra-day and inter-day accuracy and precision were assessed by determining the
concentration of six replicates of QC samples (as described in section ‘3.5’) at three concentration levels
(low, medium and high) on the same day and on three consecutive days, respectively. The accuracy
was described as relative error (RE, %) and precision was expressed as relative standard deviation
(RSD, %) [36]. The acceptability criteria for accuracy and precision were required within ±15%
according to the guidelines of FDA.

3.6.4. Recovery and Matrix Effect

Extraction recovery and matrix effect were evaluated with six replicates of QC samples at three
concentrations. Extraction recovery of the seven triterpenic acids were performed by comparing the
peak area of every analyte extracted from plasma samples with that of post-extraction spiked plasma
blank [24]. For evaluation of the matrix effect, the peak areas of the analytes in post-extraction standard
plasma samples (B) were compared with those of pure methanol containing an equivalent amount of
standards at QC levels (A) [37].

3.6.5. Stability

The stability of analytes in rat plasma were assessed by analyzing six replicates of QC samples at
three concentration levels. The QC samples in different storage conditions including three freeze-thaw
cycles (from −80 ◦C to room temperature), 12 h at room temperature, and 20 days at −20 ◦C,
were used to evaluate the freeze-thaw, short-term, and long-term stability, respectively. In addition,
the autosampler stability was also evaluated after samples were stored in the autosampler at 4 ◦C
for 24 h [38].

3.7. Pharmacokinetic Study in Rat and Statistical Analysis

After fasting for 12 h with free access to water, rats in both C and M groups were intragastrically
administered TAE (dissolved in water with 10% tween-80) at a dose of 4.0 g/kg. The administered
volume was 10 mL/kg for each rat, each time. Serial blood samples (about 500 μL for each) were
collected into heparinized tubes from the retro-orbital plexus at 0, 5, 10, 20, 45, 60, 120, 240, 360,
480, 720 and 1440 min after oral administration. All blood samples were centrifuged at 3500 rpm
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at 4 ◦C for 10 min, then the supernatants were separated and stored at −80 ◦C until analysis.
The pharmacokinetic parameters were calculated by Drug and Statistic (DAS) 3.2.8 pharmacokinetic
software in a non-compartment model. The experimental data were expressed as mean ± SEM.
Independent Samples t-test via the software SPSS 22.0 (IBM SPSS, Chicago, IL, USA) was used for
evaluation of statistical significance.

4. Conclusions

A rapid, sensitive, and simple UHPLC-MS/MS method was used for the determination of seven
triterpenic acids in the plasma of acute liver injury and normal rats after oral administration of TAE.
The results demonstrated that acute liver injury induced by CCl4 could alter the pharmacokinetic
parameters of seven triterpenic acids, such as AUC0–t, AUC0–∞, CLz/F and Cmax. And the differences
might be due to the changes in liver function, intestinal permeability and intestinal microbiome in the
acute liver injury pathological state. These pharmacokinetic results in the pathological state of acute
liver injury might provide more useful information for the application of Jujubae Fructus in treating
liver disease.
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Abstract: Hedyotis diffusa is a folk herb that is used for treating inflammation-related diseases in Asia.
Previous studies have found that iridoids in H. diffusa play an important role in its anti-inflammatory
activity. This study aimed to investigate the anti-inflammatory effect and potential mechanism of
five iridoids (asperuloside (ASP), asperulosidic acid (ASPA), desacetyl asperulosidic acid (DAA),
scandoside methyl ester (SME), and E-6-O-p-coumaroyl scandoside methyl ester (CSME)) that are
presented in H. diffusa using lipopolysaccharide (LPS)—induced RAW 264.7 cells. ASP and ASPA
significantly decreased the production of nitric oxide (NO), prostaglandin E2 (PGE2), tumor necrosis
factor-α (TNF-α), and interleukin-6 (IL-6) in parallel with the inhibition of inducible nitric oxide
synthase (iNOS), cyclooxygenase-2 (COX-2), TNF-α, and IL-6 mRNA expression in LPS-induced RAW
264.7 cells. ASP treatment suppressed the phosphorylation of the inhibitors of nuclear factor-kappaB
alpha (IκB-α), p38, extracellular signal-regulated kinase (ERK), and c-Jun N-terminal kinase (JNK).
The inhibitory effect of ASPA was similar to that of ASP, except for p38 phosphorylation. In summary,
the anti-inflammatory effects of ASP and ASPA are related to the inhibition of inflammatory cytokines
and mediators via suppression of the NF-κB and mitogen-activated protein kinase (MAPK) signaling
pathways, which provides scientific evidence for the potential application of H. diffusa.

Keywords: iridoids; nuclear factor-kappaB; mitogen-activated protein kinase; anti-inflammation

1. Introduction

Inflammation is a natural defense response against bacteria, viral, and fungal infections [1].
During the development of inflammation, macrophages can be recruited to inflammatory sites
and play an essential role by stimulating intracellular cascades of cytokines and chemokines via
various signals [2,3]. Lipopolysaccharide (LPS) is one of the most common inflammatory triggers
derived from Gram-negative bacteria. It can cause multiple inflammatory reactions by activating
macrophages [4] and results in the increase of inflammatory mediators, such as nitric oxide (NO)
and prostaglandin E2 (PGE2), and inflammatory cytokines, such as tumor necrosis factor-α (TNF-α)
and interleukin-6 (IL-6) [5–7]. There is good evidence that nuclear factor-kappaB (NF-κB) and
mitogen-activated protein kinases (MAPKs) are two crucial signaling pathways in the inflammatory
process induced by LPS [5,8,9]. Once activated, the gene expression of pro-inflammatory cytokine is
induced collaboratively by NF-κB and MAPKs, subsequently releasing cytokines under inflammatory
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conditions [10]. Therefore, chemicals targeting NF-κB and/or MAPK signaling pathways are supposed
to be anti-inflammatory candidates for the treatment of inflammation related disorders.

Hedyotis diffusa Willd (Rubiaceae) is a famous folk herb that is widely distributed in China,
Indonesia, Nepal, and other Asian regions [11]. Generally, H. diffusa is used as a single
herb or in Chinese traditional medicine prescription for the treatment of nephritis, arthritis,
bronchitis, and appendicitis [12]. Modern pharmacological studies have confirmed that H. diffusa
possesses multiple effects, such as anti-inflammatory, anti-cancer, neuroprotective, hepatoprotective,
and immunemodulating activities [13]. Iridoids, flavonoids, and anthraquinones are the main
constituents responsible for the multiple bioactivities of H. diffusa [14,15]. Scandoside, an iridoid
isolated from H. diffusa, has been proven to be an anti-inflammatory compound [16]. Previously,
we confirmed that the aqueous extract of H. diffusa, mainly containing asperuloside (ASP),
asperulosidic acid (ASPA), desacetyl asperulosidic acid (DAA), scandoside methyl ester (SME),
and E-6-O-p-coumaroyl scandoside methyl ester (CSME), showed a protective effect on LPS-induced
renal inflammation in mice (Figure 1) [17]. However, the contribution of these five iridoids to the
anti-inflammatory effect and their anti-inflammatory mechanisms is still unclear.
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Figure 1. Chemical structures of the five iridoids. (A) Asperuloside (ASP); (B) Asperulosidic
acid (ASPA); (C) Desacetyl asperulosidic acid (DAA); (D) Scandoside methyl ester (SME); and
(E) E-6-O-p-Coumaroyl scandoside methyl ester (CSME).
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In this study, the anti-inflammatory effect of five iridoids found in H. diffusa was investigated
using LPS-induced RAW 264.7 cells. The underlying mechanisms of the anti-inflammatory compounds
were further illustrated.

2. Results

2.1. Effects of Five Iridoids on RAW 264.7 Cell Viability

As shown in Figure 2, the percentages of cell viability for the five iridoids were from 94.83 to
105.52%. Cell viability was not significantly affected by the five iridoids at various concentrations
(0–200 μg/mL) after 24 h of treatment in the presence of 50 ng/mL LPS. These data indicated that
ASP, ASPA, DAA, SME, and CSME had no toxic effect on RAW 264.7 cells at concentrations below
200 μg/mL. Subsequent experiments were performed at the concentrations of 40, 80, and 160 μg/mL.

Figure 2. Effects of five iridoids on the viability of RAW 264.7 cells. RAW 264.7 cells were treated with
asperuloside (ASP), asperulosidic acid (ASPA), desacetyl asperulosidic acid (DAA), scandoside methyl
ester (SME) and E-6-O-p-coumaroyl scandoside methyl ester (CSME) at the concentration of 0, 50, 100,
and 200 μg/mL, respectively, for 1 h, and then induced with 50 ng/mL lipopolysaccharide (LPS) for
24 h. Cell viability was measured by the Cell Counting Kit-8 (CCK-8) assay (n = 3).

2.2. Effects of Five Iridoids on Inflammatory Mediators and Inflammatory Cytokines in RAW 264.7 Cells

As shown in Figure 3, the levels of inflammatory mediators (NO and PGE2) and inflammatory
cytokines (TNF-α and IL-6) in the LPS-treatment group were significantly increased when compared
with the control group. However, the groups treated with the five iridoids showed different behaviors.
ASP and ASPA treatment significantly reduced the level of NO (p < 0.05), whereas no significant
difference was observed in the CSME group at any concentration. The effects on NO in the DAA- and
SME-treated groups were only found at higher concentration levels. Furthermore, all iridoids, except
SME, inhibited the production of PGE2 and TNF-α at 80 and 160 μg/mL (p < 0.05). In addition, ASP and
ASPA treatment significantly decreased the level of IL-6 in concentration-dependent manners. SME and
CSME treatment significantly reduced the production of IL-6 at 80 and 160 μg/mL. Conversely, no
inhibitory effect of DAA on the production of IL-6 was observed. Considering the strongly potential
bioactivities, ASP and ASPA were selected for further investigation.
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Figure 3. Effects of five iridoids on the productions of nitric oxide (NO), prostaglandin E2 (PGE2),
tumor necrosis factor-α (TNF-α), and interleukin-6 (IL-6). RAW 264.7 cells were treated with ASP,
ASPA, DAA, SME, and CSME at the concentration of 40, 80, and 160 μg/mL, respectively, for 1 h,
and then induced with 50 ng/mL LPS for 24 h. The levels of NO (A), PGE2 (B), TNF-α (C), and IL-6
(D) in the cell-free culture were measured by ELISA. * p < 0.05, ** p < 0.01 and *** p < 0.001 versus
LPS-only treatment group; ### p < 0.001 versus control group (n = 3).

2.3. Effects of ASP and ASPA on TNF-α and IL-6 mRNA Expression in LPS-Induced RAW 264.7 Cells

The mRNA expression of TNF-α and IL-6 was tested to determine whether ASP and ASPA
regulated their transcriptional levels. As shown in Figure 4, ASP and ASPA treatment significantly
down-regulated the mRNA levels of TNF-α and IL-6 in LPS-induced RAW 264.7 cells compared with
the group treated with LPS alone. Similarly, the protein levels of TNF-α and IL-6 were also reduced by
treatment with ASP and ASPA.

 

Figure 4. Effects of ASP and ASPA on TNF-α and IL-6. RAW 264.7 cells were treated with ASPA and
ASP (40, 80, and 160 μg/mL) for 1 h and then induced with LPS (50 ng/mL) for 24 h. The TNF-α and
IL-6 mRNA were analyzed by real-time PCR. (A) The TNF-α levels in ASP treatment groups. (B) The
IL-6 levels in ASP treatment groups. (C) The TNF-α mRNA levels in ASPA treatment groups. (D) The
IL-6 levels in ASPA treatment groups. * p < 0.05, ** p < 0.01 and *** p < 0.001 versus LPS-only treatment
group; ### p < 0.001 versus control group (n = 3).
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2.4. Effects of ASP and ASPA on iNOS and COX-2 Protein and mRNA Expression in LPS-Induced RAW
264.7 Cells

To investigate whether ASP and ASPA suppressed NO and PGE2 via inhibition of their
corresponding synthases, the protein and mRNA expression of inducible nitric oxide synthase (iNOS)
and cyclooxygenase-2 (COX-2) was measured. LPS induced a significant up-regulation of the mRNA
transcript levels of iNOS and COX-2, while ASP and ASPA treatment significantly down-regulated
their mRNA transcript levels, in a concentration-dependent manner (Figure 5A–D). Western blot
analysis showed that ASP and ASPA treatment reduced the protein levels of iNOS and COX-2 induced
by LPS in a concentration-dependent manner (Figure 5E,F). The reduction of iNOS and COX-2 mRNA
and protein levels correlated with the reduced production of NO and PGE2, respectively.

Figure 5. Effects of ASP and ASPA on inducible nitric oxide synthase (iNOS) and cyclooxygenase-2
(COX-2) mRNA and protein expression. RAW 264.7 cells were treated with ASP and ASPA (40, 80,
and 160 μg/mL) for 1 h and then induced with LPS (50 ng/mL) for 24 h. mRNA levels were analyzed
by real-time PCR. (A) The levels of iNOS mRNA in ASP treatment groups. (B) The levels of COX-2
mRNA in ASP treatment groups. (C) The levels of iNOS mRNA in ASPA treatment groups. (D) The
levels of COX-2 mRNA in ASPA treatment groups. The proteins were analyzed by Western blot.
The quantitative evaluation of protein band by densitometry was shown. (E) The expression levels
of iNOS and COX-2 in ASP treatment groups. (F) The expression levels of iNOS and COX-2 in ASPA
treatment groups. * p < 0.05, ** p < 0.01 and *** p < 0.001 versus LPS-only treatment group; ### p < 0.001
versus control group (n = 3).
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2.5. Effects of ASP and ASPA on NF-κB and MAPK Pathways in LPS-Induced RAW 264.7 Cells

To study the potential anti-inflammatory mechanism, we examined the effects of ASP and ASPA
on nuclear factor-kappaB alpaha (IκB-α) phosphorylation and degradation in LPS-induced RAW
264.7 cells. As shown in Figure 6, LPS-induced IκB-α phosphorylation was significantly decreased after
pretreatment with ASP and ASPA in a concentration-dependent manner. The potential involvement
of MAPKs was also investigated by testing the modulatory effects of ASP and ASPA on MAPK
signaling pathways. In LPS-induced RAW 264.7 cells, p38, extracellular signal-regulated protein
kinases 1/2 (Erk1/2), and c-Jun N-terminal kinase (JNK) were triggered high phosphorylation, whereas
the phosphorylation of p38, Erk1/2, and JNK was inhibited by ASP in a concentration-dependent
manner. For the effect of ASPA on MAPKs, ASPA treatment decreased Erk1/2 phosphorylation at all
concentration levels, but there was no effect on p-p38.

Figure 6. Effects of ASP and ASPA on nuclear factor-kappaB alpaha (IκBα), p38, extracellular
signal-regulated protein kinases 1/2 (Erk1/2), and stress-activated protein kinase (SAPK)/c-Jun
N-terminal kinase (JNK) phosphorylation. RAW 264.7 cells were treated with ASP and ASPA (40, 80,
and 160 μg/mL) for 1 h and then induced with LPS (50 ng/mL) for 24 h. The protein was analyzed
by Western blot. The quantitative evaluation of protein bands by densitometry is shown. (A) The
phosphorylation levels of IκBα, p38, Erk1/2, and SAPK/JNK in ASP treatment groups. (B) The
phosphorylation levels of IκBα, p38, Erk1/2, and SAPK/JNK in ASPA treatment groups. * p < 0.05,
** p < 0.01 and *** p < 0.001 versus LPS-only treatment group; ### p < 0.001 versus control group (n = 3).

3. Discussion

To date, numerous natural products have been identified as potential anti-inflammatory
agents that can scavenge inflammatory mediators [18–22]. Among them, iridoids play an
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important role in inflammatory treatment and are considered as the major bioactive constituents
of H. diffusa [16,17]. In a phytochemical analysis, ASP, ASPA, DAA, SME, and CSME were found
by ultra performance liquid chromatography-electrospray ionization-quadrupole-time of flight-mass
spectrometry (UPLC-ESI-Q-TOF-MS) methods and identified by comparison with their reference
substances [17]. Moreover, these five iridoids were also found in various medicinal plants [23–25].
However, there is still a lack of further pharmacological studies on these iridoids, especially their
anti-inflammatory mechanism. In this study, the results indicated that the five iridoids could inhibit
inflammation related factors at particular concentrations. Importantly, ASP and ASPA were the target
compounds that had the greatest anti-inflammatory effects among the five compounds.

NO is one of the most important inflammatory mediators. When activated by inflammatory
inducers, the immune cells will produce NO, which is catalyzed by iNOS [26,27]. A high concentration
of NO can cause oxidative damage or even inflammatory and autoimmune diseases [28,29].
COX enzymes produce prostaglandins involved in the inflammatory process. Actually, two distinct
cyclooxygenase isoforms, namely COX-1 and COX-2, are commonly used as molecular targets
for non-steroidal anti-inflammatory drugs (NSAIDs) [30]. COX-1 is expressed ubiquitously and
constitutively, which plays a housekeeping role in processes, such as gastrointestinal mucosa protection,
while COX-2 is not constitutively expressed in the cell, but can be activated by inducers, such as
endotoxins, cytokines, and growth factors [31]. In LPS-induced macrophages, COX-2 can convert
arachidonic acid to PGG2 and, finally, to PGE2 [32–34]. Selective inhibition of COX-2 expression
can block PGE2 production induced by inflammation and alleviate inflammation. Thus, COX-2 is
regarded as a target for anti-inflammatory treatment. The results demonstrated that ASP and ASPA
significantly decreased the levels of NO and PGE2 by suppressing iNOS and COX-2, respectively.
Moreover, pro-inflammatory cytokines, such as TNF-α and IL-6, play crucial roles in the development
of inflammatory diseases and are involved in the innate immunity and autoimmune diseases [35,36].
The levels of inflammatory-related factors are considered to be indicators of the degree of inflammation.
Thus, the expression of TNF-α and IL-6 mRNA in LPS-induced RAW 264.7 cells was measured.
ASPA and ASP significantly suppressed TNF-α and IL-6 mRNA expression. These results suggested
that ASPA and ASP exerted an anti-inflammatory effect through the inhibition of iNOS, COX-2, TNF-α,
and IL-6 mRNA expression.

NF-κB is a key signaling pathway that stimulates the expression of inflammatory mediators and
cytokines, including iNOS, COX-2, TNF-α, and IL-6 [5,9]. The IκBα proteins are phosphorylated and
degraded, leading to activation of NF-κB, which triggers the transcription of inflammatory-related
factors [37]. When activated, p65 translocates into the nucleus and then promotes the transcription
of corresponding pro-inflammatory genes [38,39]. ASP and ASPA were found to significantly inhibit
the NF-κB activation via decreasing the phosphorylation of IκB. MAPKs, including ERK, JNK, and
p38, also take part in the regulation of the expression of inflammation-related genes, leading to
the overproduction of pro-inflammatory cytokines [40,41]. Western blot analysis showed that ASP
inhibited LPS-induced phosphorylation of p38, ERK, and JNK in RAW 264.7 cells, thus, displaying an
anti-inflammatory effect consistent with a previous report [42]. ASPA also exerted an anti-inflammatory
effect via suppression of the MAPK signaling pathway, though it did not inhibit the phosphorylation
of p38. This data demonstrated that the anti-inflammatory mechanisms of ASP and ASPA were likely
via the inhibition of NF-κB and MAPK signaling pathways. The results also indicated that ASPA and
ASP were the main compounds responsible for the anti-inflammatory effect of H. diffusa. Given the
relationship between inflammation and tumors [43], the anti-tumor effect and mechanism of ASPA and
ASP are worthy to be studied since H. diffusa is widely used for treating tumors. Additionally, ASPA
and ASP were useful markers for the quality control of H. diffusa and its herbal formula, and even
the other plant materials containing these two compounds. In view of the results achieved in vitro,
the in vivo anti-inflammatory effects and mechanisms of ASP and ASPA require further elucidation in
a further study. Importantly, for the development of ASPA and ASP, research on the distribution in
tissues, pharmacokinetic properties, and the safety after administration is necessary.
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4. Materials and Methods

4.1. Chemicals, Reagents, and Cell Line

Asperulosidic acid (PubChem CID: 11968867, ASPA), asperuloside (PubChem CID: 84298, ASP),
desacetyl asperulosidic acid (PubChem CID: 12315349, DAA), scandoside methyl ester (PubChem
CID: 442433, SME), and E-6-O-p-coumaroyl scandoside methyl ester (PubChem CID: 44584784, CSME)
were purchased from Shanghai Yuanye Biotechnology Co., Ltd. (Shanghai, China). Dulbecco’s
Modified Eagle’s Medium (DMEM) and fetal bovine serum (FBS) were purchased from Gibco (Thermo
Scientific, Waltham, MA, USA). The Cell Counting Kit-8 (CCK-8) was purchased from Dojindo
(Kumamoto, Japan). LPS obtained from Escherichia coli O111:B4 was purchased from Sigma-Aldrich
Co. (St. Louis, MO, USA). The antibodies against iNOS, COX-2, IκB-α, p38, and Erk1/2 were obtained
from Proteintech Group, Inc. (Chicago, IL, USA). The antibodies against p-IκB-α, p-p38, p-Erk1/2,
SAPK/JNK, and p-SAPK/JNK were purchased from Cell Signaling Technology, Inc. (Danvers, MA,
USA). The ELISA kits for IL-6, IL-1β, and TNF-α were purchased from Neobioscience Technology
Company (Shenzhen, China). The NO ELISA and bicinchoninic acid (BCA) assay kits were purchased
from Beyotime Biotechnology (Shanghai, China). The PGE2 ELISA kit was from Enzo Life Sciences
(New York, NY, USA). RAW 264.7 murine macrophages were purchased from the Cell Bank of the
Chinese Academy of Science (Shanghai, China). All other reagents were of an analytical grade.

4.2. Cell Culture

RAW 264.7 cells were cultured in DMEM supplemented with 10% FBS, 100 units/mL penicillin,
and 100 μg/mL streptomycin, and maintained in a carbon dioxide incubator (Thermo Fisher Scientific,
Waltham, MA, USA) at 37 ◦C in 5% CO2 with a humidified atmosphere of 95% air. RAW 264.7 cells
were induced with LPS (50 ng/mL) for 24 h after being incubated with iridoids for 1 h [16].

4.3. Cell Viability Assay

The cytotoxicity of the five iridoids on RAW 264.7 cells was measured using the CCK-8 assay.
After being incubated for 24 h in 96-well plates at a density of 1 × 104 cells/well, the cells were treated
with serial concentrations of five iridoids (0, 50, 100, and 200 μg/mL) in triplicate for 1 h, and then
induced with 50 ng/mL LPS for 24 h. Finally, 10 μL of CCK-8 was added to each plate and incubated
for 1 h at 37 ◦C. The absorption wavelength was read at 450 nm using a Tecan microplate reader (Tecan
Group Ltd., Männedorf, Switzerland). The cell viability was evaluated by comparing the absorbance
values between the treatment groups and the control group, which was considered as 100%.

4.4. ELISA Assay of NO, PGE2, TNF-α, and IL-6

Briefly, after being incubated for 24 h at a density of 1 × 104 cells/well in 96-well plates, RAW
264.7 cells were pretreated with five iridoids (0, 40, 80, and 160 μg/mL) in triplicate for 1 h. Then, the
cells were induced with 50 ng/mL LPS for 24 h. Subsequently, the cell supernatant was collected and
the concentration of NO, PGE2, TNF-α, and IL-6 was measured according to the ELISA manufacturer’s
instructions using a Tecan microplate reader. The absorption wavelengths were set at 540, 450, 450,
and 450 nm for NO, PGE2, TNF-α, and IL-6, respectively.

4.5. Real-Time PCR Assay

RAW 264.7 cells were incubated at 37 ◦C for 24 h in six-well plates at a density of 2 × 105 cells/well.
The cells were treated with ASP and ASPA at three concentrations (40, 80, and 160 μg/mL) for 1 h
and induced with LPS (50 ng/mL) for 24 h. Total RNA was extracted from the RAW 264.7 cells using
the RNAprep Pure Cell kit (Qiagen, Valencia, CA, USA) according to the manufacturer’s protocol.
RNA (3 μL) concentration and purity was measured by the ratio of 260/280 nm absorbance and the
remaining RNA solution was stored at −80 ◦C for reverse transcription. The total RNA was converted

198



Int. J. Mol. Sci. 2018, 19, 2027

into the first-strand complementary DNA (cDNA) with a reverse transcription system as follows: 4 μL
5x prime Script RT Master MIX (Takara Bio INC., Kusatsu, Japan), 0.5 μg total RNA, and RNase-free
water in a 20-μL reaction. The cDNA was used for real-time PCR (RT-PCR) and the reaction system
contained 10 μL SYBR Premix EX Taq (2x) (Promega Corporation, Madison, USA), 1 μL forward primer
(10 μM), 1 μL reverse primer (10 μM, iNOS, TNF-α, IL-6, and COX-2; Table 1), and 8 μL cDNA, which
was amplified in an Applied Biosystems 7500 Fast Real-time PCR System version v2.3 (Thermo Fisher
Scientific, Waltham, MA, USA) under the following reaction conditions: 50.0 ◦C for 3 min and 95.0 ◦C
for 3 min, followed by 40 cycles of 95.0 ◦C for 10 s and 60.0 ◦C for 30 s. The threshold cycle (Ct) was
analyzed by the instrument’s software and fold changes in the mRNA expression were calculated
according to the comparative Ct method (2−ΔΔCt).

Table 1. The primers used for RT-PCR analysis.

Genes Sense Primer Sequence 5′–3′ Antisense Primer Sequence 5′–3′

TNF-α GCGACGTGGAACTGGCAGAA CAGTAGACAGAAGAGCGTGGTG
IL-6 GTTGCCTTCTTGGGACTGAT CATTTCCACGATTTCCCAGA

iNOS TGGAGCGAGTTGTGGATTGT CTCTGCCTATCCGTCTCGTC
COX-2 ACCTGGTGAACTACGACTGC TGGTCGGTTTGATGTTACTG
β-actin TGCTGTCCCTGTATGCCTCTG GCTGTAGCCACGCTCGGTCA

4.6. Western Blot Analysis

RAW 264.7 cells were incubated at 37 ◦C for 24 h in six-well plates at a density of 2 × 105 cells/well.
The cells were treated with ASP and ASPA at three concentrations (40, 80, and 160 μg/mL) for 1 h and
induced with LPS (50 ng/mL) for 24 h. Subsequently, 100 μL cell lysis buffer (10 mM Tris-HCl, 0.15 M
NaCl, 5 mM ethylenediaminetetraacetic acid (EDTA), 1% Triton×100, 5 mM dithiothreitol (DTT), and
0.1 mM phenylmethanesulfonyl fluoride (PMSF)) was added and incubated for 30 min at 4 ◦C and
then centrifuged at 12,000 rpm for 10 min to collect the supernatant for protein analysis using the BCA
assay kit after adding 5× loading buffer for Western blotting. All protein samples were loaded onto
12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto
a polyvinylidene fluoride (PVDF) membrane. The membrane was blocked for 2 h with 10% non-fat
milk at room temperature and then incubated overnight with the primary antibodies, including those
against iNOS (1:1000), COX-2 (1:1000), IκB-α (1:1000), p-IκB-α (1:1000), p38 (1:1000), p-p38 (1:1000),
Erk1/2 (1:1000), p-Erk1/2 (1:1000), SAPK/JNK (1:1000), p-SAPK/JNK (1:1000), and β-Actin (1:1000),
at 4 ◦C. The membranes were washed three times and incubated with the secondary antibody (1:10,000)
at room temperature for 1 h. Finally, the blots were measured by an ECL chemiluminescence method
and a Western blotting detection System (FluorChem R, ProteinSimple, San Jose, CA, USA).

4.7. Statistical Analyses

All experiments were performed in triplicate. Data were analyzed using IBM SPSS Statistics 20.0
(IBM SPSS Statistics, Chicago, IL, USA) and are presented as the mean ± standard deviation (SD).
One-way ANOVA followed by Tukey’s multiple comparison test was used to assess the statistical
differences among groups. p < 0.05 was considered significant.

5. Conclusions

The present study compared the anti-inflammatory effects of the five iridoids found in H. diffusa
and shows that ASP and ASPA have an anti-inflammatory effect. ASP and ASPA could significantly
decrease the levels of PGE2, NO, TNF-α, and IL-6 in LPS-induced RAW 264.7 cells. The possible
mechanism involved the down-regulation of the expressions of inflammatory mediators and
pro-inflammatory cytokines via the inhibition of NF-κB and MAPK signaling pathways. Taken together,
ASP and ASPA may be potent bioactive iridoids to treat inflammatory diseases.
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Abstract: Inflammation and oxidative stress play main roles in neurodegeneration. Interestingly,
different natural compounds may be able to exert neuroprotective actions against inflammation and
oxidative stress, protecting from neuronal cell loss. Among these natural sources, Cannabis sativa
represents a reservoir of compounds exerting beneficial properties, including cannabigerol (CBG),
whose antioxidant properties have already been demonstrated in macrophages. Here, we aimed
to evaluate the ability of CBG to protect NSC-34 motor neurons against the toxicity induced
from the medium of LPS-stimulated RAW 264.7 macrophages. Using MTT assay, we observed
that CBG pre-treatment was able to reduce the loss of cell viability induced by the medium of
LPS-stimulated macrophages in NSC-34 cells. Indeed, CBG pre-treatment inhibited apoptosis,
as shown by the reduction of caspase 3 activation and Bax expression, while Bcl-2 levels increased.
Furthermore, CBG pre-treatment counteracted not only inflammation, as demonstrated by the
reduction of IL-1β, TNF-α, IFN-γ and PPARγ protein levels assessed by immunocytochemistry,
but also oxidative stress in NSC-34 cells treated with the medium of LPS-stimulated RAW 264.7.
Indeed, immunocytochemistry showed that CBG pre-treatment reduced nitrotyrosine, SOD1 and
iNOS protein levels and restored Nrf-2 levels. All together, these results indicated the neuroprotective
effects of CBG, that may be a potential treatment against neuroinflammation and oxidative stress.

Keywords: cannabigerol; Cannabis sativa; neuroinflammation; oxidative stress; phytocannabinoid

1. Introduction

Since ancient times, Cannabis sativa has been known for its medicinal and psychotropic effects.
This plant was discovered to be a reservoir of compounds exerting beneficial properties. Until now
about 120 cannabinoids have been isolated from Cannabis sativa, including Δ9-tetrahydrocannabinol
(Δ9-THC), responsible for the psychotropic effect associated with Cannabis consumption, cannabidiol
(CBD) and cannabigerol (CBG) [1]. Other than their psychotropic effects, cannabinoids showed
anti-oxidant and anti-inflammatory properties leading to neuroprotection [2–4].

Among cannabinoids, CBD is one of the most studied, and its protective effects on different
aspects of human health, including in neurodegenerative disorders, are well known [5,6]. On the
contrary, our knowledge about CBG, another non-psychoactive phytocannabinoid, is limited, even if
the few studies published on CBG showed promising results and encourage the deepening of
its effects on human health. We have already demonstrated the CBG antioxidant properties in
RAW 264.7 macrophages stimulated with hydrogen peroxide (H2O2) [7]. Also anti-inflammatory
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and neuroprotective effects were reported for CBG and its derivatives in vitro and in vivo in
neurodegenerative disease models [8–12].

The anti-oxidant and anti-inflammatory actions of CBG are particularly interesting taking into
account that both inflammation and oxidative stress play pivotal roles in neurodegeneration [13–15].
Indeed, both these processes lead to neuronal cell death, then triggering and amplifying
degeneration [16,17]. It is important to consider that the two pathophysiological processes are tightly
correlated and influence each other. It is more relevant for the brain that is particularly sensitive to
oxidative stress [18]. Indeed, inflammatory cells can produce reactive species at the site of inflammation
causing oxidative stress, while reactive oxygen/nitrogen species may initiate an intracellular signaling
cascade that induces the expression of pro-inflammatory genes [15,19]. Given the interdependence
of these processes, a compound able to act against both inflammation and oxidative stress may be a
promising strategy in the treatment of neurodegenerative disorders.

Different cell types participate in the inflammatory process, including macrophages. They act in
order to maintain homeostasis and are directly involved in neuroinflammation, when also circulating
monocytes are recruited from the periphery and enter into the central nervous system, contributing to
the inflammatory process. For these reasons these cells play a pivotal role in central nervous system
diseases, such as autoimmune and neurodegenerative diseases [20].

We have already shown the anti-oxidant capacity of CBG in macrophages and in this work,
we aimed to deepen our knowledge on CBG properties analyzing its beneficial effects in an in vitro
model of neuroinflammation. Specifically, we evaluated whether CBG was able to counteract the
toxicity induced in NSC-34 motor neurons by the cell culture medium of (lipopolysaccharide)
LPS-stimulated RAW 264.7 macrophages, focusing our attention on the evaluation of CBG
anti-inflammatory and anti-oxidant capacities.

2. Results

2.1. CBG Increased Cell Viability in NSC-34 Motor Neurons

In order to evaluate the effects on cell viability of different concentrations of CBG, NSC-34 motor
neurons were incubated 24 h with the following CBG doses: 1, 2.5, 5, 7.5, 10, 12.5, 15 and 20 μM.
We observed with all doses an increase in cell viability compared to the control, even if the difference
was not statistically significant. In particular, for doses from 2.5 to 7.5 μM we observed about a 20%
increase in cell viability compared to the control. For higher concentrations, cell proliferation decreased
even if it was still higher compared to the control (Figure 1A). We included in our analysis also NSC-34
cells incubated with similar concentrations of dimethyl sulfoxide (DMSO) and no cytotoxicity was
observed. On the bases of these results, we decided to perform the other experiments with CBG 7.5 μM,
because with this concentration we observed the highest increase in cell viability, even if not significant.
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Figure 1. (A) Cell viability in NSC-34 motor neurons exposed to different CBG concentrations. All CBG
doses increased cell viability compared to the control (CTR). (B) Cell viability in NSC-34 exposed to the
medium of LPS-stimulated macrophages and in cells pre-treated with CBG. The exposure to the cell
culture medium of LPS-stimulated macrophages reduced cell viability, but the pre-treatment with CBG
partially restored it. The experiments were performed in triplicate. ** p < 0.01 NSC-34 cells treated with
the medium of LPS stimulated macrophages vs. NSC-34 cells pre-treated with CBG and then exposed
to the medium of LPS stimulated macrophages; **** p < 0.0001 NSC-34 treated with the medium of LPS
stimulated macrophages vs. control.

2.2. CBG Counteracted the Loss of Cell Viability and Inhibited Apoptosis in NSC-34 Cells Treated with the
Medium of LPS-Stimulated Macrophages

The incubation with the medium of LPS-stimulated RAW 264.7 macrophages caused a significant
loss of cell viability compared to control cells. Indeed, cell viability decreased of about 50% compared
to control NSC-34 cells. Interestingly, the pre-treatment with CBG 7.5 μM was able to reduce the loss
of cell viability (Figure 1B).

Accordingly, we observed the induction of apoptosis in NSC-34 motor neurons exposed to the
medium of LPS-treated macrophages, as demonstrated by the significant increase of the protein levels
of cleaved caspase 3 and Bax, while Bcl-2 expression was reduced (Figure 2). On the contrary the
pre-treatment with CBG inhibited apoptosis, abolishing the increase in Bax level and reducing cleaved
caspase 3, while Bcl-2 expression increased (Figure 2). Control cells and NSC-34 treated with CBG
alone expressed Bcl-2, but neither Bax nor cleaved caspase 3.
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Figure 2. CBG pre-treatment was able to inhibit apoptosis induced by the medium of LPS-stimulated
macrophages in NSC-34 motor neurons. (A) Immunocytochemistry showed that NSC-34 cells treated
with the medium of LPS-stimulated macrophages expressed Bax but not Bcl-2. CBG pre-treatment
abolished Bax expression and restored those of Bcl-2. (B) The treatment with the medium of
LPS-stimulated macrophages induced caspase 3 activation in NSC-34 cells, but CBG pre-treatment
reduced its expression. (C) Quantitative analysis of positive staining. The experiments were repeated
three times. **** p < 0.0001, NSC-34 cells treated with the medium of LPS stimulated macrophages
vs. NSC-34 pre-treated with CBG and then exposed to the medium of LPS stimulated macrophages,
NSC-34 treated with the medium of LPS stimulated macrophages vs. control; Scale bar: 50 μm.

2.3. CBG Reduced the Expression of Pro-Inflammatory Cytokines and Proliferator-Activated
Receptor γ (PPARγ)

The treatment of NSC-34 motor neurons with the medium of LPS-stimulated macrophages
induced inflammation as demonstrated by the increased protein levels of the pro-inflammatory
cytokines interleukin-1β (IL-1β), tumor necrosis factor α (TNF-α) and interferon-γ (IFN-γ) evaluated
by immunocytochemical assay (Figure 3). Interestingly, the pre-treatment with CBG was able to reduce
IL-1β, TNF-α and IFN-γ protein levels (Figure 3). Control and CBG treated NSC-34 motor neurons did
not express pro-inflammatory cytokines.
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Figure 3. CBG pre-treatment was able to reduce the levels of pro-inflammatory cytokines in NSC-34
cells treated with the medium of LPS-stimulated RAW 264.7 macrophages. Immunocytochemistry
with the quantitative analysis of positive staining showed that the treatment with the medium of
LPS-stimulated RAW 264.7 macrophages induced the expression of the pro-inflammatory cytokines
IL-1β, TNF-α and IFN-γ. CBG pre-treatment reduced the protein levels of the pro-inflammatory
cytokines. The immunocytochemical assays were repeated three times. **** p < 0.0001, NSC-34 cells
treated with the medium of LPS stimulated macrophages vs. NSC-34 pre-treated with CBG and then
exposed to the medium of LPS stimulated macrophages, NSC-34 treated with the medium of LPS
stimulated macrophages vs. control; Scale bar: 50 μm.

In addition, in NSC-34 motor neurons treated with the medium of LPS-stimulated RAW 264.7 cells,
we observed the expression of PPARγ assessed by immunocytochemistry. However, the pre-treatment
with CBG reduced PPARγ protein levels (Figure 4).
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Figure 4. CBG pre-treatment was able to reduce the levels of PPARγ in NSC-34 cells treated with the
medium of LPS-stimulated RAW 264.7 macrophages. The treatment with the medium of LPS-stimulated
RAW 264.7 macrophages induced the expression of PPARγ, but CBG pre-treatment reduced its levels.
The immunocytochemical assays were repeated three times. **** p < 0.0001, NSC-34 cells treated with
the medium of LPS stimulated macrophages vs. NSC-34 cells pre-treated with CBG and then exposed to
the medium of LPS stimulated macrophages, NSC-34 cells treated with the medium of LPS stimulated
macrophages vs. control; Scale bar: 50 μm.

2.4. CBG Exerted an Antioxidant Action in NSC-34 Cells Treated with Medium of
LPS-Stimulated Macrophages

As we said above, inflammation and oxidative stress are two correlated processes, indeed the
treatment of NSC-34 motor neurons with the medium of LPS-stimulated RAW 264.7 induced oxidative
stress, as demonstrated by the increase in nitrotyrosine levels evaluated by immunocytochemical
assay. However, CBG pre-treatment was able to reduce nitrotyrosine expression (Figure 5). In addition,
CBG pre-treatment was able to counteract the increase of superoxide dismutase 1 (SOD1) and inducible
nitric oxide synthase (iNOS) expression induced by the treatment with the medium of LPS-stimulated
RAW 264.7, reducing their levels (Figure 5) as evidenced by immunocytochemistry. Control NSC-34
motor neurons and cells treated with CBG alone evidenced the absence of oxidative marker expression.

Controls and NSC-34 motor neurons exposed to CBG expressed nuclear factor erythroid 2–related
factor 2 (Nrf-2). The exposure of NSC-34 motor neurons to the medium of LPS-stimulated macrophages
reduced the levels of Nrf-2 (Figure 6). However, CBG pre-treatment restored Nrf-2 levels.
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Figure 5. CBG pre-treatment was able to reduce the levels of oxidative stress markers nitrotyrosine,
iNOS and SOD1 in NSC-34 cells treated with the medium of LPS-stimulated RAW 264.7 macrophages.
The treatment with the medium of LPS-stimulated RAW 264.7 macrophages induced the expression of
nitrotyrosine, iNOS and SOD1, but CBG pre-treatment reduced their levels. The immunocytochemical
assays were repeated three times. **** p < 0.0001, NSC-34 cells treated with the medium of LPS
stimulated macrophages vs. NSC-34 cells pre-treated with CBG and then exposed to the medium of
LPS stimulated macrophages, NSC-34 cells treated with the medium of LPS stimulated macrophages
vs. control; Scale bar: 50 μm.
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Figure 6. CBG pre-treatment was able to restore Nrf-2 expression in NSC-34 cells treated with the
medium of LPS-stimulated RAW 264.7 macrophages. Control cells and NSC-34 cells treated with
CBG alone expressed Nrf-2. On the contrary, the treatment with the medium of LPS-stimulated
RAW 264.7 macrophages abolished its expression, but CBG pre-treatment restored its levels.
The immunocytochemical assays were repeated three times. **** p < 0.0001, NSC-34 cells treated
with the medium of LPS stimulated macrophages vs. NSC-34 cells pre-treated with CBG and then
exposed to the medium of LPS stimulated macrophages, NSC-34 cells treated with the medium of LPS
stimulated macrophages vs. control; Scale bar: 50 μm.

3. Discussion

Both oxidative stress and inflammation play a main role in neurodegenerative disorders,
including Alzheimer’s disease, Parkinson’s disease and multiple sclerosis [13,14]. Neurodegeneration
represents a major problem for human health, being one of the major causes of mortality and disability.
Given that a cure against neurodegenerative disorders is not available, the research is focused on the
discovery of new compounds able to exert a beneficial action against neurodegeneration, protecting
neuronal cells, and able to stop or delay the progression of this kind of diseases. In particular,
compounds with both anti-inflammatory and anti-oxidative actions may represent a successful
strategy. Different phytochemicals were shown to exert a protective action, and, among these ones,
some cannabinoids extracted from Cannabis sativa were studied for their beneficial properties. Even if
CBD is one of the most studied non-psychoactive phytocannabinoids, CBG was reported to be able to
exert different beneficial actions.

In a previous work we showed that CBG reduced oxidative markers, such as iNOS, nitrotyrosine
and Poly (ADP-ribose) polymerase 1 (PARP-1) and increase cell anti-oxidant defense through the
modulation of SOD1. We reported that CBG anti-oxidant action depends on the CB2 receptors.
Moreover, CBG treatment prevented IκB-α phosphorylation and translocation of the nuclear factor-κB
(NF-κB) and modulated the mitogen-activated protein (MAP) kinases pathway. All these actions
resulted in an inhibition of cell death [7].

Other than the anti-oxidant action, CBG showed neuroprotective effects in experimental
models of Huntington’s disease [12] and beneficial actions in a model of inflammatory bowel
disease [8]. Furthermore, CBG derivatives showed also neuroprotective effects in models of Parkinson’s
disease [11], Huntington’s disease [21] and multiple sclerosis [9,10].

In this work, we evaluated the beneficial properties exerted by CBG in an in vitro model of
neuroinflammation. With this aim, we exposed NSC-34 motor neurons to the cell culture medium of
LPS-stimulated RAW 264.7 macrophages.
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We observed that CBG increased the number of viable cells compared to the control at all
concentrations tested. The highest cell viability was observed at the dose of CBG 7.5 μM, and this
concentration was used for further evaluations.

Incubation with the medium of LPS-stimulated RAW 264.7 macrophages caused a 50% loss
of cell viability in NSC-34 motor neurons. This result is in line with a study reporting that LPS
treatment induced in PC12 rat pheochromocytoma cells, an in vitro model used for neurological and
neurochemical studies, loss of cell viability [22]. Interestingly, CBG was able to decrease neuronal
cell loss. These results are in line with those obtained with a CBG derivative in M-213 neuronal cells
exposed to the conditioned medium of LPS stimulated BV2 cells, in which it was able to reduce M-213
cell death [11]. In addition, the capacity of CBG and of its quinone derivatives to counteract the loss of
cell viability induced by neurotoxic stimuli, was also reported in HT22 mouse hippocampal cells and
Neuro-2a neuroblastoma cells treated with glutamate [9,21].

Accordingly to the loss of cell viability, the medium of LPS-stimulated macrophages induced
apoptosis in NSC-34 motor neurons, as demonstrated by the expression of cleaved caspase 3 and Bax,
while Bcl-2 was not expressed. We evaluated cleaved caspase 3 protein level by western blot analysis
because this assay better evidenced the presence of the cleaved bands. However, CBG pre-treatment
decreased the protein levels of active caspase 3 and Bax was not expressed, instead Bcl-2 levels
increased. Similar results were obtained in RAW 264.7 treated with H2O2, where it was shown that
CBG inhibited apoptosis [7].

The treatment of NSC-34 motor neurons with the medium of LPS-stimulated RAW 264.7 increased
the expression of the pro-inflammatory cytokines as already reported by previous works [23,24] and
in line with the pro-inflammatory role of LPS. CBG pre-treatment was able to reduce inflammation,
decreasing the expression of the pro-inflammatory cytokines IL-1β, TNF-α and IFN-γ. CBG capacity
to counteract the release of cytokines was reported in other models. Indeed, in an experimental model
of inflammatory bowel disease, CBG reduced IL-1β and IFN-γ levels in inflamed colons [8], while in a
model of Huntington’s disease, CBG was able to decrease the expression of TNF-α and interleukin
6 (IL-6) [12]. Furthermore, CBG derivatives showed anti-inflammatory properties, such as CBG
quinone derivatives that reduced the release of TNF-α and IL-1β in the medium of LPS-treated BV2
cells [11] and the expression of TNF-α and IFN-γ in the spinal cord of a murine model of Experimental
Autoimmune Encephalomyelitis (EAE) [10]. Both CBG and its quinone derivative were able to inhibit
IL-1β, TNF-α and IL-6 in microglia stimulated with LPS [9]. In our experimental condition, we found
that the treatment of NSC-34 motor neurons with the medium of LPS-stimulated RAW 264.7 increased
the expression of PPARγ, but CBG pre-treatment reduced its level. PPARγ plays a crucial role in the
regulation of proliferation, metabolism, differentiation and inflammatory response in the nervous
system. PPARγ agonist can exert anti-inflammatory and anti-oxidant responses [25]. PPARγ was
reported to increase in vivo after LPS injection [26,27]. It is known that some cannabinoids can activate
PPARγ, that mediates at least in part the analgesic, neuroprotective and anti-inflammatory effects [28].
CBG derivatives exerted neuroprotective, pro-survival and anti-inflammatory actions, at least in part,
activating PPARγ [10,11,21].

The incubation with the medium of LPS-stimulated RAW 276.7 increased oxidative stress in
NSC-34 cells as demonstrated by the increase in nitrotyrosine levels, a well-known marker of oxidative
stress involved also in neurodegenerative disease [29,30]. In parallel, we observed increased levels
of iNOS in NSC-34 cells treated with the medium of LPS-stimulated RAW 264.7 macrophages.
NOS enzymes mediate the synthesis of nitric oxide (NO) from the conversion of the amino acid
L-arginine to L-citrulline. NO can interact with superoxide anion to form peroxynitrite, a potent
oxidant agent. It is known that iNOS expression may be induced by both LPS and cytokines [31],
such as in our study. However, the pre-treatment with CBG reduced both nitrotyrosine and
iNOS expression in NSC-34 motor neurons treated with the medium of LPS-stimulated RAW 264.7
macrophages. CBG ability to reduce the levels of these pro-oxidant markers was demonstrated
in vitro in macrophages stimulated with H2O2 [7]. However, also in in vivo models of Huntington’s
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disease and experimental inflammatory bowel disease CBG attenuated the expression of iNOS [8,12].
CBG derivatives were reported to decrease iNOS expression in vivo and in vitro [11]. We observed
increased SOD1 levels in NSC-34 motor neurons treated with the medium of LPS-stimulated RAW
264.7 macrophages. SOD1 protects cells from harmful amounts of superoxide anions, converting two
superoxide anions into oxygen and H2O2. The pre-treatment with CBG reduced SOD1 levels.

Decreased levels of the transcription factor Nrf-2 in NSC-34 motor neurons exposed to the
medium of LPS-stimulated RAW 276.7 macrophages were found. Nrf-2 takes part in the cell
anti-oxidant defense system, being a regulator of the expression of genes involved in the protection
against oxidative stress and inflammation in order to maintain mitochondrial function, cellular
redox, and protein homeostasis [32]. Indeed, among Nrf-2 target genes there are those encoding
for proteins involved in detoxification, antioxidant and anti-inflammatory actions [33]. Interestingly,
we observed that the pre-treatment with CBG restored Nrf-2 nuclear protein expression reducing
oxidative stress. The antioxidant action of CBG is particularly important taking into account that
the brain is particularly sensitive to changes in cellular redox status, making the maintenance of
redox homeostasis in the brain a critical point for the prevention of oxidative stress induced cellular
damage [34,35]. However, Nrf-2 showed also an anti-inflammatory action, given that evidence showed
a mechanism of transcriptional repression of pro-inflammatory cytokines, such as TNF-α, IL-1β, IL-6,
interleukin 8 in microglia, macrophages, monocytes, and astrocytes following Nrf-2 activation [36,37].
Interestingly, in our in vitro model of neuroinflammation we observed in parallel to the increased
Nrf-2 levels, a reduction of pro-inflammatory cytokines.

Our results are in line with previous studies that showed the beneficial effects and
anti-inflammatory activity of CBG and its derivatives. In a model of colitis induced in mice by
intracolonic administration of dinitrobenzene sulphonic acid (DNBS), CBG was able to reduce
colon weight/colon length ratio, myeloperoxidase activity and exerts an anti-inflammatory activity
associated to DNBS administration. In addition, CBG reduced NO production and iNOS protein
expression in macrophages [8]. CBG showed neuroprotective effects in a Huntington’s disease model,
improving motor deficits and reducing microgliosis and inflammatory markers [12]. A derivative of
CBG, the CBG quinone VCE-003 showed neuroprotective actions in experimental models of multiple
sclerosis [9,10]. Indeed, VCE-003 mitigated disease symptoms, decreased microglia reactivity and
modulated the expression of genes involved in multiple sclerosis pathology. In addition, VCE-003
showed anti-inflammatory properties, protecting neurons from excitotoxicity and inhibiting the
release of pro-inflammatory mediators in LPS stimulated microglial cells. Another CBG derivative,
VCE-003.2 prevented neuronal degeneration in an experimental model of Parkinson’s disease, through
an anti-inflammatory action [11].

It would be interesting also to perform gene expression analysis, in order to evaluate the
transcriptional regulation exerted by CBG. However, we only evaluated protein levels, and then
this may be considered a limitation of this study. In addition, it is an in vitro study, then these results
have to be confirmed in vivo in a neuroinflammation model, but also in different neurodegenerative
disorder models.

4. Materials and Methods

4.1. Plant Material

Cannabis sativa var. Carma was obtained from a greenhouse cultivation at CREA-CIN
(Rovigo, Italy), where a voucher specimen is kept. The plant material was harvested in November
2010 and was supplied by Dr. Gianpaolo Grassi (CREA, Rovigo, Italy). The manipulation of the plant
was done in accordance with its legal status (Authorization SP/101 of the “Ministerodella Salute”,
Rome, Italy).
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4.2. General Experimental Procedures

1H NMR spectra were measured using JEOL ECP 300—300 MHz spectrometer (JEOL, Pleasanton,
CA, USA). Chemical shifts were referenced to the residual solvent signal (CDCl3: δH 7.26).
Reverse phase (RP) C-18 (POLYGOPREP60-30 C18) was used to remove waxes and pigments. Silica gel
60 (70–230 mesh) was used for gravity column chromatography. CBG purification was monitored
using TLC on Merck 60 F254 (0.25 mm) plates, that were visualized by UV inspection and/or spraying
with 5% H2SO4 in ethanol and heating.

4.3. Extraction and CBG Isolation

One Kg of dried, powdered flowered aerial parts were heated at 120◦C for 2.5 h in order to
decarboxylate precannabinoids and then extracted exhaustively with acetone (2 × 9 L) using a shaker.
The elimination of the solvent left a black resinous residue (74 g, 7.4%), that was dissolved in MeOH
(30 mL/g of extract) and filtered using RP C-18 silica gel to remove waxes and pigments.

The evaporation of methanol afforded 36 g of a dark-green extract that was further purified by
gravity column chromatography on silica gel (75 g, petroleum ether-EtOAc, 8:2, as eluent) to afford 5 g
of a yellow oil then crystallized with petroleum ether to give 3 g of pure CBG (0.3%). Pure CBG was
stored at −8 ◦C.

4.4. RAW 264.7 Macrophage Cell Culture and LPS Treatment

The murine macrophage RAW 264.7 cell line, obtained from InvivoGen (San Diego, CA, USA),
were cultured in monolayer at 37 ◦C in a moisturized atmosphere of 5% CO2 and 95% air using
DMEM-high glucose medium (Sigma-Aldrich,St. Louis, MO, USA supplemented with 10% fetal
bovine serum (FBS) (Sigma-Aldrich). With the aim to induce inflammation, cells were grown until
70–80% confluence was reached, and after they were incubated with 10 ng/mL LPS from Escherichia
coli 0111:B4 (Sigma-Aldrich) for 24 h [38]. Untreated cells were used as control. At the end of the
treatment the culture medium was collected to carry out experiments with NSC-34 cells.

4.5. NSC-34 Motor Neurons Treatment with the Medium of LPS-Stimulated RAW 264.7

The aim of this work was the evaluation of the anti-inflammatory and anti-oxidative stress
properties of CBG in a neuroinflammation model in vitro. In order to reproduce neuroinflammation
in vitro, we treated the murine motor neuron cell line NSC-34 with the cell culture medium of
LPS-stimulated RAW macrophages. NSC-34 cells, acquired from Cellutions Biosystems Inc., Cedarlane
(Burlington, ON, Canada), were cultured in DMEM-high glucose medium (Sigma-Aldrich) with the
addition of 10% FBS (Sigma-Aldrich), at 37 ◦C in a moisturized atmosphere of 5% CO2 and 95%
air. To examine anti-inflammatory effects of CBG against LPS-induced inflammation, NSC-34 cells
were pre-treated for 24 h with 7.5 μM CBG. At the end of pre-treatment, medium was replaced with
cell-free conditioned medium from LPS-stimulated RAW 264.7 macrophages, and incubated for 24 h.
As controls, NSC-34 cells were incubated with the medium of unstimulated RAW 264.7 macrophages.
Cells treated with vehicle (<0.1% DMSO) or with the CBG alone were also included as controls. Then,
motor neuronal cells were fixed for immunocytochemistry analysis or harvested for western blot.
All the experiments were done in triplicate and repeated for three independent times.

4.6. Thiazolyl Blue Tetrazolium Bromide (MTT) Assay

In order to evaluate the effects of CBG and LPS on cell viability the MTT assay was performed.
To evaluate the effects of CBG, NSC-34 cells were cultured in 96-well plates and incubated for 24 h
with different CBG doses (1, 2.5, 5, 7.5, 10, 12.5, 15 and 20 μM). With the aim to evaluate cell death
induced by LPS and whether CBG could counteract the loss of cell viability, NSC-34 motor neurons
were cultured in 96-well plates, and after pre-treatment with 7.5 μM CBG for 24 h, cells were incubated
with the medium of LPS-stimulated macrophages for 24 h. At the end of the treatments, cells were
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washed and incubated with fresh medium containing MTT (0.5 mg/mL; Sigma-Aldrich) at 37◦C for
4 h. After, formazan crystals were dissolved in acidic isopropanol at 37◦C for 1 h and the optical
density was evaluated by spectrophotometric measurement of absorbance. All the experiments were
done in triplicate and repeated for three independent times.

4.7. Protein Extraction and Western Blot Analysis

At the end of the treatment, NSC-34 motor neurons were collected and lysed using buffer A
[320 mM sucrose, 10 mM, 1 mM EGTA, 2 mM EDTA, 5 mM NaN3, 50 mM NaF, β-mercaptoethanol,
and protease/phosphatase inhibitor cocktail (Roche Molecular Diagnostics, Branchburg, NJ, USA)]
in ice for 15 min, and centrifuged at 1000×g for 10 min at 4 ◦C. The supernatant was collected as
cytosolic extract. The obtained pellet was lysed with buffer B [150 mM NaCl, 10 mM Tris-HCl (pH 7.4),
1 mM EGTA, 1 mM EDTA, Triton X-100, and protease/phosphatase inhibitor cocktail (Roche Molecular
Diagnostics, Pleasanton, CA, USA)] in ice for 15 min and centrifuged at 15,000×g for 30 min at 4 ◦C.
The supernatant was collected as nuclear extract. Protein concentrations were measured through
Bradford assay (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Twenty-five μg of proteins were heated
for 5 min at 95 ◦C and resolved by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and after
transferred onto a PVDF membrane (Amersham Hybond, GE Healthcare Life Sciences, Milan, Italy).

Membranes were blocked with 5% skim milk in Phosphate Buffered Saline (PBS) for 1 h at
room temperature and incubated overnight at 4 ◦C with the primary antibody against cleaved
caspase 3 (1:1000; Cell Signaling Technology, Danvers, MA, USA). Membranes were washed with
PBS 1X and incubated with horse radish peroxidase (HRP)-conjugated anti-rabbit IgG secondary
antibody (1:2000; Santa Cruz Biotechnology,Dallas, TX, USA) for 1 h at room temperature. With the
aim to analyze if blots were loaded with equal amounts of proteins, membranes were incubated
with antibody for glyceraldehyde 3-phosphate dehydrogenase (GAPDH) HRP Conjugated (1:1000;
Cell Signaling Technology). The relative expression of protein bands was analyzed through an
enhanced chemiluminescence system (Luminata Western HRP Substrates; Millipore, Burlington,
MA, USA). Protein bands were acquired using ChemiDoc™ MP System (Bio-Rad Laboratories, Inc.)
and quantified through the computer program ImageJ software (developed at the National Institutes of
Health, USA, http://rsb.info.nih.gov/ij). All blots are representative of three independent experiments.

4.8. ImmunocytoChemistry

NSC-34 motor neurons were grown on coverslips (12 mm; Thermo Fisher Scientific, Waltham,
MA, USA) and, at the end of the treatments, they were fixed with 4% paraformaldehyde at room
temperature for 30 min and after washed with PBS (pH 7.5). Afterwards, cells were incubated with
3% H2O2 at room temperature for 15 min in order to suppress the endogenous peroxidase activity.
After three washes with PBS, cells were blocked with horse serum +0.1% Triton X-100 for 20 min and
incubated overnight at 4◦C with the following primary antibodies:

- anti Bax (1:50; Santa Cruz Biotechnology);
- anti Bcl-2 (1:50; Santa Cruz Biotechnology);
- anti IL-1β (1:250; Cell Signaling Technology);
- anti IFN-γ (1:50; Santa Cruz Biotechnology);
- anti TNF-α (1:250; Cell Signaling Technology);
- anti SOD1 (1:100; Abcam, Cambridge, UK);
- anti iNOS (1:50; Santa Cruz Biotechnology);
- anti nitrotyrosine (1:1000; Millipore);
- anti Nrf-2 (1:50; Santa Cruz Biotechnology);
- anti PPARγ (1:50; Santa Cruz Biotechnology).

After, cells were washed with PBS and incubated with biotinylated secondary antibody (1:200;
Vector Laboratories, Inc., Burlingame, CA, USA) and streptavidin AB Complex-HRP (ABC-kit from
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Dako, Glostrup, Denmark). The immunostaining was developed with the DAB peroxidase substrate kit
(Vector Laboratories, DBA Italia S.r.l., Milan, Italy; brown color; positive staining) and counterstaining
with nuclear fast red (Vector Laboratories, DBA Italia S.r.l.; pink background; negative staining).

The immunocytochemical assays were repeated three times and each experimental group was
plated in duplicate, for a total of 6 coverslips for each antibody. With the aim of calculating the
percentage of positive cells stained, the images were captured using a light microscopy (LEICA DM
2000 combined with LEICA ICC50 HD camera) with an objective ×40 and the densitometric analysis
was carried out using the software LEICA Application Suite ver. 4.2.0 (LEICA, Wetzlar, Germany).
Quantitative analysis was performed on 6 coverslips by covering approximately 90% of the total area.

4.9. Statistical Data Analysis

Statistical analysis was carried out using GraphPad Prism version 6.0 software (GraphPad
Software, La Jolla, CA, USA). The data were statistically analyzed by one-way ANOVA test and
Bonferroni post-hoc test for multiple comparisons. A P value less than or equal to 0.05 was considered
statistically significant. Results are reported as mean ± SEM of N experiments.

5. Conclusions

In conclusion, our results indicated that CBG exerted a protective action in an in vitro
neuroinflammation model. CBG reduced neuronal death in NSC-34 cells treated with the medium of
LPS stimulated macrophages, reducing inflammation and oxidative stress. In particular, CBG restored
cell anti-oxidant defense, increasing the expression of Nrf-2, reduced oxidative stress and inflammatory
markers. On the bases of these results, thanks to its neuroprotective effects, we encourage the use of
CBG against neurodegeneration and in those pathological conditions where neuroinflammation and
oxidative stress play a main role.
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Abbreviations

Δ9-THC Δ9-tetrahydrocannabinol
CBD Cannabidiol
CBG Cannabigerol
H2O2 Hydrogen peroxide
LPS Lipopolysaccharide
DMSO Dimethyl sulfoxide
PPARγ Proliferator-activated receptor γ
IL-β Interleukin-1β
IFN-γ Interferon-γ
TNF-α Tumor necrosis factor α
iNOS Inducible nitric oxide synthase
SOD1 Superoxide dismutase1
Nrf-2 Nuclear factor erythroid 2–related factor 2
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PARP-1 Poly [ADP-ribose] polymerase 1
NF-κB Nuclear factor-κB
MAP Mitogen-activated protein
IL-6 Interleukin 6
EAE Experimental Autoimmune Encephalomyelitis
NO Nitric oxide
DNBS Dinitrobenzene sulphonic acid
FBS Fetal bovine serum
MTT Thiazolyl Blue Tetrazolium Bromide
HRP Horse radish peroxidase
GAPDH Glyceraldehyde 3 phosphate dehydrogenase
PBS Phosphate Buffered Saline
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Abstract: Astragali Radix (AR) is a widely used “Qi-invigorating” herb in China for its tonic effects
in strengthening biological tissues. The extract of AR contains abundant antioxidants, including
astragalosides and isoflavonoids. However, very few reports have systematically measured the
effects of the major components of AR on cell mitochondrial bioenergetics. Here, a systemic approach
employing an extracellular flux analyzer was developed to evaluate mitochondrial respiration in
cultured cardiomyocyte cells H9C2. The effects of different polar extractives, as well as of the
major compounds of AR, were compared. The contents of astragaloside IV, calycosin, formononetin,
and genistein in the AR extracts obtained by using water, 50% ethanol, and 90% ethanol were
measured by liquid chromatograph-mass spectrometer (LC–MS). The antioxidant activities of the
AR extracts, as well as of their major compounds, were determined by measuring the free radical
scavenging activity and protective effects in tert-butyl hydroperoxide (tBHP)-treated H9C2 cells.
By monitoring the real-time oxygen consumption rate (OCR) in tBHP-treated cardiomyocytes with a
Seahorse extracellular flux analyzer, the tonic effects of the AR extracts and of their main compounds
on mitochondrial bioenergetics were evaluated. AR water extracts possessed the strongest antioxidant
activity and protective effects in cardiomyocytes exposed to oxidative stress. The protection was
proposed to be mediated via increasing the spare respiratory capacity and mitochondrial ATP
production in the stressed cells. The major compounds of AR, astragaloside IV and genistein, showed
opposite effects in regulating mitochondrial bioenergetics. These results demonstrate that highly polar
extracts of AR, especially astragaloside-enriched extracts, possess better tonic effects on mitochondrial
bioenergetics of cultured cardiomyocytes than extracts with a lower polarity.

Keywords: Astragali Radix; astragaloside IV; genistein; mitochondrial bioenergetics; oxygen
consumption rate

1. Introduction

Astragali Radix (AR), derived from the dry roots of Astragalus membranaceus (Fisch.) Bge. var.
mongholicus (Bge.) Hsiao and Astragalus membranaceus (Fisch.) Bge, is one of the most widely used
traditional folk medicines in Asia because of its beneficial effects in invigorating “Qi” and strengthening
tissues [1]. According to traditional Chinese medicine (TCM) theory, the interaction between “Yin
and Yang” produces “Qi”. AR acts mainly by tonifying defensive Qi, which protects the body
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against disease-causing factors [2]. Hence, multiple pharmacological effects of AR have been reported,
e.g., immuno-modulation [3], anti-aging [4], anti-oxidation [5], and enhancement of cardiovascular
function [6].

Being considered as a powerful exogenous source of antioxidants, AR provides obvious protective
effects to organs in various models of oxidative stress-related diseases [7–9]. Astragaloside and
isoflavonoid were proposed to be the major antioxidants of AR [10]. Astragalosides, especially
astragaloside IV, have been proved to exert remarkable antioxidant activity and protective effects
on mitochondria [11]. Astragaloside IV suppressed heat-induced apoptosis in bronchial epithelial
cells by inhibiting the activation of mitochondrial Ca2+ uniporter, mitochondrial depolarization, and
reactive oxygen species (ROS) production [12]. Other strong antioxidant components of AR are
isoflavonoids, e.g., calycosin, formononetin, and genistein. Calycosin showed anti-apoptotic effects
by enhancing Akt phosphorylation and activating ERα/β in cardiomyocytes exposed to oxidative
stress [13], while formononetin was observed to attenuate apoptosis by regulating ROS formation in
various cancer models [14,15]. Genistein was reported to be an anti-cancer agent [16], which could
induce the disruption of mitochondrial membrane potential, the release of cytochrome c, and the
activation of the apoptosome [17]. Chemical analysis has shown that AR contains different active
ingredients, which therefore could account for the aforementioned biological activities [18].

Mitochondria are responsible for the production of ROS in the process of generating ATP. Defects
in mitochondria are proposed to be the primary cause of energy decline, as well as of the onset of the
aging process [19]. The profile of mitochondrial bioenergetics could be an indicative measurement of
a cell energy status. The profile, e.g., the oxygen consumption rate (OCR) and the spare respiratory
capacity (SRC), corresponds to the ability of mitochondria to increase ATP. In addition to the spare
respiratory capacity, the maximal respiration of cells could be affected by the basal respiration
consisting in proton leak and conventional mitochondrial ATP production. Proton leak from the
mitochondrial inner membrane results in the uncoupling of oxidative phosphorylation, which is
cytoprotective [20]. In addition, this leakage could downregulate ROS generation [21]. However, the
proton leak also represents basal respiration not coupled to mitochondrial ATP production, and this
could be considered as a sign of mitochondrial damage [22].

AR is considered a “Qi”-invigorating herb, which suggests its beneficial effect resulting in the
production of ATP. The possible functions of AR in mitochondrial protection and elimination of
ROS formation have been reported [23,24]. However, the real-time effect of AR in mitochondrial
bioenergetics of living cells has rarely been studied. Here, a systematic approach to evaluate
mitochondrial bioenergetics of intact cultured cardiomyocytes was adopted by using an extracellular
flux analyzer. The major compounds of AR, e.g., astragaloside IV, calycosin, formononetin,
and genistein, were also analyzed, and their functions in mitochondria were compared.

2. Results

2.1. Quantification of Chemicals and Total Phenolic Compounds in Different Extracts

The contents of calycosin, astragaloside IV, genistein, and formononetin in a water extract of
AR (ARwater), a 50% ethanol extract of AR (AREtOH50), and a 90% ethanol extract of AR (AREtOH90)
of three different batches of AR were quantified by LC–MS in multiple reaction monitoring (MRM)
detection mode (Table 1 and Figure 1A). The analytical method was optimized on the basis of previous
reports [25]. As summarized in Table S1, the fragmentor energy, collision energy, and ion pairs were
optimized to attain the highest abundance of detected chemicals. In MS/MS analysis, the calibration
curves of the four markers were linear over a concentration range of 1–1000 ng/mL, and the r2 values
of these calibration curves were higher than 0.990 in the analysis (Table S2). The investigation of
precision, repeatability, and recovery of those four chemicals in AR extracts proved that the established
method was robust enough for simultaneous quantification of various chemicals in AR, as summarized
in Table S3.
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Table 1. Quantitative assessment of four chemical standards in different AR extracts.

Standards
AR-1 1 AR-2 AR-3

W 2 E50 E90 W E50 E90 W E50 E90

Calycosin 522.3 ± 6.32 3 491.56 ± 6.12 468.26 ± 2.92 467.23 ± 5.86 399.45 ± 7.42 333.22 ± 1.32 498.22 ± 5.89 387.22 ± 5.49 318.98 ± 8.19

Astragaloside IV 686.67 ± 4.23 579.23 ± 3.12 543.98 ± 2.39 537.28 ± 2.89 469.02 ± 2.19 450.22 ± 1.29 543.33 ± 5.67 582.11 ± 5.92 512.45 ± 4.89

Genistein 6.58 ± 0.13 9.14 ± 0.21 7.03 ± 0.22 5.43 ± 0.11 8.99 ± 0.32 7.93 ± 0.12 4.89 ± 0.21 5.89 ± 0.11 5.83 ± 0.12

Formononetin 139.34 ± 7.23 192.29 ± 1.91 179.34 ± 1.21 169.18 ± 5.38 187.29 ± 2.99 166.98 ± 1.11 169.29 ± 4.89 188.27 ± 3.22 138.39 ± 8.29

1 Three batches of AR, purchased from Shanxi province of China, were used in the present study. 2 W, water extracts
of AR; E50, 50% ethanol extracts of AR; E90, 90% ethanol extracts of RA. 3 The values are expressed in mg/g of
dried powder of RA, mean ± SD, n = 3.

Figure 1. Principal component analysis (PCA) of major compunds in different Astragali Radix
(AR) extracts. (A) The identification of ginsenoside Rg1 (1; internal control marker), calycosin (2),
astragaloside IV (3), genistein (4), and formononetin (5) was made by an MS detector. Representative
chromatograms of chemical markers (Standards), water extract of AR (ARwater), 50% ethanol extract
of AR (AREtOH50), and 90% ethanol extract of AR (AREtOH90) under MRM mode are shown. (B) The
scoring plot of different AR extracts is presented by comparing the contents of chosen major compounds.
PC1 and PC2 described ~80.2% and ~17.5% of total variability, respectively. (C) The loading plot of
PC1 versus PC2 for four compounds is shown. n = 3.

Representative chromatograms of standard markers (Standards), ARwater, AREtOH50, and
AREtOH90 under MRM mode are shown (Figure 1A). The chemical markers of ginsenoside Rg1 (internal
control), calycosin, astragaloside IV, genistein, and formononetin are indicated. After determination of
the contents of selected markers in three batches of AR, a principal component analysis (PCA) analysis
was conducted to differentiate the samples extracted with water from those extracted with different
ethanol aqueous solutions. As shown in Figure 1B, the two ranking PCs (PC1 and PC2) accounted for
97.7% of total variance, and AR extracts could be obviously distinguished into three distinct groups,
according to the extracting solvents. The role of each variable (calycosin, astragaloside IV, genistein,
and formononetin) in discriminating the extracts is shown in the loading plot (Figure 1C). Combined
with the contents of selected markers recorded in Table 1, the contents of calycosin and astragaloside
IV in ARwater extract were generally higher than those in AREtOH50 and AREtOH90, while the for other
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two compounds the results appeared reversed. The contents of these markers could serve as quality
control parameters.

Apart from the quantification of bioactive markers, the antioxidant effects of the AR extracts,
i.e., ARwater, AREtOH50 and AREtOH90, were evaluated by measuring their total phenolic content and free
radical scavenging activity. Different extracts of AR from batch 1 were used for the subsequent analyses.
The total phenolic contents of ARwater, AREtOH50, and AREtOH90 were determined in reference to gallic
acid (Figure 2A). Among the three extracts, AREtOH50 exhibited a significant higher content of phenolic
compounds, equivalent to ~11.7 mg gallic acid/g of sample, while ARwater and AREtOH90 showed
~9.4 mg gallic acid/g and ~9.1 mg gallic acid/g, respectively. Inconsistent with this result, ARwater

showed a significant higher free radical scavenging activity than the ethanol extracts (Figure 2B),
indicating that the phenolic compounds might not be the only antioxidant present in AR.

Figure 2. Comparison of total phenolic contents and 1,1-Diphenyl-2-picrylhydrazyl radical
2,2-Diphenyl-1-(2,4,6-trinitrophenyl)hydrazyl (DPPH) radical scavenging activity of different AR
extracts. (A) The total phenolic contents of the AR extracts was determined using the Folin–Ciocalteu
assay. Gallic acid was used as a reference compound, and the total phenolic content of each extract
was expressed as the value of gallic acid equivalent (i.e., GAE in mg/g). (B) The antioxidant effects of
the AR extracts were determined using the DPPH radical scavenging assay. Gallic acid was used as a
positive control. All data are expressed as mean ± SD, n = 5. Statistical comparison was made with the
sample with the lowest value of the corresponding concentration, * p < 0.05, *** p < 0.001.

2.2. Protection Effects of the AR Extracts in H9C2 Cells Subjected to Oxidative Stressed

H9C2 cell, an embryonic cardiomyocyte cell line, was selected here because of its robust and fast
reaction to various stimuli. By treating with different concentrations of tBHP, a stress inducer, cell
death of H9C2 cells and intracellular ROS level were induced in a dose-dependent manner. tBHP at
150 μM caused the maximal induction of ROS (Figure S1), and this concentration was used for the
subsequent experiments [26]. By using a cell viability assay, the concentration range of the tested
extracts and markers was also optimized (Figure S2). The results revealed that all AR extracts could
dose-dependently protect the cells against oxidative insult (Figure 3A). Among the three extracts,
ARwater possessed the best protective effects up to over 60% as compared with the control, while
AREtOH50 and AREtOH90 showed almost identical effects corresponding to ~40% compared to the
control. Consistent with the protection effects, the AR extracts could dose-dependently decrease
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tBHP-induced ROS formation: ARwater showed the greatest inhibitory effect corresponding to ~42%,
as compared with those of the control and of the other extracts (Figure 3B).

Figure 3. Protection effects of the AR extracts and major compounds in H9C2 cells against oxidative
stress. (A) The dose-dependent response was determined by pre-treating the cultures with AR extracts
(batch AR-1), i.e., water extract of AR (ARwater), 50% ethanol extract of AR (AREtOH50), and 90%
ethanol extract of AR (AREtOH90) for 24 h before the addition of tBHP (150 μM). Vitamin C at various
concentrations served as a positive control. (B) Cultured H9C2 cells were pre-treated with the AR
extracts or tert-butyl hydroquinone (tBHQ) for 24 h and then exposed to tBHP (150 μM) for 1 h.
The result is in percentage of ROS formation relative to the tBHP-treated control. (C) Cultured H9C2
cells were treated with the AR major compounds for 24 h before the addition of tBHP (150 μM).
Then, the cell viability was recorded. (D) The effects of the chosen markers on ROS formation were
compared in tBHP-treated cardiomyocytes. All data are expressed as mean ± SD, n = 5, each with
triplicate samples. Statistical comparison was made with the sample with the lowest value of the
corresponding concentration, * p < 0.05, ** p < 0.01, *** p < 0.001.

The protective effects of the four chemical markers in stressed cells were also evaluated. Apart
from genistein, the three compounds could dose-dependently increase cell survival (Figure 3C).
Astragaloside IV showed the best protective effects of ~76%, compared with calycosin (~58%) and
formononetin (~51%). Genistein showed slight inhibitory effects on tBHP-induced ROS formation.
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Among the tested markers, astragaloside IV possessed the best inhibitory effect of ~68%, which was
consistent with the enhancement of cell viability (Figure 3D).

To further investigate the effects of AR chemicals on mitochondrial integrity, the mitochondrial
membrane potential was measured. As shown in Figure 4, H9C2 cells incubated with astragaloside
IV showed a significant slower fluorescence decay rate, as compared with the control during
the first 20 min, resulting in a mitochondrial membrane potential ~1.3-fold higher at the end
of the recording. Similar to astragaloside IV, calycosin also showed a higher mitochondrial
membrane potential throughout the observation process. However, formononetin and genistein
both gradually and significantly decreased the mitochondrial membrane potential in H9C2 cells.
Furthermore, the concentration-dependent effects of these compounds on the mitochondrial membrane
potential were also revealed (Figure 4). By comparing with the mitochondrial membrane potential
of the control at 60 min, astragaloside IV and calycosin could dose-dependently increase the
mitochondrial membrane potential in cultured H9C2 cells, while formononetin and genistein showed
a downward trend.

Figure 4. AR compounds regulate the mitochondrial membrane potential of H9C2 cells. Pretreated in
96-well black multi-well plates with a clear bottom for 24 h, H9C2 cells were stained with JC-1 and
then washed with PBS-A twice. After adding the indicated concentration of compounds in the wells,
the fluorescence of JC-1 aggregates in each sample was measured every 5 min for 60 min at 37 ◦C.
Here, carbonyl cyanide-p trifluoromethoxyphenylhydrazone (FCCP, 100 μM) was used as the positive
control. Time course of markers-induced changes in the mitochondrial membrane potential in H9C2
cells (left panel). The data are expressed as the ratio of fluorescence intensity of JC-1 aggregates to the
respective initial (i.e., 0 min) value. The values given are mean ± SD, with n = 3. The dose-dependent
effects of the chosen markers on the mitochondrial membrane potential were recorded (right panel).
The data are expressed as the ratio of fluorescence intensity of JC-1 aggregates to the corresponding
value of the control at 60 min. The values given are mean ± SD, with n = 3. Statistical comparison was
made with the control, * p < 0.05, ** p < 0.01, *** p < 0.001.

2.3. Effects of the AR Extracts and Compounds on Mitochondrial Bioenergetics

By using a Seahorse extracellular flux analyzer, the effects of the AR extracts, i.e., ARwater,
AREtOH50 and AREtOH90, on the OCR of tBHP-treated H9C2 cells were plotted against time. The profile
of the OCR in tBHP-treated H9C2 cells was obtained and appeared to be altered by treatments
with the various AR extracts (Figure 5). According to the conversion relationship (Figure S3) [26],
various parameters of mitochondrial bioenergetics, i.e., basal respiration, proton leak, mitochondrial
ATP production, spare respiratory capacity, maximal respiration, and non-mitochondrial respiration,
were evaluated (Figure 6). All AR extracts could dose-dependently increase basal respiration,
proton leak, maximal respiration, and non-mitochondrial respiration to different degrees (Figure 6).

224



Int. J. Mol. Sci. 2018, 19, 1574

Among these responses, AREtOH50 induced the greatest increase in basal respiration, proton leak,
and non-mitochondrial respiration; the increase was from 1.6 to 2 folds at the maximum concentration.
ARwater only increased basal respiration, proton leak, and non-mitochondrial respiration from
1.2 to 1.3 folds, which was significantly lower than compared to AREtOH50. Similarly, the effects of
ARwater were totally different from those of AREtOH50 and AREtOH90 with respect to mitochondrial ATP
production and spare respiratory capacity. ARwater could dose-dependently increase mitochondrial
ATP production and spare respiratory capacity up to ~1.5 folds, while AREtOH50 and AREtOH90

showed no difference. Although ARwater and AREtOH50 showed opposite effects on mitochondrial ATP
production, spare respiratory capacity, and proton leak, both extracts showed a considerable induction
of maximal respiration, which was significantly higher than that observed for AREtOH90.

Figure 5. The AR extracts modulate the mitochondrial bioenergetics of H9C2 cells. Cultured H9C2 cells
were treated with the AR extracts (from 0.25 to 2 mg/mL as indicated) for 24 h before measuring the
oxygen consumption rate (OCR) with the XFp Cell Mito Stress Test. The responses of H9C2 cells after
oligomycin (1 μM), FCCP (3 μM), and rotenone/antimycin A (R&A at 1 μM) treatments were recorded.
The dotted lines denote the times at which the three inhibitors were applied. Effects of various extracts
of AR: (A) water extract of AR, (B) 50% ethanol extract of AR, (C) 90% ethanol extract of AR, at various
concentrations on the OCR for four respiration states of H9C2 cells are shown. The OCR values were
normalized with respect to the cellular protein content/well. The background are the untreated cell.
The data are expressed as mean ± SD, n = 3; each experiment was performed with triplicate samples.
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Figure 6. Various parameters of mitochondrial respiration in AR-treated H9C2 cells are compared.
Cultured H9C2 cells were treated as in Figure 5. The effects of increasing concentration of AR extracts
on basal respiration, proton leak, mitochondrial ATP production, spare respiratory capacity, maximal
respiration, non-mitochondrial respiration were measured and compared amongst the three AR extracts.
The OCR values were normalized with respect to the cellular protein content. The data are expressed
as mean ± SD, n = 3, each with triplicate samples. Statistical comparison was made with the sample
with the lowest value of the corresponding concentration, * p < 0.05, ** p < 0.01, *** p < 0.001.

Furthermore, the effects of the major compounds of AR on the stressed cells were also determined.
On the basis of their effects on the mitochondrial membrane potential, astragaloside IV and
genistein, representing two different responses, were selected for the determination of their effects on
mitochondrial bioenergetics. Compared with the AR extracts, astragaloside IV and genistein altered
the OCR profile of tBHP-treated H9C2 cells dose-dependently and more robustly than the AR extracts
(Figure 7). However, their effects on these specific parameters were totally different. Pre-treatment
with astragaloside IV at 100 μM of tBHP-treated H9C2 cells increased mitochondrial ATP production
of ~1.5 folds and the spare respiratory capacity of ~2 folds, compared with the control, while it showed
a negligible impact on proton leak, resulting in a slight increase in basal respiration and a significant
increase in maximal respiration (Figure 8). In contrast, genistein at 10 μM increased the proton leak up
to ~1.7 folds and decreased mitochondrial ATP production to ~50% and the spare respiratory capacity
to ~60%, as compared with the control, which resulted in a slight increase in basal respiration and
maximal respiration (Figure 8). Moreover, both compounds could dose-dependently increase the
non-mitochondrial respiration to different degrees.
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Figure 7. Effects of the major compounds of AR, i.e., (A) astragaloside IV and (B) genistein,
on tBHP-treated H9C2 cells against oxidative stress. Cultured H9C2 cells were pre-treated with
astragaloside IV (0–100 μM) and genistein (0–10 μM) for 24 h before being exposed to tBHP (30 μM) for
1 h. The OCR values were normalized with respect to the cellular protein content. The control was
tBHP-treated cultures. The data are expressed as mean ± SD, n = 3, each with triplicate samples.

Figure 8. Mitochondrial respiration in tBHP-treated H9C2 cells after pre-treatment with astragaloside
IV and genistein. Cultured H9C2 cells were treated as in Figure 7. The basal respiration, proton leak,
mitochondrial ATP production, spare respiratory capacity, maximal respiration, non-mitochondrial
respiration were measured. The OCR values were normalized with respect to the cellular protein
content/well by the Bradford’s method. The data are expressed as mean ± SD, n = 3, each with
triplicate samples. Statistical comparison was made with the sample with the lowest value of the
corresponding concentration, * p < 0.05, ** p < 0.01, *** p < 0.001.
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3. Discussion

AR is well known for its “Qi-invigorating” action in Chinse medicine and is classified as
a top-grade herb in Shen Nong Ben Cao Jing [10]. Being the major active compounds of AR,
astragalosides and isoflavonoids are generally used as standard chemicals for quality control of
AR. Here, simultaneous quantification of four major compounds, i.e., calycosin, astragaloside IV,
formononetin, and genistein, in three different polar extracts of AR were performed with LC–MS.
The contents of astragaloside IV and calycosin in a water extract of AR were higher than in ethanol
extracts, which might be due to the highly polar structures of these compounds [27]. Oppositely,
formononetin and genistein were present in higher amounts in the ethanol extracts, especially in the
50% ethanol extract [28]. On the basis of the different content of these compounds, different polar
extracts could be obviously classified by PCA, and the distribution of the extracts in the PCA scoring
plot was highly consistent with the amounts of the major compounds in the loading plot. These results
revealed that the chemical composition of AR extracts might differ a lot when different polar solvents
are used for AR extraction.

The total phenolic compound content and free radical scavenging activity of the extracts were
determined, to have a rough estimation of the extracts’ antioxidant activity. However, the extracts
with the most abundant phenolic compounds did not show the best free radical scavenging activity,
suggesting that different phenolic compounds might have greatly different antioxidant activity.
Thus, the protective effects of the AR extracts and major compounds in cultured H9C2 cells against
tBHP-induced oxidative stress were determined. Consistent with their free radical scavenging activity,
the water extract showed the best protection in cells exposed to oxidative stress as a result of its
inhibitory effects on tBHP-induced ROS. Among the selected AR compounds, astragaloside IV
possessed the best protective effects in cultured cells against ROS formation. Interestingly, although
genistein showed no influence on cell viability, it could slightly decrease the amount of intracellular
ROS. Thus, genistein effect was proposed to be closely related to its effects on mitochondrial
permeability transition pore and uncoupling proteins [29]. These results were further confirmed
by the analysis of the mitochondrial membrane potential, which was established by determining the
different proton concentrations inside and outside the mitochondrial inner membrane [30].

Because of its central role in energy homeostasis, metabolism, signaling, and apoptosis, research on
mitochondria is enduring [31]. However, the previous experimental approaches to study mitochondria
bioenergetics mainly considered isolated mitochondria, which could result in increased ROS, or other
lesions, due to different infiltration environments [32]. Here, the extracellular flux analyzers enabled
us to monitor the real-time mitochondrial respiration in live cells, greatly enhancing the credibility
of our results [33]. The application of this technology to the AR extracts or to their components is
still very limited. Here, only the water extracts of AR showed a dose-dependent enhancement of the
spare respiratory capacity and mitochondrial ATP production, which might be due to the high content
of tonic compounds in these extracts. This hypothesis was supported by measuring the effects of
astragaloside IV and genistein on mitochondrial bioenergetics. In 2015, Lu et al. (2015) found that
astragaloside IV could significantly increase mitochondrial OCR and ATP production in vascular
smooth muscle cells [34]. Later on, Dong et al. (2017) revealed that the enhancement by astragaloside
IV of ATP production was triggered by the stimulation of fatty acid α-oxidation and the inhibition of
excessive activation of mitochondrial Ca2+ uniporter [35]. Consistent with these studies, the current
results showed that astragaloside IV could effectively restore the spare respiratory capacity and ATP
production in tBHP-treated cardiomyocytes. Different from astragaloside IV, the effects of genistein
on ATP production is still difficult to interpret. According to Rasbach et al. (2008), the treatment of
genistein upregulated the expression of PGC-1α and ATP synthase β, which resulted in an increase in
O2 consumption and ATP production in renal proximal tubule cells [36]. However, Zheng et al. (2000)
reported a non-competitive inhibitory action of genistein on mitochondrial proton F0F1-ATPase/ATP
synthase in rat brain and liver preparations, and, as such, ATP production was reduced [37]. Genistein
has been proposed for the treatment of cancer, neurodegeneration, and cardiovascular and endocrine
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diseases; however, a detail study of genistein-mediated regulation of redox biology and mitochondrial
biogenesis is still missing [17]. Here, we showed that genistein possessed small or even negative effects
on the spare respiratory capacity and mitochondrial ATP production, while it could dose-dependently
increase proton leak. This explained the reduction of intracellular ROS after treatment with genistein.
All in all, the opposite effects of compounds like astragaloside IV and genistein on mitochondrial
bioenergetics could be the reason for the different effects of the various AR extracts.

In summary, the present research provides a comprehensive investigation of the antioxidant
activity of AR extracts and of their effects on mitochondrial bioenergetics. To explain the difference of
the tonic effects between water extracts and ethanol extracts, a further study of the major components,
i.e., astragaloside IV and genistein, was conducted. The results revealed that astragaloside IV showed
significant tonic effects in cells exposed to oxidative stress by dose-dependently increasing the spare
respiratory capacity and mitochondrial ATP production, while genistein mainly induced proton leak.

4. Materials and Methods

4.1. Chemicals and Preparation of the RA Extracts

High performance liquid chromatography (HPLC)-grade acetonitrile and ethanol were bought
from Merck (Darmstadt, Germany). Ultra-pure water was obtained from a Milli-Q purification
system (Millipore, Molsheim, France). Formic acid was purchased from Riedel-de Haen International
(Honeywell, Hanover, Germany). The chemical standards of calycosin, astragaloside IV, genistein, and
formononetin were purchased from National Institute for the Control of Pharmaceutical and Biological
Products (Beijing, China). The purity of these chemical markers was over 98%. Three batches of
dried raw materials of Astragali Radix (AR; root of A. membranaceus var. mongholicus) were bought
from Shanxi Province of China and then authenticated by Tina Dong at The Hong Kong University
of Science and Technology (HKUST), according to the established morphological characteristics.
The voucher specimens were stored in the Centre for Chinese Medicine R&D at HKUST. The water
extracts (ARwater), 50% ethanol extracts (AREtOH50), and 90% ethanol extracts (AREtOH90) of RA were
prepared using a standardized extraction method. Briefly, 4 grams of the powdered sample were
refluxed in 100 mL of solvent for two times (each time for 2 h); the supernatants were combined and
then dried under vacuum.

4.2. Standardization of Herbal Extracts

The measurement of chemicals in ARwater, AREtOH50, and AREtOH90 was performed in an Agilent
HPLC 1200 series system (Agilent, Waldbronn, Germany), which was equipped with a degasser,
a binary pump, an auto sampler, a thermostated column compartment, and a diode array detector
(DAD). The samples were separated on an Agilent ZORBAX Eclipse XDB-C18 column (1.8 μm i.d.,
50 mm × 4.6 mm; Agilent, Waldbronn, Germany) after filtration with a guard column. The mobile
phase was composed of 0.1% formic acid in acetonitrile (A) and 0.1% formic acid in water (B), according
to the pre-set gradient program: 0–3 min, linear gradient 20.0–30.0% (A); 3–8 min, linear gradient
30.0–50.0% (A); 8–10 min, isocratic gradient 50.0–50.0% (A); 10–18 min, linear gradient 50.0–58.0% (A),
18–25 min, linear gradient 58.0–80.0% (A). A pre-balance period of 5 min was used between each run.
The injection volume was 5 μL, and the flow rate was set at 0.4 mL/min. To get the fingerprints of the
AR extracts, the wavelength of a ultraviolet (UV) detector was set to 254 nm with full spectral scanning
from 190 to 400 nm. For the MS/MS analysis, an Agilent triple quadrupole tandem mass spectrometry
(QQQ-MS/MS, 6410A) equipped with an electron spray ionization (ESI) ion source was operated in
negative ion mode. The temperature and the flow of drying gas were set to 325 ◦C and 10 L/min,
respectively. The delta electro multiplier voltage was set to 400 V, and the capillary voltage was set
to 4000 V. Two transition pairs were chosen for acquisition in MRM mode for the chemical standards
and the internal standard ginsenoside Rg1. The collision energy value and fragmentor voltage were
optimized in advance to obtain the highest abundance.

229



Int. J. Mol. Sci. 2018, 19, 1574

4.3. Cell Culture

H9C2 cell, a cardiomyocyte cell line, was obtained from American Type Culture Collection (ATCC,
Manassas, VA, USA). H9C2 cells were grown in high-glucose Dulbecco’s modified Eagle’s medium
(DMEM), supplemented with 10% fetal bovine serum (FBS) and 100 units/mL penicillin/streptomycin
in a humidified CO2 (5%) incubator at 37 ◦C. The culture reagents were purchased from Invitrogen
Technologies (Carlsbad, CA, USA). The culture medium was replaced every 2–3 days, and the cells
were grown to 80–90% confluence for experimental use.

4.4. Cell Viability

Cell viability was measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-zolium bromide
(MTT; Sigma-Aldrich, St Louis, MO, USA) assay. The cells were seeded in 96-well plates at a density
of 1 × 104 cells per well. After 24 h of drug treatment, the cells in each well were incubated with
10 μL MTT (5 mg/mL, Invitrogen) at a final concentration of 0.5 mg/mL for 2 h at 37 ◦C. After the
solution was removed, DMSO was used to re-suspend the purple precipitate inside the cells, and the
absorbance was detected at 570 nm. The cell viability was calculated as percentage of the absorbance
value of the control (without drug treatment), while the value of the control was 100%.

4.5. Folin–Ciocalteu Assay

The total phenolic content of the AR extracts was measured with the Folin–Ciocalteu assay. To be
specific, 20 μL of each extract together with 40 μL 10% (v/v) of Folin–Ciocalteu reagent (Sigma-Aldrich)
was added into each well of a 96-well microplate. Then, 160 μL Na2CO3 (700 mM) was added into
each well. The assay plates were incubated at room temperature in the dark for 2 h, and then the
absorbance at 765 nm was recorded. Here, gallic acid (Sigma-Aldrich, >98%) was used as the reference
compound, and the total phenolic content of each extract was expressed in comparison to gallic acid.

4.6. DPPH Radical Scavenging Assay

The free radical scavenging activity of the herbal extracts was measured with the DPPH radical
scavenging assay. Briefly, 50 μL of each extract at different concentrations (0–8 mg/mL) was mixed with
150 μL of DPPH solution in each well of a 96-well microplate. After standing for 10 min, the absorbance
at 517 nm was recorded. The DPPH free radical scavenging activity was calculated as an inhibition
percentage based on the following equation: Inhibition (%) = 100 × (A0 − A1)/A0, where A0 is
the absorbance of the control, and A1 is the absorbance of the AR sample aliquot. Here, gallic acid
(0–100 μM) was used as a positive control.

4.7. tBHP-Induced Oxidative Stress Assay

The doses of tBHP (150 μM; Sigma-Aldrich, St. Louis, MO, USA) and of the positive control
(vitamin C, 1 mM; Sigma-Aldrich, St. Louis, MO, USA) were optimized with the MTT assay. Similar to
the cell viability assay, the cells were cultured in a 96-well plate first. After drug treatment for 24 h,
tBHP (150 μM) was added into the wells for 3 h, before MTT, at a final concentration of 0.5 mg/mL,
was added. After the solution was removed, the purple precipitate inside the cells was resuspended in
DMSO and then measured at 570 nm wavelength.

4.8. ROS Formation Assay

The measurement of ROS content in the cell cultures was performed by using
2′,7′-dichlorofluorescin diacetate (DCFH-DA), an oxidation-sensitive dye. Cultured H9C2 cells
(1 × 104 cells/well) in a 96-well plate were pre-treated with the herbal extracts or the standard
compounds for 24 h, and the cells were labeled with 100 μM DCFH-DA (Sigma-Aldrich, St. Louis, MO,
USA) in HBSS (Hank’s Balanced Salt Solution, Sigma-Aldrich, St. Louis, MO, USA) for 1 h at 37 ◦C.
After washing three times with HBSS, the cells were treated with 150 μM tBHP for 1 h at 37 ◦C. Then,
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the amount of intracellular tBHP-induced ROS formation was detected by a fluorometric measurement
with excitation at 485 nm and emission at 530 nm.

4.9. Measurement of the Mitochondrial Membrane Potential

The mitochondrial membrane potential of tBHP-treated H9C2 cells was determined using JC-1
(5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolyl-carbocyanine iodide; Sigma-Aldrich, St. Louis,
MO, USA), a fluorescent probe. H9C2 cells were cultured on a 96-well black multiwell plate with a
clear bottom for 24 h. After staining with JC-1, the cells were washed twice with PBS-A and incubated
with the examined compounds. The fluorescence of JC-1 aggregates in each sample was measured at an
excitation wavelength of 527 nm and an emission wavelength of 590 nm every 5 min for 60 min at 37 ◦C.
Carbonyl cyanide-p trifluoromethoxyphenylhydrazone (FCCP, 100 μM; Sigma-Aldrich, St. Louis, MO,
USA), a chemical uncoupler, was used as the positive control. The data were expressed as the ratio of
fluorescence intensity of JC-1 aggregates at different time points relative to the initial (i.e., 0 min) value.

4.10. Mitochondrial Bioenergetic Analysis

The mitochondrial bioenergetics of H9C2 cells was measured using a Seahorse Bioscience XFp
extracellular flux analyzer (Agilent, Santa Clara, CA, USA), which could measure the real-time oxygen
consumption by mitochondria in live cells. According to previous research, the seeding density of
H9C2 cell was optimized at 5000 cells per well, and mitochondrial agents (Seahorse Bioscience Cell
Mito Stress Test Kit #103010-100; North Billerica, MA, USA) were pre-optimized to elicit the maximal
effects on mitochondrial respiration as follows: 1 μM oligomycin (complex V inhibitor), 3 μM FCCP
(a respiratory uncoupler), and 1 μM rotenone/antimycin A (inhibitors of complex I and complex III).
Background correction wells were used to normalize the data to the background noise. Cultured H9C2
cells were seeded on the XFp cell culture mini-plates and treated with the AR extracts and compounds
for 24 h. After the drug treatment, the sensor cartridge of the XFp analyzer was hydrated in a non-CO2

incubator at 37 ◦C. Before sensor calibration, the cells were treated with 30 μM tBHP for 1 h and
then incubated at 37 ◦C in a non-CO2 incubator in XF Base Medium (10 mM glucose, 1 mM pyruvate
and 2 mM L-glutamine, pH 7.4) for another 1 h. After calibrating the sensor, the plate was placed
onto the XFp extracellular flux analyzer for Mito Stress Test. The OCR was recorded over time and
normalized to cellular protein content/well and corrected for extra mitochondrial O2 consumption.
All experiments were repeated four times. Eventually, six parameters of mitochondrial function were
calculated from the bioenergetics profile: basal respiration, ATP production, proton leak, maximal
respiration, spare respiration capacity, and non-mitochondrial respiration.

4.11. Statistical Analysis

Quantitative data acquisition and processing were conducted using Agilent Mass Hunter workstation
software version B.01.00 (Agilent Technologies Inc., Santa Clara, CA, USA). Principal component analysis
(PCA) of the peak areas of the standard compounds was performed using SIMCA-P version 12.0 (Umetrics,
Umeå, Sweden). The resultant bioenergetics profiles were analyzed with Wave Desktop 2.3.0 (Seahorse
Bioscience, North Billerica, MA, USA). All data were expressed as the mean ± SEM for n = 3 to 5, unless
otherwise specified. Statistical tests were performed by one-way ANOVA with multiple comparisons
using Dunnett’s test. Differences were considered significant at p < 0.05.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/6/1574/
s1.
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Abstract: Nuclear factor erythroid 2-related factor 2 (Nrf2) is a key transcription factor against
oxidative stress and neurodegenerative disorders. Phenylethanoid glycosides (PhGs; salidroside,
acteoside, isoacteoside, and echinacoside) exhibit antioxidant and neuroprotective bioactivities.
This study was performed to investigate the neuroprotective effect and molecular mechanism of
PhGs. PhGs pretreatment significantly suppressed H2O2-induced cytotoxicity in PC12 cells by
triggering the nuclear translocation of Nrf2 and reversing the downregulated protein expression
of heme oxygenase 1 (HO-1), NAD(P)H quinone oxidoreductase 1 (NQO1), glutamate cysteine
ligase-catalytic subunit (GCLC), and glutamate-cysteine ligase modifier subunit (GCLM). Nrf2 siRNA
or HO-1 inhibitor zinc protoporphyrin (ZnPP) reduced the neuroprotective effect. PhGs showed
potential interaction with the Nrf2 binding site in Kelch-like ECH-association protein 1 (Keap1).
This result may support the hypothesis that PhGs are activators of Nrf2. We demonstrated the
potential binding between PhGs and the Keap1-activated Nrf2/ARE pathway, and that PhGs with
more glycosides had enhanced effects.

Keywords: Keap1; Nrf2; Neuroprotective; PC12 cells; PhGs

1. Introduction

Oxidative stress, which is an imbalance of antioxidant homeostasis, induces lipid peroxidation,
injury to protein and DNA, cell aging, and cell death. This process likely contributes to
several neurodegenerative disorders, such as Alzheimer’s disease (AD), Parkinson’s disease (PD),
and ischemia/reperfusion [1]. Hydrogen peroxide (H2O2), which is one of the main reactive oxygen
species (ROS), is known to cause lipid peroxidation and DNA damage [2]. Moreover, H2O2 is an
endogenous source of hydroxyl free radicals that contributes to the background level of cellular
oxidative stress [3,4]. Therefore, therapeutic strategies for preventing oxidative stress-induced
apoptosis may have the potential in neurodegenerative diseases treatment.

Nuclear factor erythroid 2-related factor 2 (Nrf2), is a transcription factor that is strongly
associated with oxidative stress. Activation of Nrf2 induces the transcription of numerous antioxidant
and detoxification genes, including heme oxygenase-1 (HO-1), NAD(P)H quinine oxidoreductase 1
(NQO1), among others [5–7]. This process represents a key step in protecting cells from oxidative
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stress and is emerging as a promising therapeutic target for neuroprotection [8]. Gaia reported that
Nrf2 mitigates LRRK2- and α-synuclein-induced neurodegeneration by potently promoting neuronal
protein homeostasis in a cell autonomous and time-dependent manner [9].

Phenylethanoid glycosides (PhGs) are characterized by cinnamic acid and hydroxylphenylethyl
moieties attached to a β-glucopyranose through ester and glycosidic linkages, respectively. These
molecules are members of a group of water-soluble natural products widely distributed in the plant
kingdom [10]. In vitro and in vivo studies have shown that these compounds possess antioxidant [11],
neuroprotective [12], antibacterial, anti-inflammatory [13], and immunomodulatory [14] bioactivities.
Osmanthus fragrans is a common ingredient in several Asian foods and has long been consumed. We
previously showed that O. fragrans flower extracts enhanced spatial learning and memory, inhibited
oxidative damage, and exhibited neuroprotective activities in a d-galactose-induced aging in an ICR
mouse model [15]. Salidroside, acteoside, and isoacteoside are the major PhGs response for the
antioxidant activities of O. fragrans flowers extracts [16].

Studies on the neuroprotective effect of PhGs have obtained desirable results. Salidroside significantly
reduced cell apoptosis of PC12 cells that was exposed in MPP+ [17,18]. Acteoside also alleviated
MPP+-induced apoptosis and oxidative stress in PC12 cells [19] and Aβ25-35-induced SH-SY5Y cell
injury [20]. Echinacoside was investigated on tumor necrosis factor-α (TNFα)-induced apoptosis in
SH-SY5Y cells [21], MPTP-induced dopaminergic toxicity in mice [22], glutamate-injured primary
cultures of rat cortical cells [23], and 6-OHDA-induced damage in PC12 cells [24]. The results indicated
that PhGs exhibited cytoprotective effect and are potential agents to treat neurodegenerative diseases.
Studies have shown the antioxidant properties of PhGs underly many other bioactivities for these
compounds [25]. However, few studies have investigated the molecular mechanism of PhGs against
oxidative toxicity.

In our study, we selected four typical PhGs as follows: salidroside (phenylethanoid monosaccharides),
acteoside (phenylethanoid disaccharides), isoacteoside (phenylethanoid disaccharides), and echinacoside
(phenylethanoid trisaccharides). We employed a model of neuronal death using differentiated PC12
cells [26] to investigate the protective effect and molecular mechanism of PhGs on H2O2-induced PC12
cell model. We demonstrated that PhGs activated the Nrf2/ARE pathway by binding to Kelch-like
ECH-associated protein 1 (Keap1). This process upregulated the antioxidant enzymes and increased
the resistance of PC12 cells to oxidative stress.

2. Results

2.1. PhGs Suppressed H2O2-Induced Cytotoxicity in PC12 Cells

Cytotoxic effects of H2O2 and PhGs (0.1, 1, 5, and 10 μg/mL) on PC12 cells were tested. The results
showed that H2O2 induced loss of PC12 cell viability in concentration-dependent and time-dependent
manners (Figure 1A). Exposure of PC12 cells to 200 μM H2O2 for 2 h resulted in cell viability of 57.4%.
Pretreatment of cells with PhGs at 0.1, 1, 5, and 10 μg/mL had no effect on cell viability (Figure 1B)
and markedly protected PC12 cells from H2O2-induced damage by improving the cell viability as
9.549–22.141%, 12.092–25.289%, 1.470–9.289%, and 3.411–11.441%, respectively (Figure 1C). However,
salidroside (0.1 μg/mL), isoacteoside (0.1, 1, 5, and 10 μg/mL), echinacoside (0.1, 1, and 5 μg/mL)
pretreatment showed no significant difference on H2O2-induced cell injury. Pretreatment of cells with
PhGs also ameliorated the morphological characteristic induced by H2O2 (Figure 1D).
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Figure 1. PhGs suppressed H2O2-induced cytotoxicity in PC12 cells. Cell viability was detected by MTT
assay. Cytotoxic effect of H2O2 (A) and PhGs (B) at different concentrations on PC12 cells. (C) PhGs
attenuated H2O2-induced decrease in cell viability. PC12 cells were incubated with PhGs (0.1, and
10 μg/mL) for 24 h, and then incubated with 200 μM H2O2 for another 2 h after the PhGs were removed.
(D) Morphological observation. Cells after treatment were observed by a phase contrast microscope
(×100), CK: normal group, H2O2: H2O2 treated group, HL: salidroside low dosage treated group,
HH: salidroside high dosage treated group, ML: acteoside low dosage treated group, MH: acteoside
high dosage treated group, IL: isoacteoside low dosage treated group, IH: isoacteoside high dosage
treated group, SL: echinacoside low dosage treated group, SH: echinacoside high dosage treated group.
** p < 0.01 versus untreated group; # p < 0.05, versus H2O2 treated group; ## p < 0.01, versus H2O2

treated group.

2.2. PhGs Suppressed H2O2-Induced Intracellular Accumulation of ROS, Lipid Peroxidation (MDA),
and Increased Superoxide Dismutase (SOD) Activities in PC12 Cells

Exposure of PC12 cells to 200 μM H2O2 for 2 h increased ROS levels, MDA content and decreased
SOD activity (Figure 2). PhGs pretreatment attenuated ROS level, salidroside, and acteoside, and the
high dosage of isoacteoside and echinacoside pretreatment significantly attenuated ROS level (p < 0.01).
Salidroside pretreatment showed no effect on MDA content, but acteoside pretreatment significantly
attenuated MDA content (p < 0.05). Isoacteoside and echinacoside pretreatment significantly attenuated
MDA content to a greater extent (p < 0.01). All PhGs significantly increased SOD activity (p < 0.01).

Figure 2. Cont.
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Figure 2. PhGs blocked ROS and MDA accumulation and increased the activities of SOD in PC12 cells.
PC12 cells were incubated with PhGs (0.1, and 10 μg/mL) for 24 h, and then incubated with 200 μM
H2O2 for another 2 h after the PhGs were removed. (A) PhGs blocked ROS and MDA accumulation.
(B) PhGs blocked MDA accumulation. (C) PhGs increased the activities of SOD. CK: normal group,
Model: H2O2 treated group, Salidroside: salidroside treated group, Acteoside: acteoside treated group,
Isoacteoside: isoacteoside treated group, Echinacoside: echinacoside treated group. ** p < 0.01 versus
untreated group; # p < 0.05, versus H2O2 treated group, ## p < 0.01, versus H2O2 treated group.

2.3. PhGs Reversed H2O2-Induced Apoptosis in PC12 Cells

H2O2 treatment (200 μM) for 2 h significantly increased apoptosis in PC12 cells, with total
apoptotic rate up to 16.02% (Figure 3). However, pretreatment with PhGs (0.1 and 10 μg/mL) for 24 h
decreased the apoptosis rate in a concentration-dependent manner (p < 0.01). Salidroside, acteoside,
isoacteoside, and echinacoside markedly decreased the percentage of cell apoptosis by 4.750–6.627%,
4.413–5.800%, 6.593–10.047%, and 1.530–7.510%, respectively.
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Figure 3. PhGs reversed H2O2-induced apoptosis in PC12 cells. PC12 cells were incubated with PhGs
(0.1, and 10 μg/mL) for 24 h, and then incubated with 200 μM H2O2 for another 2 h after the PhGs
were removed. Then, apoptosis was measured by a flow cytometry using PI/FITC fluorescent probe.
CK: normal group, Model: H2O2 treated group, Salidroside: salidroside treated group, Acteoside:
acteoside treated group, Isoacteoside: isoacteoside treated group, Echinacoside: echinacoside treated
group. ** p < 0.01 versus untreated group; ## p < 0.01, versus H2O2 treated group.

2.4. PhGs Alleviated H2O2-Induced Dysregulation of the Nrf2-ARE Pathways in PC12 Cells

The Nrf2-ARE pathway, as one of the major antioxidant pathways in most cell type, is important
in regulating cell growth and cell death. Therefore, we investigated whether the Nrf2-ARE pathway is
involved in H2O2-induced apoptosis by immunofluorescence and Western blot analysis using specific
antibodies. The immunofluorescence assay showed that PhGs (0.1 and 10 μg/mL) induced the nuclear
translocation of Nrf2 (Figure 4). After treatment of PhGs, isoacteoside, and echinacoside resulted in
the partial recovery of the cell normal morphology. The results from Western blotting and gray density
analyses showed that PhGs (0.1 and 10 μg/mL) had no significant influence on the expression of Nrf2
in cytoplasm (Figure 5A,B) (p > 0.05) but upregulated Nrf2 expression in the nucleus (Figure 5C,D)
(p < 0.01). Then, we studied the role of Nrf2 in H2O2-induced apoptosis by importing the Nrf2 siRNA.
The protein and mRNA expression of Nrf2 was significantly downregulated in all Nrf2 siRNA-treated
groups (Figure 5E–H). PhGs (0.1 and 10 μg/mL) prevented H2O2-induced cytotoxicity in groups
without Nrf2 siRNA treatment (p < 0.01), but such protection was reversed by Nrf2 siRNA. After Nrf2
siRNA treatment, the cell viability decreased significantly even with PhGs treatment (Figure 5I).
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Figure 4. The immunofluorescence assay of Nrf2 in different groups. (×400) PC12 cells were
incubated with PhGs (0.1 and 10 μg/mL) for 24 h, and then incubated with 200 μM H2O2 for another
2 h after the PhGs were removed. Nrf2 localization was observed under an inverted fluorescence
microscope. CK: normal group, H2O2:H2O2 treated group, HL: 0.1 μg/mL salidroside treated group,
HH: 10 μg/mL salidroside treated group, ML: 0.1 μg/mL acteoside treated group, MH 10 μg/mL
acteoside treated group, IL: 0.1 μg/mL isoacteoside treated group, IH: 10 μg/mL isoacteoside treated
group, SL: 0.1 μg/mL echinacoside treated group, SH: 10 μg/mL echinacoside treated group.
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Figure 5. Cont.

240



Int. J. Mol. Sci. 2018, 19, 1135

Figure 5. Protective effect of PhGs on Nrf2 in H2O2-treated PC12 cells. (A) The expression of
Nrf2 protein in cytoplasm was detected by immunoblotting using specific antibody. β-Actin was
used as loading control. (B) The quantitative densitometric analysis of Nrf2 protein in cytoplasm.
(C) The expression of Nrf2 protein in the nucleus was detected by immunoblotting using specific
antibody. Histones H3 was used as loading control. (D) The quantitative densitometric analysis of Nrf2
protein in the nucleus. (E,F) PC12 cells were preincubated without (E) or with (F) Nrf2 siRNA for 24 h,
then incubated with or without PhGs (0.1, and 10 μg/mL) for 24 h, and incubated with H2O2 for another
2 h after the PhGs were removed. Total Nrf2 protein expression was detected by immunoblotting using
specific antibody, and β-actin was used as loading control. (G) The quantitative densitometric analysis
of total Nrf2 protein. (H) The quantitative analysis of Nrf2 mRNA. (I) PC12 cells were preincubated
with or without siRNA for 24 h, then incubated with or without PhGs (0.1 and 10 μg/mL) for 24 h,
and incubated with H2O2 for another 2 h after the PhGs were removed. After treatment, the survival
cells were determined by MTT assay. CK: normal group, Model: H2O2 treated group, ControlSi:
control siRNA treated group, SiRNA Negative: without SiRNA treated group, SiRNA Positive: SiRNA
treated group, Salidroside: salidroside treated group, Acteoside: acteoside treated group, Isoacteoside:
isoacteoside treated group, Echinacoside: echinacoside treated group. ** p < 0.01 versus untreated
group; # p < 0.05, versus H2O2 treated group (without Nrf2 siRNA treated), ## p < 0.01, versus H2O2

treated group (without Nrf2 siRNA treated); & p < 0.05 versus H2O2 treated group (with Nrf2 siRNA
treated), && p < 0.01, versus H2O2 treated group (with Nrf2 siRNA treated).

2.5. PhGs Reversed H2O2-Induced Downregulation of Protein Expression of HO-1, NQO1, GCLC, and GCLM

HO-1, NQO1, and glutamate-cysteine ligase (GCL) are important cellular antioxidant enzymes,
and HO-1, NQO1, and catalytic or modify subunits of GCL (GCLC or GCLM) are Nrf2-regulated
downstream genes [27]. Protein expression of HO-1, NQO1, GCLC, and GCLM was observed after
treatment. An obvious difference was found between the protein expression of HO-1 and NQO1 with
or without H2O2 (Figure 6A–C) (p < 0.01). PhGs (0.1 and 10 μg/mL) reversed the H2O2-induced
downregulation of protein expression of HO-1 (except salidroside at 0.1 μg/mL), NQO1 (except
acteoside at 0.1 μg/mL) (p < 0.01). H2O2 also downregulated GCLC and GCLM protein expression
(p < 0.05) (Figure 6A,D,E). PhGs (0.1 and 10 μg/mL) reversed H2O2-induced downregulation of protein
expression of GCLC (except echinacoside at 0.1 μg/mL) (p < 0.01) and GCLM (except salidroside at
0.1 μg/mL) (p < 0.01). Then, the chemical inhibitors for HO-1 were used to further evaluate the roles of
the antioxidant enzymes in regulating the protection of PhGs against H2O2-induced cytotoxicity. PhGs
(0.1 and 10 μg/mL) prevented H2O2-induced cytotoxicity, but such protective effect was reversed by
HO-1 inhibitor ZnPP (p < 0.01) at 20 μM (Figure 6F, p < 0.01).

2.6. Keap1 Expression and Molecular Docking Analysis

Under physiological conditions, Keap1 acts as a repressor protein of Nrf2 by binding to the
Neh2 domain of Nrf2 and targeting Nrf2 to a Cul3-based E3 ubiquitin ligase for ubiquitination
and subsequent degradation by the 26S proteasome [28]. Binding capacity to Keap1 of PhGs was
evaluated by molecular docking analysis to investigate the mechanism under their antioxidant effect.
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The expression of Keap1 protein did not change before and after PhGs treatment (Figure 7A,B).
Molecular docking results showed that the Keap1 protein domain had a relatively active binding
pocket (Figure 7D), and PhGs could bind to Keap1 (Figure 7E–H). Analytical results showed that
salidroside exhibited relatively weaker binding capacity. C score ≥ 4 and Total-score > 6 of echinacoside,
isoacteoside, and acteoside indicated their better binding capacity with Keap1 (Table 1).

Figure 6. PhGs increased the expression of HO-1, NQO1, GCLC, and GCLM. (A) PC12 cells were
incubated with PhGs (0.1, and 10 μg/mL) for 24 h, and then incubated with 200 μM H2O2 for another
2 h after the PhGs were removed. HO-1, NQO1, GCLC, and GCLM protein expression was detected by
immunoblotting using specific antibody, and β-actin was used as loading control. (B) The quantitative
densitometric analysis of HO-1 protein (C) The quantitative densitometric analysis of NQO1 protein.
(D) The quantitative densitometric analysis of GCLC protein. (E) The quantitative densitometric
analysis of GCLM protein. (F) PC12 cells were preincubated with or without ZnPP (20 mM) for 15 min,
then incubated with or without PhGs (0.1, and 10 μg/mL) for 24 h, and incubated with H2O2 for
another 2 h after the PhGs were removed. After treatment, the survival cells were determined by MTT
assay. CK: normal group, Model: H2O2 treated group, ZnPP Negative: without ZnPP treated group,
ZnPP Positive: ZnPP treated group, Salidroside: salidroside treated group, Acteoside: acteoside treated
group, Isoacteoside: isoacteoside treated group, Echinacoside: echinacoside treated group. * p < 0.05
versus untreated group, ** p < 0.01 versus untreated group; ## p < 0.01, versus H2O2 treated group
(without ZnPP treated); & p < 0.05, versus H2O2 treated group (with ZnPP treated), && p < 0.01, versus
H2O2 treated group (with ZnPP treated).
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Figure 7. Effect of PhGs on Keap1 expression and molecular docking results. (A) PC12 cells were
incubated with PhGs (0.1, and 10 μg/mL) for 24 h, and then incubated with 200 μM H2O2 for another
2 h after the PhGs were removed. Keap1 protein expression was detected by Western blotting using
specific antibody, and β-actin was used as loading control. (B) The quantitative densitometric analysis
of Keap1 protein. (C) 3D structure of salidroside, acteoside, isoacteoside, and echinacoside (D) The
binding pocket of Keap1. (E1–E3) Representative amino acid residues surrounding salidroside (red)
in the binding pocket of Keap1 (E1 front view, E2 side view, E3 binding sites). (F1–F3) Representative
amino acid residues surrounding acteoside (red) in the binding pocket of Keap1 (F1 front view, F2 side
view, F3 binding sites). (G1–G3) Representative amino acid residues surrounding isoacteoside (red) in
the binding pocket of Keap1 (G1 front view, G2 side view, G3 binding sites). (H1–H3) Representative
amino acid residues surrounding echinacoside (red) in the binding pocket of Keap1 (H1 front view,
H2 side view, H3 binding sites). The dotted line (yellow) indicate potential interactions between amino
acid residues and PhGs.
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Table 1. Molecular docking analysis of PhGs.

Compounds Name Total-Score Crash Polar D-Score PMF-Score G-Score Chem-Score C-Score

Salidroside 5.0951 −1.0622 5.1831 −561.448 −30.2413 −115.923 −22.6459 4
Acteoside 7.4971 −2.3674 7.8899 −1562.04 −67.978 -192.18 −33.947 5

Isoacteoside 8.1776 −1.4 6.4762 −1439.24 −88.9989 −155.055 −26.1735 4
Echinacoside 9.3402 −2.6794 9.6386 −1756.32 −82.9345 −187.808 −32.4387 4

Crash: The inadequate penetration between the protein and the ligand. Polar: The hydrogen bonding and
electrostatic interactions between the protein and the ligand. D-score: The charge and van der Waals interactions
between the protein and the ligand. PMF-score: The helmholtz free energy between the protein and the ligand.
G-score: The hydrogen bonding, complex (ligand-protein), and internal (ligand-ligand) energies between the protein
and the ligand. Chem-score: The hydrogen bonding, metal-ligand interaction, lipophilic contact, and rotational
entropy, along with an intercept term between the protein and the ligand. C-score: The concensus score between the
protein and the ligand, comprehensive reflecting the D-score, PMF-score, G-score, and Chem-score.

3. Discussion

We investigated the neuroprotection of PhGs on H2O2 induced-cytotoxicity in PC12 cells.
The results show that PhGs pretreatment significantly suppressed H2O2-induced cytotoxicity,
attenuated the intracellular ROS level, improved the level of intracellular antioxidant enzymes,
and ultimately reversed H2O2-induced cytotoxicity in PC12 cells. Moreover, PhGs increased the
transcriptional activation of Nrf2, reversed the H2O2-induced downregulation of the protein expression
of HO-1, NQO1, GCLC, and GCLM. In addition, PhGs showed potential interaction with Nrf2 binding
site in the Keap1 protein.

In the H2O2-induced PC12 cell injury, lipid peroxidation, which refers to oxidative degradation of
lipid, increased the permeability of membranes, leading to cell damage [29]. MDA formation is widely
used as the index of lipid peroxidation [30]. H2O2 enhanced ROS production and exhausted antioxidant
defense enzymes, such as SOD, catalase, and GPx. This process leads to oxidative stress [31], which
plays a key role in the causation and progression of the majority of neurodegenerative disorders.
Consistent with previous studies, we observed an increased level of ROS, reduced intracellular
antioxidant enzymes, and enhanced apoptosis of PC12 cells after H2O2 treatment. PhGs pretreatment
significantly attenuated H2O2-induced increase in intracellular ROS, improved intracellular antioxidant
enzymes, and ultimately reversed H2O2-induced cytotoxicity in PC12 cells.

Kuang et al. [32] reported that echinacoside showed significant neuroprotective effect on
H2O2-induced cytotoxicity in PC12 cells through the mitochondrial apoptotic pathway. In this study,
we found that echinacoside, salidroside, acteoside, and isoacteoside showed neuroprotective effect by
enhancing the antioxidant activity of PC12 cells because they increased the transcriptional activation
of Nrf2 and upregulated the downstream protein expression of HO-1, NQO1, GCLC, and GCLM.
Numerous studies have clearly demonstrated that activation of Nrf2 target genes, in particular HO-1,
in astrocytes and neurons strongly protect against inflammation, oxidative damage, and cell death.
The HO-1 system has been reported to be very active in the central nervous system, and its modulation
apparently plays a crucial role in the pathogenesis of neurodegenerative disorders [33]. Recent studies
also clarified the role of Nrf2 in the progression and risk of PD [9] and Keap1 as an efficient target for
the reactivation of Nrf2 in AD [34]. The results support new evidence for Nrf2 as a therapeutic target
in neurodegenerative diseases.

Molecular docking analysis showed that PhGs could bind to Keap1, with the following binding
capacities: echinacoside > isoacteoside > acteoside > salidroside. Consistent with these results, PhGs
pretreatment led to the Nrf2 nuclear translocation, with the following Nrf2 expression in the nucleus:
echinacoside > isoacteoside ≈ acteoside > salidroside. We assumed that the number of glycosides
affected the possible binding mode of PhGs and Keap1, and the binding mode further caused the
release of Nrf2 from Keap1. This process resulted in the activation of Nrf2 and the downstream genes
and ultimately protect PC12 cells from H2O2-induced oxidative stress.
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In summary, PhGs with more glycosides showed an enhanced effect on Nrf2 activation. PhGs
induced Nrf2 activation by blocking the binding between Nrf2 and Keap1. This process activated the
Nrf2/ARE pathway and protected PC12 from H2O2-induced cytotoxicity.

4. Materials and Methods

4.1. Chemical Compounds and Reagents

Salidroside (CAS No. 10338-51-9), acteoside (CAS No. 61276-17-3), isoacteoside (CAS No. 61303-13-7),
and echinacoside (CAS No. 82854-37-3) were purchased from Yuanye Biotechnology Company
(Shanghai, China). The PhGs were dissolved in PBS to produce a 10 mg/mL stock solution, which
was stored at −20 ◦C. H2O2 was purchased from Aladdin® (Shanghai, China). RPMI-1640 medium
and fetal bovine serum were purchased from Hyclone (Logan, UT, USA), and 0.5% trypsin EDTA,
penicillin, and streptomycin were purchased from Keyi (Hangzhou, China). MDA, SOD diagnostic
kits, MTT, and DCFH-DA were purchased from Beyotime Institute of Biotechnology (Nanjing,
Jiangsu, China). Annexin V-FITC/PI double staining Kit was purchased from Solarbio Life Sciences
(Beijing, China). Antibodies to Nrf2, Histone H3, Keap1, HO-1, NQO1, GCLC, GCLM, and β-actin,
anti-mouse-horseradish peroxide (HRP) IgG, and anti-rabbit-HRP-IgG were purchased from Abcam
(London, UK). Inhibitors of HO-1 and ZnPP were purchased from Sigma Chemical Co. (St. Louis,
MO, USA). RNAiso Plus, PrimeScript™RT reagent Kit with gDNA Eraser, and SYBR® Premix Ex
Taq™ II were bought from Takara (Shiga, Japan). Lipofectamine® RNAiMAX Transfection Reagent
was purchased from Thermo Fisher Scientific (Waltham, UK). The Nrf2 siRNA sequences were as
follows: forward, CCGAAUUACAGUGUCUUAA; and reverse, UUAAGACACUGUAAUUCGG.
Meanwhile, control siRNA sequences were as follows: forward, UUCUCCGAACGUGUCACGU; and
reverse, ACGUGACACGUUCGGAGAA.

4.2. Cell Culture

Mouse adrenal pheochromocytoma line (PC12 cells) was obtained from the Institute of
Biochemistry and Cell Biology, SIBS, (CAS, Shanghai, China). The cells were maintained in RPMI-1640
(Hyclone) containing 10% fetal bovine serum (Hyclone), 100 U/mL penicillin, and 0.1 mg/mL
streptomycin at 37 ◦C with 5% CO2. The medium was changed every other day.

4.3. Cell Viability Assay

PC12 cells were seeded in 96-well plates at 2 × 104 cells/well. After attachment, cells were
preincubated with or without inhibitor for 20 min, incubated with or without PhGs for 24 h, and then
incubated with H2O2 for another 2 h after the PhGs were removed. After incubation, the cells were
treated with 5 mg/mL MTT for 4 h at 37 ◦C, and the media were carefully removed. The formazan
crystals that had formed by surviving cells were dissolved in 150 μL of DMSO to generate a blue
color [35], and the absorbance was measured at 570 nm on a plate reader. Controls utilized the same
concentration of medium with DMSO alone. Cell viability was normalized as the percentage of control.

The concentrations of PhGs (0.1, 1, 5, and 10 μg/mL) was chosen depending on the cytotoxicity
analysis of PhGs and the reported cytoprotective effect of echinacoside [32]. According to the report
there was no cytotoxicity effect shown below 10 μg/mL, and echinacoside was reported to show
cytoprotective effect in H2O2-injured cell model.

4.4. Apoptosis Assay

Apoptosis was detected with an Annexin V-FITC/PI double staining Kit (Solarbio). PC12 cells
were seeded in 6-well plates at 2 × 105 cells/well. After attachment, cells were treated with PhGs
(0.1 and 10 μg/mL) for 24 h and incubated with H2O2 for another 2 h after the PhGs were removed.
After incubation, the cells were washed in cold PBS, centrifuged twice at 1500 rpm for 10 min,
and resuspended in 500 μL of binding buffer. FITC-labeled Annexin V (5 μL) and propidium iodide
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(PI, 5 μL) were then added to cells. Then, the cells were incubated in the dark at room temperature for
20 min according to the manufacturer’s instruction. Cell apoptosis was measured using a Gallios™
flow cytometer (Beckman Coulter, Brea, CA, USA). Annexin V-positive and PI-negative cells were
scored as early apoptotic cells, while cells double-stained with both Annexin V and PI were considered
as late apoptotic cells. Control cells were negative for both stains.

4.5. Measurement of Intracellular ROS, MDA Production, and SOD

The intracellular ROS level was determined using a ROS-sensitive fluorescent probe, namely,
2,7-dichlorodihydro fluorescent diacetate (DCFH-DA). PC12 cells were seeded in 6-well plates at
2 × 105 cells/well. After attachment, cells were treated with PhGs (0.1 and 10 μg/mL) for 24 h and
incubated with H2O2 for another 2 h after the PhGs were removed. After incubation, the cells were
washed with PBS thrice and subsequently incubated with 10 μM DCFH-DA. After incubation at 37 ◦C
for 20 min, the cells were washed with PBS and collected by gentle centrifugation. Intracellular ROS
was measured using a Gallios™ flow cytometer (Beckman Coulter, Brea, CA, USA).

MDA and SOD were measured by assay kits (Beyotime Biotechnology, Nanjing, Jiangsu, China).
All procedures completely complied with the manufacturers’ instructions. The contents of MDA and
SOD were normalized with the corresponding total protein content.

4.6. Nrf2 Nuclear Translocation Immunofluorescence

The PC12 cells were seeded in 6-well glass slides at a density of 2 × 105 per well. After attachment,
the cells were treated with PhGs (0.1 and 10 μg/mL) for 24 h and incubated with H2O2 for another 2 h
after the PhGs were removed. After incubation, the cells were washed in cold PBS and fixed in 4%
paraformaldehyde for 15 min at room temperature, followed by membrane permeabilization using
0.5% Triton X-100 in PBS for 5 min. The cells were incubated with anti-Nrf2 Rabbit IgG (Abcam) with 5%
FBS overnight at 4 ◦C. Then, the secondary anti-rabbit antibodies conjugated with FITC were applied to
the cells for 20 min at room temperature. The nuclei were stained with 4′,6-diamidino-2-phenylindole
(DAPI) at the final preparation step. The slides were rinsed briefly with PBS, air-dried, and mounted in
an anti-fluorescence in fading medium. The slides were visualized under a laser confocal microscope
(LMS780, Zeiss, Germany).

4.7. Protein Extraction

The PC12 cells were seeded in 100 mm dishes at 1 × 107 cells/dish. After attachment, the cells
were treated with PhGs (0.1 and 10 μg/mL) for 24 h and then incubated with H2O2 for another 2 h
with PhGs removal. After incubation, the cells were washed twice with cold PBS and scraped from
the dishes with 1000 μL of PBS. Cell homogenates were centrifuged at 1500 rpm for 10 min. After
treatment, cellular proteins were extracted using a Beyotime RIPA cell lysis buffer with 1 mM PMSF
according to the manufacturer’s instructions. In addition, cytoplasmic and nuclear proteins were
isolated as described in the Beyotime nuclear and cytoplasmic extraction kit. Protein concentration of
the samples was detected by a Beyotime BCA protein assay kit, and all samples were stored at −80 ◦C
for Western blot analysis.

4.8. Western Blot Analysis

Western blot analysis was performed using standard methods. Briefly, protein samples (20 or
30 μg) were separated by SDS-PAGE and transferred to PVDF membranes. Membranes were blocked
in 5% milk-TBST and incubated overnight at 4 ◦C in primary antibody. Antibodies used included Nrf2
(Abcam), Keap1 (Abcam), HO-1 (Abcam), NQO-1 (Abcam), GCLC (Abcam), GCLM (Abcam), Histone
H3 (Abcam), and β-actin (Abcam). Peroxidase-conjugated anti-mouse IgG (Abcam) or anti-rabbit IgG
(Abcam) was used as the secondary antibody. The protein bands were visualized using ChemiScope
series (Clinx Science Instruments, Shanghai, China). Gray value of protein bands was quantified using
ImageJ (National Institutes of Health, Bethesda, MD, USA).
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4.9. Quantitative Real-Time PCR

Total RNA was extracted using the RNAiso Plus (Takara, Shiga, Japan), following the manufacturer’s
instructions. Total RNA samples were reverse transcribed with PrimeScript™RT reagent Kit with gDNA
Eraser (Takara, Shiga, Japan) according to the manufacturer’s instruction. Quantitative real-time PCR
was performed using SYBR® Premix Ex Taq™ II (Takara, Shiga, Japan) in Applied Biosystems ViiA™ 7
Real-Time PCR System. Relative expression of target genes was normalized to β-Actin and analyzed by
2−ΔΔCt method. Primer sequences for Nrf2 were as follows: forward, ACAGTGCTCCTATGCGTGAA
and reverse, TCTGGGCGGCGACTTTAT. Primer sequences for β-Actin were as follows: forward,
GCTGTCCCTGTATGCCTCT; and reverse, TTGATGTCACGCACGATTT.

4.10. siRNA Transfection

PC12 cells were cultured in 6-well glass slides at a density of 2 × 105 per well (for Western blot
analysis) or in 96-well glass slides at a density of 2 × 104 per well (for cell viability analysis). Control
siRNA and Nrf2 siRNA were transfected into cells using Lipofectamine RNAiMAX (Thermo Fisher
Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. After 24 h of incubation,
the cells were treated with or without PhGs and H2O2 for the indicated times and then used in Western
blot analysis, qRT-PCR, or cell viability analysis as described above.

4.11. Molecular Docking Analysis

Molecular docking analysis was performed to investigate the possible binding mode of PhGs to
Keap1. The 3D structure of ligands was obtained from NCBI. The crystalized structure of Keap1 (PDB
Code: 4L7B) was prepared using correcting structure issues (such as break bond and miss loop) using
SYBYL-X 2.0. In this software simulation, crash represents the inadequate penetration between the
protein and the ligand. Polar represents the hydrogen bonding and electrostatic interactions between
the protein and the ligand. G-score [36] represents the hydrogen bonding, complex (ligand–protein),
and internal (ligand–ligand) energies between the protein and the ligand. PMF-score [37] represents
the Helmholtz free energy between the protein and the ligand. D-score [38] represents the charge
and van der Waals interactions between the protein and the ligand. Chem-score [39] represents the
hydrogen bonding, metal-ligand interaction, lipophilic contact, and rotational entropy, along with an
intercept term between the protein and the ligand. C score represents the consensus score between the
protein and the ligand, comprehensively reflecting the G, PMF, D, and Chem-scores. Tota-score reflects
the binding capacity of ligand to protein. The best modes were generated and evaluated using the
Total-score (>6) and C-score (≥4).

4.12. Statistical Analysis

Data were analyzed using one-way ANOVA with LSD analyses using SPSS. All results were
confirmed from three independent experiments. Data were expressed as means ± SD. Statistically
significant differences were considered at p < 0.05.
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Abbreviations

GCLC glutamate cysteine ligase-catalytic subunit
GCLM glutamate cysteine ligase-catalytic modifier subunit
H2O2 hydrogen peroxide
HO-1 heme oxygenase 1
Keap1 Kelch ECH association protein 1
NQO1 NAD(P)H quinone oxidoreductase 1
Nrf2 nuclear factor erythroid 2-related factor 2
PhGs salidroside, acteoside, isoacteoside, and echinacoside
ROS reactive oxygen species
ZnPP zinc protoporphyrin
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Abstract: Recent evidence from studies suggests that aged black garlic also has an effect on health.
The major aim of the present study is to compare the effect of raw and aged black garlic on
postischemic cardiac recovery. Male Sprague Dawley rats were randomly divided into three groups.
Animals of the first group were fed with raw garlic, animals of the second group received aged black
garlic, while the third group served as vehicle-treated controls. Upon conclusion of the treatment,
isolated hearts were undertaken to ischemia/reperfusion. Heart function and infarct size were
measured and the level of HO-1 and iNOS were studied. Superior postischemic cardiac function
and reduced infarct size in both garlic treated groups compared to the drug-free control group,
indicated cardioprotective effects. However, no significant differences between the garlic treated
groups were observed. Western blot analysis revealed that raw garlic enhanced the level of HO-1
before ischemia, while in ischemic samples, we found elevated HO-1 expression in both garlic treated
groups. The level of iNOS was the same before ischemia in all groups, however, a markedly reduced
iNOS level in ischemic/reperfused hearts originating from control and raw garlic treated animals
was observed. Samples from aged black garlic treated animals demonstrated that the level of iNOS
was not significantly reduced after ischemia/reperfusion. Taken together these results indicate that
not only raw but also aged black garlic possess a cardioprotective effect.

Keywords: garlic; ischemia; heme oxygenase; reperfusion; heart

1. Introduction

Raw garlic (RG) has a long history as a spice and as a medical plant. It is mentioned in ancient
literature from different parts of the Word including Egypt, India and Greece. Moreover, different cultures
without any connection were associated with similar beneficial effects on for garlic, as summarized by
Rivlin [1]. An example is ancient athletes during Olympic Games used garlic to enhance their endurance.
Furthermore, garlic bulbs were found in the pyramid of Tutankhamen [2]. Many health-related effects
were later confirmed by modern evidence-based medicine. Recent evidence suggests that a processed
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form of garlic called “Aged black garlic” (ABG) also possesses beneficial to health properties including
antidiabetic and antiatherogenic effects [3].

According to the Framingham Heart Study, both diabetes and perturbed lipid homeostasis might
contribute to the pathogenesis of ischemic heart diseases [4,5]. Indeed, consequences of atherosclerosis
and micro- and macrovascular complications of diabetes often lead to an impaired medical state.
Different studies have shown that the consumption of medicinal plants can help to normalize glucose
and fat homeostasis. Through normalization of metabolic homeostasis, these plants can indirectly protect
the heart from ischemia, for example decreasing the blood sugar level or normalizing the lipid homeostasis,
which can reduce the risk of ischemic heart diseases [6], or directly possessing a cardioprotective effect
acting on cardiomyocytes or endothelial cells in cardiac vessels. The direct cardioprotective effect might
relate to the antioxidant properties of plants, or a direct effect on ion channels or induction of different
stress related proteins such as hemoxygenase-1 (HO-1). Indeed, lower levels of HO-1 mRNA and endogen
CO production are found to be related to increased risks of reperfusion induced ventricular fibrillation [7].
Furthermore, upregulation of HO-1 by plants or their extracts play a critical role in the prevention of
I/R-injury in different organs [8,9]. Recently, ABG was shown to induce HO-1 in an epithelial cell model,
which might indicate a tissue protective property of ABG [10]. The major objective of the present study
was to compare the effect of ABG and raw garlic (RG) on the pre- and postischemic cardiac function and
investigate the underlying molecular mechanisms.

2. Results

2.1. Analysis of the Composition of Raw and Aged Black Garlic

Figure 1 and Table 1 depict the different sulfur-containing molecules in both garlic preparations. It must
be noted that amounts and numbers of different sulfur-containing compounds are higher in ABG. The study
failed to detect any allicin in ABG (Table 1). During the aging process, the Maillard reaction occurred,
which was evidenced by the presence of the 2-acetyl-1-pyrroline in ABG and its absence in raw garlic.

Figure 1. Cont.
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Figure 1. Representative chromatograms of raw garlic (upper panel) and black garlic (lower panel)
Headspace-SPME technique was used to obtained samples followed by GC-MS analysis.

Table 1. Main compounds of raw and black garlic in the gas phase.

Compounds
Retention

Time (min)
Raw

Garlic
Aged Black

Garlic
Structures

2-acetyl-1-pyrroline 7.6 − +

diallyl disulfide 8.0 + +

diallyl trisulfide 9.1 + +

dipropil trisulfide 11.6 + +

allicin 11.7 + −

“+” -detectable; “−” non-detectable or just in a very low concentration.

2.2. Effect of Raw and Aged Garlic on Body Weight and Blood Enzymes

No significant differences in body weight were seen after 4 weeks of RG- and ABG-treated groups
compared to the vehicle-treated group (Figure 2). Following the treatment period with different garlic
preparations, peripheral blood was collected, and various blood enzymes were measured. Table 2 shows
that the levels of the investigated blood markers remained in the normal range in all groups.
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Figure 2. The effects of raw and aged black garlic on bodyweight. Upon conclusion of the treatment with
raw (RG) and aged black garlic (ABG) bodyweight was measured. Results are expressed as mean ± SEM.
n = 9 in each group.

Table 2. Blood parameters measured from vehicle-, raw- and aged black-treated animals.

Blood Parameters Control n = 8 Raw Garlic n = 10 Aged Black Garlic n = 9

ALT (U/L) 45.0 ± 3.3 47.1 ± 1.9 44.1 ± 1.4
ALP (U/L) 91.3 ± 9.2 90.2 ± 1.3 84.8 ± 4.4

ASTL (U/L) 89.1 ± 9.1 89.6 ± 3.8 87.9 ± 4.3
CHO (mmol/L) 1.30 ± 0.12 1.41 ± 0.07 1.58 ± 0.05 *
LDL (mmol/L) 0.224 ± 0.020 0.294 ± 0.019 * 0.350 ± 0.021 *
TRIG (mmol/L) 1.35 ± 0.23 1.07 ± 0.12 1.32 ± 0.10
HDL (mmol/L) 1.09 ± 0.11 1.19 ± 0.04 1.25 ± 0.06

LDH (U/L) 811 ± 173 772 ± 88 801 ± 82
CRP (mg/L) 1.35 ± 0.23 1.07 ± 0.12 1.32 ± 0.10

CK–MB (U/L) 765 ± 154 656 ± 66 746 ± 89

* p < 0.05 in comparison with the control group.

2.3. Raw and Aged Garlic Treatment Protect the Heart from Ischemia/Reperfusion Injury

To compare the beneficial to health effects of RG and ABG garlic, isolated hearts originating from
treated animals were taken to 30 min of global ischemia and 120 min of reperfusion. No significant
differences were seen in preischemic values of the studied cardiac functions including CF, AF, AOP,
AOdP/dt, CO, and SV alteration. However, Figure 3 shows significantly increased postischemic
cardiac function in the presence of raw and aged garlic, respectively, was detected. Thus, after 30 min
of ischemia and 120 min of reperfusion, AF was significantly enhanced in the treated groups compared
to their control value of 4.3 ± 2.0 mL to 24.1 ± 4.6 mL for raw garlic, and 22.7 ± 3.8 mL for aged garlic.
Interestingly, in comparison with the control values of 13.6 ± 1.2 mL superior CF values in the treated
groups was observed, in the raw garlic group a value of 19.3 ± 2.8 mL and for aged garlic a value of
19.9 ± 1.4 mL, respectively.
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Figure 3. Effects of raw and aged black garlic on pre and postischemic cardiac functions. Following the end
of the treatments, isolated hearts were subjected to 30 min of ischemia and 120 min of reperfusion. Pre- and
postischemic left ventricular functions including heart rate (HR), coronary flow (CF), aortic flow (AF),
aortic pressure (AOP), the first derivative of aortic pressure (AOdP/dt), stroke volume (SV), alteration in
stroke volume were studied. Results are expressed as mean ± SEM n = 9 in each group. Raw garlic (RG);
aged black garlic (ABG). * p < 0.05 in comparison with the control parameters within the same period.

2.4. Infarct Size Reduction by Raw and Aged Black Garlic Treatment in Ischemic Reperfused Myocardium

To further confirm the cardioprotective effect of the RG and ABG at the end of I/R TTC, staining
was carried out to monitor the size of infarcted tissue. It is depicted in Figure 4 that the 27.5 ± 8.4%
infarcted volume was in the control group, and both raw and aged garlic were able to significantly
reduce the infarct volume to 5.9 ± 2.0% and 6.2 ± 1.2%, respectively. There were no statistically
significant differences between the two garlic treated groups.
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Figure 4. Effects of raw and aged black garlic on infarct size. Following ischemia/reperfusion,
hearts were perfused with TTC solution via aortic cannula to assess the infarcted size (infarcted area in
white, and non-ischemic region stained in red. Results are expressed as mean ± SEM. n = 4 in each
group. Raw garlic (RG); Aged black garlic (ABG). * p < 0.05 in comparison with the control group.

2.5. Induction of HO-1 and iNOS by Garlic

To explore the molecular mechanisms by which RG and ABG protected the heart against I/R injury,
the levels of HO-1 and iNOS were measured by Western blot. Figure 5A illustrates that the study detected
the enhanced level of HO-1 for RG preparation before I/R. However, after I/R, in both garlic treated groups,
a significantly elevated level of HO-1 was observed. The evaluation of iNOS is depicted in Figure 5B and
no significant differences were seen before I/R between the groups. However, after I/R a significantly
reduced protein level of iNOS was seen in the control and RG treated hearts, but AGB was able to prevent
the reduction of iNOS after I/R. Representative blots are provided as supplementary Figure S1.
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Figure 5. Effect of raw and aged black garlic on HO-1 and iNOS expression. Panel (A): Protein samples
from hearts originating from animals treated with RG, ABG or vehicle were separated, blotted and
probed with the HO-1 antibody. Panel (B): Protein samples from hearts originating from animals
treated with RG, ABG or vehicle were separated, blotted and probed with iNOS antibody. Results are
expressed as mean ± SEM n = 5–7. Raw garlic (RG); aged black garlic (ABG). BL: baseline samples; I/R:
ischemia/reperfused samples. * p < 0.05 in comparison with the control baseline parameters (CBL).

3. Discussion

A healthy diet is being considered as a keystone of different stages of primary, secondary or
tertiary prevention. Nowadays, the so-called functional food is gaining importance in different stages of
prevention or might be used as complementary treatment next to medicines. Garlic is being considered as
a very healthy spice or medical plant, however, consumption of RG is limited by the intense taste, the foul
breath, and the body odor. Even consumption of garlic extracts might have the same effect on body
odor. The taste and effect on breath by ABG are very moderate compared to RG. Furthermore, there are
preparations of ABG with honey or chocolate, which are very tasty. Intact garlic is abundant in γ-glutamyl
cysteine, which can be transformed to alliin. During culinary preparations like cutting, crushing etcetera,
alliin is converted to the odiferous allicin by alliinase [11]. During the aging process, when garlic
is exposed to a relatively high temperature (70 ◦C) and high humidity, the major sulfur-containing
compound γ-glutamyl cysteine is converted to S-allylmercaptocysteine (SAC), which is a major
water-soluble antioxidant compound of ABG [12]. These results also verify that during aging, the alliin
is being converted to other sulfur-containing compounds and even the level of allicin in ABG remains
under the limit of detection. Furthermore, under such conditions, the Maillard reaction also occurs
when sugars react with amino acids leading to brownish colors. The compound 2-acetyl-1-pyrroline
is present in some plants in raw form; however, it has been shown that during cooking, it forms
as a product of the Maillard reaction [13,14]. This study failed to find 2-acetyl-1-pyrroline in RG,
however, we were able to detect it in ABG samples, indicating that under this study’s conditions,
the Maillard reaction also contributes to the “aging and transformation” of RG to ABG. Figure 1
shows that the authors identified different sulphur-containing molecules in both garlic preparations,
which might play a role in cardioprotection and possess beneficial to health effects as suggested
earlier [15,16]. However, based on these results the authors cannot pick up only one single compound.
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The major aim of the present study was to compare the cardiovascular effect of raw and aged black
garlic in an experimental model. Consistent with earlier studies [17–19], these results clearly demonstrate
that both RG and ABG possess similar very significant cardioprotective effects in I/R-ed myocardium,
as evidenced by superior postischemic cardiac functions and smaller infarct size. The study failed
to find any significant differences between the two treated groups, indicating that the aging process
of garlic does not alter the cardioprotective ability of the preparation. Indeed, different studies have
compared the antioxidant and anti-inflammatory effects of RG and ABG under certain conditions [20,21].
Lee and colleagues have shown superior antioxidant properties for ABG over RG in diabetic animals [21].
Earlier, a long term garlic administration was shown to enhance the level of endogen antioxidants such
as catalase, SOD in the myocardium in a dose dependent manner [19]. The authors have suggested
the contribution of the enhanced antioxidant defense mechanism to the cardioprotective ability of garlic.
Consistently, enhanced antioxidant activity was found in ABG by Jeong and co-workers, however,
the antioxidant capability was not directly proportional to the anti-inflammatory property of the different
garlic preparations in an LPS-stimulated inflammatory model [20]. The authors found that pyruvate
and other polyphenols, flavonoids and organosulfur compounds, enriched during the aging process,
act synergistically as antioxidants in ABG. Furthermore, the anti-inflammatory effects of pyruvate found
in ABG might be perturbed by the sugar component in ABG.

The study did not find any analyzed biomarkers out of the physiological range; since all remained
under the physiological level any effect on metabolism cannot be concluded. However, it must be noted
that the possibility is quite reasonable since rats were also symptom-free during the treatment period.
The same reasoning might explain the unaltered body weight during the experiments. Thus, the metabolic
effect of the garlic preparations should be studied in a diabetic or atherosclerotic animal model.

To explore the molecular mechanisms by which the different garlic preparations protect the heart,
the levels of HO-1 and iNOS were studied. The study found that treatment with RG can enhance the level
of HO-1 before ischemia. Following ischemia in both garlic-treated groups, the level of HO-1 is significantly
enhanced. Induction of HO-1 leads to the production of Fe2+, endogen CO and biliverdin/bilirubin
as a byproduct of heme metabolism. Enhanced activity of the HO-1/CO system by different natural
products has been shown to induce cardioprotection [8,22]. Upregulation of HO-1 might be an adaptive
response to different harmful stimuli such as ischemia, or even excess heme levels. Recently, it has been
suggested that under special conditions, an excess level of HO-1 and its by-products might fail to protect
against I/R. Not long ago, the authors reported that cardioprotection induced by a low dose beta-carotene
treatment is absent at a high dose beta-carotene treatment; although in both cases, an enhanced level of
HO-1 was observed. The authors have speculated that, probably, the high level of Fe2+ in the presence
of a high amount of beta-carotene might behave as a pro-oxidant [23]. However, in that circumstance,
the authors assumed that mild HO-1 induction was a contributing factor to the cardioprotective effect of
HO-1. Earlier, sour cherry seed extract was found to protect the heart via upregulation of HO-1 protein [8].
Ginseng derived ginsenoside was proven to activate the Nrf2/HO-1 pathway and protect H9c2 cells against
hypoxia/reoxygenation in a recent study [24]. Furthermore, Issan and colleagues have demonstrated that
pharmacological induction of HO-1 by CoPP protects H9c2 cells against hypoxia and also diabetic hearts
from ischemia via the modulation of the AKT/GSK3β pathway [25]. However, it must be noted that
from this study’s results, the authors cannot conclude which component is the major HO-1-inducer since
the composition of the two garlic preparations is not the same.

NOSs, possessing three isoforms including eNOS, nNOS, and iNOS, are a group of enzymes
producing NO, which is a gaseous transmitter playing a role in different physiological and
pathophysiological processes. During the authors’ experiments, the level of iNOS was significantly
reduced after I/R in the vehicle-treated control and RG-treated groups. A slight decrement was observed
in the ABG group, however, it was not at a significant level indicating the ability of ABG to prevent iNOS
loss after I/R. Recently, an extract of ABG was shown to possess dose-dependent cardioprotective effects
and similarly, an enhanced iNOS expression was found in ABG-treated hearts [15]. Similarly, in a recent
study, a reduced level of iNOS mRNA expression was found in hearts obtained from saline-treated
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animals after infarction. However, fish oil treatment prevented the decreased expression of iNOS
after infarction [26]. Furthermore, enhanced expression of iNOS accompanied by smaller infarct
size were found in eNOS KO animals in response to I/R-injury in an “ex vivo” model, indicating
that NO plays a role in cardioprotection [27]. It must be noted that the authors did not observe any
alteration of iNOS expression in WT animals after I/R. Quite the reverse, as “in vivo” studies showed
earlier, overexpression of iNOS might contribute to myocardial injury [28,29]. Thus, cardioprotection
afforded by Propofol and Sabiporide (Na+/H+ exchanger-1 inhibitor) was found to be mediated via
the suppression of iNOS. Furthermore, slightly enhanced expression of iNOS was detected in hearts
obtained from overfed animals [30]. Moreover, enhanced iNOS activity was found to play a role
in cardiomyocyte dysfunction in a regional ischemia in vivo [31]. Interestingly, in another study,
enhanced expression of iNOS was observed in the ischemic region of the heart after a “sub-lethal
ischemic” insult suggesting a regulatory role of iNOS during the late preconditioning [32]. Based on
the above-mentioned outcomes, the role of NO and NOSs in ischemic tissue could be both beneficial
and harmful, depending on the environment or tissue damage [33,34]. However, it must be noted
that the difference in iNOS expression also might arise from the different experimental models since,
in the current study, “ex vivo” 30 min ischemia and 120 min of reperfusion was used to mimic I/R,
while in other studies “in vivo” 6–24 h of reperfusion were allowed. Under “in vivo” conditions,
the authors cannot rule out the influence of the immune system and platelets on the expression of
different proteins [27].

Taken together, this study’s results clearly demonstrate that the components of garlic during the aging
process are altered, but ABG still possesses beneficial health effects. The outcome of the present study
demonstrates that consumption of ABG is also healthy and could reduce I/R-induced cardiac complications.
However, further studies need to be carried out to study the cardiovascular effect of different garlic
preparations in diseased, diabetic, and atherosclerotic models.

4. Materials and Methods

4.1. Animals

Male Sprague Dawley (SD) rats with an average weight of 575 ± 45 g (n = 9, in each groups) were
used. Animals were nutrified with standard rodent chow pellets (R/M-Z+H, ssniff Spezialdiäten GmbH,
Soest, Germany) ad libitum with free access to water and kept at an ambient temperature of 25 ± 2 ◦C,
with a relative humidity of 55 ± 5%, and a 12-h light-dark cycle. All animals were treated according to
the “Principles of Laboratory Animal Care” formulated by the National Society for Medical Research,
and the “Guide for the Care and Use of Laboratory Animals” prepared by the National Academy of Sciences
and published by the National Institutes of Health (NIH Publication number 86–23, revised in 1996).
Breeding and handling of the animals was approved by the Institutional Animal Care and Use Committee
of the University of Debrecen, Debrecen, Hungary (May 2012; 12 March 2012).

4.2. Treatment Protocol

Rats were randomly segregated into three treatment groups as described: GROUP I: control
rats, gavage-treated with the mucin-water vehicle (2% hydroxyethylcellulose solution). GROUP
II: RG-treated rats, gavaged with mucin-water, supplemented with 300 mg/kg/day dose of RG.
GROUP III: ABG-treated rats, gavaged with mucin-water, supplemented with 300 mg/kg/day dose of
ABG. The dose of 300 mg/kg is approximately equal with 15–20 cloves of garlic. Hence, it is rather
comparable to 2–3 commercially available garlic capsules or tablets.

All animals were treated every day for a period of 4 weeks. Body mass was measured at the end
of treatments.
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4.3. Preparation of Aged Garlic

Separated and peeled RG cloves were vacuum sealed in heat-resistant plastic bags. After 3 weeks
incubation at 75 ◦C, conversion was completed and the ABG cloves were used for the treatment and
GC-MS analyses.

4.4. GC-MS Analyses

Ground raw garlic and aged black garlic cloves were placed into head space vials and were
thermostated at 50 ◦C for 1 h. Solid phase micro-extraction was carried out by using a Supelco fiber
assembly with 85 μm polyacrylate-fused silica fiber.

Chromatograms of RG and ABG were taken by a Hewlett-Packard 5890 Series II gas
chromatograph-5971A mass spectrometer. Samples were injected into HP-5 stationary phase containing
capillary column (25 m × 0.25 mm × 0.25 μm) where the eluent gas was 40 ◦C helium with 1 mL/min
constant flow. Temperatures during analyses were the following: 55 ◦C for 2 min followed by the scan
period to 200 ◦C with 20 ◦C/min heating. The overall time of one analysis was 27 min. The temperature
of the injector was 200 ◦C and contained an unpacked liner. Transfer line temperature was 280 ◦C.
Ionization was reached at 70 eV and 10–500 AMU weighed particles were analyzed. Operation of
the GC-MS setup, data collecting, and evaluation process was carried out with Hewlett-Packard GC-MS
Chemstation rev.3 software (Hewlett-Packard Company, Wilmington, DE, USA. Regarding the mass
spectra, components were identified by databases of Nist98 and Wiley.

4.5. Isolated Working Heart Preparation and Cardiac Function Assessments

Following a 4-week treatment period, 24 h after the last treatment, rats were anesthetized with
an intraperitoneal pentobarbital sodium injection (60 mg/kg), with heparin as an anticoagulant
(1000 U/kg). Following the induction of deep anesthesia, chest cavities were opened, hearts were excised
and placed in ice-cold modified Krebs-Henseleit bicarbonate (KHB) buffer (containing 118 mM NaCl,
5.8 mM KCl, 1.8 mM CaCl2, 25 mM NaHCO3, 0.36 mM KH2PO4, 1.2 mM MgSO4, and 5.0 mM Glucose)
to prevent damage of cardiac tissue. Subsequent to excision, aortas were cannulated, and each heart
was perfused with modified KHB buffer at a filling pressure of 100 cm of water, using the non-working
(Langendorff) mode of the isolated working heart apparatus for 5 min to flush blood out from the hearts.
During the washout period, pulmonary veins were cannulated and heart functions were assessed in
working mode at a filling pressure of 17 cm of water with KHB buffer. A total of 10 min of working
mode activity was sustained to stabilize the cardiac activity. Upon conclusion of 10 min of working
mode perfusion, baseline cardiac parameters were registered, including heart rate (HR), aortic flow (AF),
and coronary flow (CF); cardiac output (CO) and stroke volume (SV) were calculated. Next, 30 min of
ischemia was induced by closing off atrial inflow and aortic outflow. Upon completion of the ischemic
period, reperfusion was initiated by opening the aortic cannula. The first 10 min of reperfusions were
conducted in the non-working mode to prevent the development of fatal ventricular arrhythmias.
The heart was defibrillated with a square wave impulse if ventricular fibrillation was observed at
the onset of the reperfusion. Following the first 10 min of Langendorff reperfusion, hearts were switched
to working mode for an additional 110 min. Cardiac parameters were recorded at 30, 60 and 120 min of
the reperfusion period to monitor the postischemic recovery of the myocardium. A continuous pressure
signal was recorded during the whole experiment with the help of a pressure transducer (ADInstruments,
PowerLab, Castle Hill, Australia). HR and AOdP/dt were calculated from the continuously recorded
pressure signal. AF was measured by a calibrated flow meter, while CF was assessed by time-collecting
the coronary effluent. Cardiac output (CO) was calculated as the sum of AF and CF, while stroke
volume (SV) was the ratio of CO and HR. Stroke volume alteration was calculated as a ratio of SV and
the baseline of SV [8].
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4.6. Infarct Size Measurements

To monitor the degree of infarction, triphenyl tetrazolium chloride (TTC) (Sigma-Aldrich, Inc.,
St. Louis, MO, USA) staining was carried out. Hearts were perfused with 35 mL of 1% TTC solution
via the aortic cannula at the end of the reperfusion. Following 10 min, hearts were stored at −20 ◦C for
24 h, to allow each heart to solidify. A total of 2–3 mm thick sections were made from the stained frozen
hearts. Sections were subsequently scanned on an Epson J232D flat-bed scanner, blotted dry and weighed.
The infarcted area (unstained tissue remained white) and the risk area (entire scanned section) were
measured using planimetry software (Image J, National Institutes of Health, Bethesda, MD, USA).
Estimates of infarcted zone magnitude were subsequently obtained by multiplying infarcted areas by
the weight of each section. The resulting numbers represented the weight of the risk zone and the infarcted
zone. Infarct size was expressed as a ratio of the weight of infarcted tissue and the weight of risk zone
(whole heart). The entire area of each section was considered to be an infarcted risk zone, while the numerical
extent of each infarcted area was planimetrically calculated and multiplied by the weight of the section.
Outcomes were expressed as the ratio of the total infarcted tissue volume to volume of at-risk tissue.

4.7. Blood Enzymes

Following 4 weeks of treatment with different garlic preparations or mucin-water vehicle prior to
sacrifice, peripheral blood was collected from a left external jugular vein of each animal. Analyses of
selected serum analytes was conducted using the Cobas 8000 modular analyzer series (Roche Diagnostics
GmbH, Mannheim, Germany). The samples were assayed for content of alanine aminotransferase (ALT),
alkaline phosphatase (ALP), aspartate aminotransferase (ASTL) total cholesterol (CHO), low-density
lipoprotein cholesterol (LDL), triglycerides (TRIG), high-density lipoprotein cholesterol (HDL), lactate
dehydrogenase (LDH), C-reactive protein (CRP), and creatine-kinase-myoglobin (CK-MB). Testing was
conducted in the Department of Laboratory Medicine, University of Debrecen, Hungary.

4.8. Western Blot Analyses

Approximately 300 mg of heart tissue was lysed in 1 mL isolating buffer (25 mM Tris-HCl,
25 mM NaCl, 1 mM orthovanadate, 10 mM NaF, 10 mM pyrophosphate, 10 mM okadaic acid,
0.5 mM EDTA, 1 mM PMSF, and 1× protease inhibitor cocktail) using a polytron homogenizer.
Homogenates were centrifuged at 2000 rpm at 4 ◦C for 10 min. The supernatant was transferred
to a new tube and further centrifuged at 10,000 rpm at 4 ◦C for 20 min; the resultant supernatant
was used as a cytosolic extract. The protein concentration was determined by a BCA Protein Assay
Kit (Thermo Scientific, Rockford, IL, USA) using bovine serum albumin (BSA) as the standard. Samples
were mixed with Laemmli buffer and boiled for 10 min. A total of 100 μg of protein in each sample
was loaded and separated on 12% SDS–PAGE gels (Sigma Aldrich, Schnelldorf, Germany) and then
transferred to polyvinylidene difluoride (PVDF) membranes (Bio-Rad Laboratories, Hercules, CA, USA).
Following blocking the membranes with 5% of nonfat dry milk powder dissolved in tris-buffered saline
buffer with 0.1% Tween 20 (TBST) for 1 h, membranes were incubated with primary antibody solution
at 4 ◦C overnight (HO–1 1/500, Abcam, Cambridge, UK; iNOS, Cell Signaling Technology, Boston,
MA, USA). The membranes were washed with TBST 3 times and incubated with horseradish peroxidase
(HRP)-conjugated secondary antibody solution (1/2000, Cell Signaling Technology, Boston, MA, USA)
for 1 h at room temperature. Subsequent to washing, the membranes were developed using Luminate
Forte Western HRP substrate (Millipore, Billerica, MA, USA). Chemiluminescence was detected as well
as band intensities were measured by ChemiDocTM Touch Imaging System and Image Lab software
(Bio-Rad Inc., Hercules, CA, USA) [8] and normalized against total protein.

4.9. Statistical Analyses

All data are presented as the average magnitudes of each outcome in a group ± standard error
of the mean (SEM). Statistical analysis was performed using one-way analysis of variance (ANOVA),
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followed by Kruskal–Wallis or Dunnett’s multiple comparison tests with GraphPad Prism software
for Windows (GraphPad Software Inc., La Jolla, CA, USA). Probability values (p) less than 0.05 were
considered statistically significant.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/4/
1017/s1. Figure S1. Representative Western blots. Upper blot represents protein samples from hearts originating
from animals treated with RG, ABG or vehicle were separated, blotted and probed with the HO-1 antibody. Lower
blot represents protein samples from hearts originating from animals treated with RG, ABG or vehicle were
separated, blotted and probed with the iNOS antibody. Raw garlic (RG); aged black garlic (ABG). BL: baseline
samples; I/R: ischemia/reperfused samples.
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Abstract: Activation of the hepatic cannabinoid type 1 receptor (CB1R) induces insulin resistance and
gluconeogenesis via endoplasmic reticulum (ER) stress, thereby contributing to hyperglycemia.
Gomisin N (GN) is a phytochemical derived from Schisandra chinensis. In the current study,
we investigated the inhibitory effects of GN on hepatic CB1R-mediated insulin resistance and
gluconeogenesis in 2-arachidonoylglycerol (AG; an agonist of CB1R)-treated HepG2 cells and in
high-fat diet (HFD)-induced obese mice. Treatment with 2-AG induced the expression of ER stress
markers, serine/threonine phosphatase PHLPP1, Lipin1, and ceramide synthesis genes, but reduced
the expression of ceramide degradation genes in HepG2 cells. However, GN reversed 2-AG-mediated
effects and improved the 2-AG-mediated impairment of insulin signaling. Furthermore, GN inhibited
2-AG-induced intracellular triglyceride accumulation and glucose production in HepG2 cells by
downregulation of lipogenesis and gluconeogenesis genes, respectively. In vivo, GN administration
to HFD obese mice reduced the HFD-induced increase in fasting blood glucose and insulin levels,
which was accompanied with downregulation of HFD-induced expression of CB1R, ER stress markers,
ceramide synthesis gene, and gluconeogenesis genes in the livers of HFD obese mice. These findings
demonstrate that GN protects against hepatic CB1-mediated impairment of insulin signaling and
gluconeogenesis, thereby contributing to the amelioration of hyperglycemia.

Keywords: cannabinoid type 1 receptor; endoplasmic reticulum stress; gluconeogenesis; gomisin N;
lipogenesis; insulin resistance

1. Introduction

The liver plays a major role in maintaining normal blood glucose levels by regulating de novo
glucose production and glycogen breakdown. Hepatic glucose production (gluconeogenesis) is
essential for the supply of glucose as an energy source to other tissues. However, excessive hepatic
gluconeogenesis causes hyperglycemia. Insulin resistance is defined as the disability of insulin
to regulate glucose and lipid metabolism in peripheral tissues even at elevated insulin levels in
the blood. Hepatic insulin resistance results in the elevation of hepatic glucose production and
triglyceride (TG) accumulation by impairing insulin-mediated inhibition of gluconeogenesis and
regulating insulin-mediated TG metabolism, respectively, which contributes to hyperglycemia and
dyslipidemia [1]. Therefore, the control of hepatic insulin resistance is an attractive therapeutic target
for treating type 2 diabetes and hepatic steatosis.
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Endogenous cannabinoids, such as arachidonoyl ethanolamide (AEA) and 2-arachidonoylglycerol
(2-AG), are bioactive lipid mediators that interact with the cannabinoid type 1 receptor (CB1R) and
cannabinoid type 2 receptor (CB2R), and regulate numerous biochemical responses [2]. CB1R is
predominantly present in the brain and controls food behavior and energy expenditure [2].
The activation of CB1R in the central nervous system facilitates food intake by modulating the release
of orexigenic and anorexigenic neuropeptides in hypothalamic neurons. CB1R is also found in
peripheral tissues and controls glucose and lipid metabolism [2]. Activation of hepatic CB1R induces
insulin resistance through several mechanisms in the endoplasmic reticulum (ER) stress-dependent
manner [3–5]. Activation of CB1R inhibits insulin signaling by elevating inhibitory serine-307
phosphorylation of insulin receptor substrate 1 (IRS1) and by stimulating the dephosphorylation
of insulin-activated protein kinase B (PKB/AKT) through upregulation of the S/T phosphatase PH
domain and leucine-rich repeats protein phosphatase 1 (PHLPP1) [3]. Furthermore, it stimulates the
expression of Lipin1, a phosphatidic acid phosphatase, via ER stress-inducible transcription factor,
cAMP-responsive element-binding protein H (CREBH) [4]. This subsequently leads to accumulation
of diacylglycerol (DAG), resulting in the phosphorylation of protein kinase C with inhibition of
insulin receptor signaling [4]. In addition, CB1R-mediated ER stress increases the production of
ceramide by upregulation of de novo ceramide synthesis and downregulation of ceramide degradation,
which inhibits insulin signaling [5]. Moreover, hepatic CB1R activation stimulates the lipogenesis
transcription factor, sterol regulatory element-binding transcription factor 1c (SREBP1c), and results
in increased TG accumulation by upregulating the expression of its downstream lipogenesis genes,
including fatty acid synthase (FAS), stearoyl-Coenzyme A desaturase 1 (SCD1), and acetyl-CoA
carboxylase (ACC), which contributes to insulin resistance and steatosis [6]. Furthermore, CB1R also
increases the expression of gluconeogenesis genes via CREBH and results in the elevated glucose
production [7]. Thus, activation of hepatic CB1R plays a role in the development of insulin resistance,
type 2 diabetes, and hepatic steatosis [8]. In this regard, selective inhibition of hepatic CB1R signaling
could be a potential molecular target for the treatment of type 2 diabetes and hepatic steatosis.

Schisandra chinensis has been used as a traditional herbal medicine in Asian countries, such as
China, Korea, Japan, and Russia. It has diverse pharmacological activities, including anti-oxidant,
anti-tumor, anti-obesity, anti-inflammatory, cardioprotective, and hepatoprotective effects [9].
Recently, we reported that S. chinensis has a protective effect against ER stress-induced hepatic
steatosis [10]. Gomisin N (GN), a lignan derived from S. chinensis, possesses hepatoprotective,
anti-cancer, and anti-inflammatory effects [11]. Recently, we reported that GN exerts protective
effects against obesity-induced hepatic steatosis and hyperglycemia through inhibition of ER stress and
AMP-activated protein kinase (AMPK) activation, respectively [12,13]. As activation of hepatic CB1R
signaling has been implicated in the development of insulin resistance, hyperglycemia, and hepatic
steatosis, targeted inhibition of hepatic CB1R signaling might provide therapeutic approaches to restore
insulin receptor signaling and improve hyperglycemia and hepatic steatosis.

Therefore, in the current study, we investigated the inhibitory effect of GN on hepatic CB1R and
CB1R-mediated insulin resistance and gluconeogenesis in 2-arachidonoylglycerol (AG; an agonist of
CB1R)-treated HepG2 cells and in high-fat diet (HFD)-induced obese mice.

2. Results

2.1. GN Inhibited 2-AG-Induced ER Stress in HepG2 Cells

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay revealed that GN had
no cytotoxic effect on HepG2 cells at a concentration of 100μM. Activation of hepatic CB1R induces
ER stress, which contributes to insulin resistance and gluconeogenesis [3–5]. Therefore, we first
investigated whether GN inhibited CB1R-induced ER stress in HepG2 cells. HepG2 cells were
incubated with 2-AG in the absence or presence of different concentrations of GN for 12 h. Treatment
with 2-AG increased mRNA level of ER stress markers, including glucose-regulated protein 78 (GRP78),
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C/EBP homologous protein (CHOP), and X box-binding protein 1c (XBP1c) (Figure 1A), as well as
CB1R mRNA level (Figure 1B). However, GN treatment suppressed this increase in mRNA levels in a
dose-dependent manner. Western blot analysis also showed that 2-AG treatment increased the protein
levels of GRP78, CHOP, and XBP1c, but GN treatment reduced the 2-AG-induced increased in ER stress
marker levels (Figure 1C), which was consistent with decrease in mRNA levels. Furthermore, to confirm
the inhibitory effect of GN on ER stress, we examined the expression of ER stress markers in HepG2
cells treated with tunicamycin, a chemical ER stress inducer, in the absence or presence of GN for 12 h.
As shown in Figure 1D, GN treatment significantly reduced tunicamycin-induced mRNA levels of
ER stress markers. Taken together, these results indicate that GN inhibits CB1R-induced ER stress in
HepG2 cells.

 

Figure 1. Gomisin N (GN) inhibited 2-AG-induced endoplasmic reticulum (ER) stress in HepG2 cells.
HepG2 cells were incubated with 2-AG in the absence or presence of GN (50 or 100 μM) for 12 h.
(A) qPCR analysis of GRP78, CHOP, and XBP1c; (B) qPCR analysis of CB1R; (C) Western blot analysis
of GRP78, CHOP, and XBP1c; (D) HepG2 cells were incubated with tunicamycin (Tu) in the absence
or presence of GN (50 or 100 μM) for 12 h. qPCR analysis of GRP78, CHOP, and XBP1c. Values are
expressed as mean ± SEM (n = 3 independent experiments). ## p < 0.01 vs. untreated control. * p < 0.05,
** p < 0.01 vs. 2-AG or tunicamycin-treated control.

2.2. GN Improved CB1R-Mediated Inhibition of Insulin Signaling in HepG2 Cells

Hepatic CB1R-induced ER stress contributes to insulin resistance by inhibiting insulin signaling
via several ER stress-dependent mechanisms [3–5]. CB1R-induced ER stress stimulates the expression
of serine/threonine phosphatase PHLPP1 and CREBH-dependent Lpin1, which contribute to inhibit
insulin signaling. Therefore, we investigated whether GN suppresses CB1R-induced expression
of PHLPP1, CREBH, and Lipin1 in 2-AG-treated HepG2 cells. Results of qPCR revealed that 2-AG
treatment increased mRNA levels of PHLPP1 (Figure 2A), CREBH (Figure 2B), and Lipin1 (Figure 2C).
However, GN treatment significantly reversed 2-AG-induced effects. Furthermore, it has been reported
that CB1R suppresses insulin signaling via regulation of ceramide production, which involves the
balance of de novo ceramide synthesis and degradation of ceramides [5]. Therefore, we examined
whether GN reverses the effect of CB1R on the expression of de novo ceramide synthesis-associated
genes and ceramide degradation-associated genes in HepG2 cells. Treatment with 2-AG increased the
mRNA levels of de novo ceramide synthesis-associated genes such as ceramide synthase 6 (CerS6)
and serine-palmitoyl transferase LC3 (SPTLC3) (Figure 2D), whereas reduced the mRNA levels of
ceramide degradation-associated genes such as N-acylsphingosine amidohydrolase 1 (Asah1) and
sphingosine kinase 1 (SPK1) (Figure 2E). However, GN treatment reversed 2-AG-mediated effects,
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suggesting that GN suppresses CB1R-induced ceramide production, which might contribute to
improve insulin resistance.

Then, we investigated the effects of GN on insulin signaling in 2AG-treated HepG2 cells. As shown
in Figure 3A, 2-AG treatment increased the serine-307 phosphorylation of IRS1 at three different times,
which inhibits insulin signaling; however, GN treatment reduced serine-307 phosphorylation of IRS1.
Next, we investigated the effects of GN on insulin-activated phosphorylation of IRS1 at tyrosine 893
and AKT at serine 473 in 2-AG-treated HpG2 cells. As shown in Figure 3B, incubation with insulin
resulted in increased phosphorylation of IRS1 (tyrosine-895) and AKT (serine-473), but 2-AG treatment
reduced the expressions of p-IRS1 and p-AKT. However, GN treatment reversed the 2-AG-mediated
reduction of insulin-induced phosphorylation of IRS1 and AKT (Figure 3B). These results indicate that
GN improves hepatic CB1R-mediated inhibition of insulin signaling.

 

Figure 2. GN reversed 2-AG-mediated expression of insulin resistance-associated genes in HepG2
cells. HepG2 cells were incubated with 2-AG in the absence or presence of GN (50 or 100 μM) for
12 h. qPCR analysis of PHLPP1 (A), CREBH (B), Lipin1 (C), Cer6 and SPTLC3 (D), and Asah1 and
SPK1 (E). Values are expressed as mean ± SEM (n = 3 independent experiments). # p < 0.05, ## p < 0.01
vs. untreated control. * p < 0.05 vs. 2-AG-treated control.

Figure 3. GN improved 2-AG-mediated inhibition of insulin signaling in HepG2 cells. (A) HepG2
cells were incubated with 2-AG in the absence or presence of GN (50 or 100 μM) for 3, 12 and 24 h.
Serine-307 phosphorylation of IRS1 was detected by western blot analysis; (B) HepG2 cells were
incubated with 2-AG in the absence or presence of GN (50 or 100 μM) for 12 h, and then incubated
with insulin (10 nM) for 30 min. The phosphorylation of IRS1 (tyrosine-895) and AKT (serine-473) was
detected by western blot analysis.
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2.3. GN Inhibited CB1R-Induced Lipogenesis in HepG2 Cells

Activation of hepatic CB1R induces intracellular TG accumulation through upregulation of
lipogenesis, which contributes to dysregulation of insulin signaling [6]. Therefore, we evaluated
the inhibitory effects of GN on CB1R-induced lipogenesis in HepG2 cells. The expression of a key
lipogenesis transcription factor SREBP1c and its downstream lipogenesis genes was measured in
HepG2 cells after incubated with 2-AG in the absence or presence of different concentrations of GN
for 24 h. As shown in Figure 4A, qPCR and western blot analyses showed that 2-AG treatment
increased mRNA and protein levels of SREBP1c; however, GN reversed these changes. GN also
reduced 2-AG-induced SREBP1c protein level even at longer incubation time (48 h). The mRNA
levels of SREBP1c downstream lipogenesis genes including FAS, SCD1, and ACC were enhanced by
2-AG treatment, which were efficiently reversed by GN treatment (Figure 4B). In accordance with
downregulation of lipogenesis genes, GN suppressed 2-AG-induced intracellular TG accumulation,
as shown by TG measurement and ORO staining (Figure 4C).

Figure 4. GN inhibited 2-AG-induced lipogenesis in HepG2 cells. HepG2 cells were incubated with
2-AG in the absence or presence of GN (50 or 100 μM) for 24 or 48 h. (A) qPCR and western blot analysis
of SREBP1c; (B) qPCR analysis of FSA, SCD1, and ACC; (C) Intracellular TG levels were measured
by TG measurement and ORO staining. Values are expressed as mean ± SEM (n = 3 independent
experiments). # p < 0.05, ## p < 0.01 vs. untreated control. * p < 0.05, ** p < 0.01 vs. 2-AG-treated control.

2.4. GN Inhibited CB1R-Induced Gluconeogenesis in HepG2 Cells

The hepatic CB1R induces gluconeogenesis via upregulation of gluconeogenesis genes [7].
Therefore, we investigated inhibitory effects of GN on hepatic CB1R-induced gluconeogenesis
in HepG2 cells. HepG2 cells were incubated with 2-AG in the absence or presence of different
concentrations of GN for 12 h, and the expression of gluconeogenesis genes was measured by qPCR.
As shown in Figure 5A, 2-AG treatment increased mRNA levels of gluconeogenesis genes such as
phosphoenolpyruvate carboxykinase (PEPCK) and glucose 6-phosphatase (G6Pase); however, GN
treatment reversed these changes. Then, we measured glucose production in 2-AG-treated HepG2
cells. Consistent with increased mRNA levels of gluconeogenesis genes, 2-AG treatment resulted in
increased glucose production in HepG2 cells (Figure 5B). However, GN treatment markedly suppressed
2-AG-induced glucose production, indicating that GN inhibited CB1R-induced gluconeogenesis.
To confirm whether GN-mediated inhibition of gluconeogenesis occurs via the suppression of ER
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stress, we investigated the inhibitory effects of GN on the expression of gluconeogenesis genes in
HepG2 cells. HepG2 cells were incubated with tunicamycin, an ER stress inducer, in the absence
or presence of different concentrations of GN for 12 h, and the expression of gluconeogenesis genes
was measured by qPCR. As shown in Figure 5C, tunicamycin treatment increased the mRNA levels
of CREBH, PEPCK, and G6Pase; however, GN reversed these changes. Taken together, these results
suggest that GN might inhibit hepatic CB1R-induced gluconeogenesis via inhibition of ER stress in
HepG2 cells.

Figure 5. GN inhibited 2-AG-induced gluconeogenesis in HepG2 cells. (A) HepG2 cells were incubated
with 2-AG in the absence or presence of GN (50 or 100 μM) for 12 h. qPCR analysis of PEPCK and
G6Pase; (B) Measurement of glucose production; (C) HepG2 cells were incubated with tunicamycin
(Tu) in the absence or presence of GN (50 or 100 μM) for 12 h. qPCR analysis of CREBH, PEPCK, and
G6Pase. Values are expressed as mean ± SEM (n = 3 independent experiments). # p < 0.05, ## p < 0.01
vs. untreated control. * p < 0.05, ** p < 0.01 vs. 2-AG or Tu-treated control.

2.5. GN Ameliorated HFD-Induced Hyperglycemia through Inhibition of Hepatic CB1R-Dependent Insulin
Resistance and Gluconeogenesis

It has been demonstrated that HFD impairs hepatic insulin signaling via CB1R activation,
which contributes to insulin resistance and gluconeogenesis, resulting in hyperglycemia [3].
Thus, pharmacological inhibition of CB1R improves HFD-induced hyperglycemia and glucose
tolerance. Previously, we demonstrated that GN reduced the HFD-induced hyperglycemia and
improved the glucose tolerance in HFD obese mice [13]. In the current study, we examined whether
GN-mediated improvement of hyperglycemia and glucose tolerance is through the inhibition of
hepatic CB1R-mediated insulin resistance and gluconeogenesis. HFD induced obesity (Supplementary
Figure S1). Consistent with previous results, we observed that GN reduced HFD-induced increase in
the serum levels of glucose and insulin in HFD obese mice (Figure 6A). Subsequently, we evaluated
the expression of CB1R, ER stress markers, insulin resistance-associated genes, and gluconeogenesis
genes in the liver of HFD-induced obese mice. As shown in Figure 6, GN reversed the HFD-induced
mRNA levels of CB1R (Figure 6B), ER stress markers such as GRP78, CHOP, and XBP1c (Figure 6C),
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PHLPP1 (Figure 6D), Lipin1 (Figure 6E), CerS6 (Figure 6F), and gluconeogenesis genes such as PEPCK
and G6Pase (Figure 6G). However, GN administration significantly reversed these HFD-induced effects.

 

Figure 6. GN ameliorated high-fat diet (HFD)-induced hyperglycemia through inhibition of hepatic
CB1R signaling. C57BL6 mice were fed HFD for 12 weeks and orally administered GN for 6 weeks.
(A) Fasting levels of glucose and insulin. qPCR analysis of CB1R (B), GRP78, CHOP, and XBP1c (C),
PHLPP1 (D), Lipin1 (E), CerS6 (F), and PEPCK and G6Pase (G). The values are expressed as mean ± SEM
(n = 5 mice per group). # p < 0.05, ## p < 0.01 vs. ND mice. * p < 0.05, ** p < 0.01 vs. HFD-induced obese
mice control. ND; normal diet.

Finally, we investigated whether GN improved HFD-mediated inhibition of insulin signaling in
the liver of HFD-induced obese mice. HFD feeding reduced both phosphorylation of IRS1 at tyrosine
895 and AKT at serine 473 (Figure 7); however, GN administration to HFD obese mice reversed
HFD-mediated effects, suggesting that GN reversed the HFD-induced inhibition of insulin signaling in
mice. Taken together, these results indicate that GN ameliorates HFD-induced insulin resistance and
gluconeogenesis, which may play an important role in GN-mediated improvement of hyperglycemia.

Figure 7. GN reversed HFD-mediated inhibition of insulin signaling in the liver of HFD obese
mice. C57BL6 mice were fed HFD for 12 weeks and orally administered GN for 6 weeks. The liver
homogenates were subjected to western blot using indicated antibody. (A) Representative western
blotting. (B) Densitometric results. The values are expressed as mean ± SEM (n = 5 mice per group).
# p < 0.05 vs. ND mice. * p < 0.05 vs. HFD-induced obese mice control. ND; normal diet.
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3. Discussion

The activation of peripheral CB1Rs has been increasingly recognized as an important regulator of
metabolic disorders due to deleterious effects on lipid and glucose metabolism [2]. Among peripheral
CB1Rs, activation of the hepatic CB1R induces ER stress-dependent hepatic insulin resistance and
gluconeogenesis, resulting in hyperglycemia [3,7]. In addition, hepatic CB1R causes lipid accumulation
by upregulation of lipogenesis genes, resulting in hepatic steatosis [6]. Therefore, the inhibition of
hepatic CB1R signaling is a promising target for treating type 2 diabetes and hepatic steatosis. GN is a
phytochemical derived from S. chinensis, a traditional medicinal herb [11]. Previously, we demonstrated
that GN exerts protective effects against HFD-induced hyperglycemia and hepatic steatosis in HFD
obese mice [12–14]. In the present study, we investigated whether GN-mediated improvement of
hyperglycemia and hepatic steatosis is through inhibition of the hepatic CB1R signaling. We examined
the inhibitory effect of GN on CB1R-induced insulin resistance and gluconeogenesis in vitro and in vivo.

Recent studies have demonstrated that obesity leads to activation of the hepatic CB1R signaling,
which contributes to insulin resistance and gluconeogenesis in the ER stress dependent manner,
resulting in hyperglycemia [3–7]. Therefore, hepatic CB1R-mediated ER stress can be a potential target
for HFD-induced hyperglycemia. Previously, we demonstrated that GN inhibited fatty acid-induced
ER stress and prevented HFD-induced hepatic steatosis and hyperglycemia [12,13]. In the current
study, we investigated whether GN also inhibited CB1R-induced ER stress and subsequently improved
CB1R-mediated insulin resistance and gluconeogenesis in HepG2 cells. Our data showed that treatment
with 2-AG, a CB1R activator, promoted the expression of ER stress markers such as GRP78, CHOP,
and XBP1c in HepG2 cells, but GN significantly prevented 2-AG-induced expression of these genes,
indicating that GN inhibits CB1R-induced ER stress in HepG2 cells.

It has been reported that CB1R-induced ER stress causes insulin resistance via several
mechanisms [3–6]. As described previously, hepatic CB1R-induced ER stress leads to insulin resistance
by upregulation of serine phosphatase PHLPP1, Lipin1, and ceramide production. PHLPP1 reverses
insulin-activated AKT phosphorylation and inhibits insulin signaling. Lipin1 generates DAG, which
subsequently suppresses insulin signaling via PKC activation. Therefore, we examined the inhibitory
effects of GN on the expression of PHLPP1 and Lipin1 in 2-AG-treated HepG2 cells. Our data revealed
that GN treatment significantly reversed 2-AG-induced mRNA levels of both PHLPP1 and Lipin1.
CB1R-induced ceramide production, which is regulated by de novo synthesis and degradation of
ceramide, also leads to inhibition of insulin signaling. To investigate whether GN affects CB1R-induced
ceramide production, we examined the expression of de novo ceramide synthesis genes and ceramide
degradation genes in 2-AG-treated HepG2 cells. GN reduced the 2-AG-induced mRNA expression
of CerS6 and SPTLC3 involved in de novo ceramide synthesis, but increased the expression of mRNA
levels of Asah1 and SPK1 involved in ceramide degradation, which were decreased by 2-AG treatment,
indicating that GN suppresses CB1R-induced ceramide production. Taken together, these results
suggest that GN might contribute to improvement of hepatic insulin resistance by inhibition of
CB1R-induced PHLPP1, Lipin1, and ceramide production. To confirm the ameliorative effect of GN on
insulin resistance, we examined insulin signaling in 2-AG-treated HepG2 cells. Treatment with 2-AG
increased serine-307 phosphorylation of IRS1, which inhibits AKT phosphorylation, and resulted in
reduced insulin-stimulated phosphorylation of IRS1 (tyrosine-895) and AKT (serine-473); however,
GN reduced the phosphorylation of IRS1 (serine-307), whereas increased the insulin-stimulated
phosphorylation of IRS1 (tyrosine-895) and AKT (serine-473). These results demonstrated that GN
reverses the hepatic CB1R-mediated inhibition of insulin signaling.

The hepatic CB1R has been reported to induce TG accumulation via upregulation of lipogenesis genes
expression, which leads to dysregulation of insulin signaling [6]. Thus, we tested whether GN inhibits
CB1R-induced lipogenesis in 2-AG-treated HepG2 cells. We found that GN inhibited 2-AG-induced
expression of lipogenesis genes including SREBP1c, FAS, SCD1, ACC, and subsequent intracellular TG
accumulation in HepG2 cells. These results suggest that prevention of TG accumulation might also play
an important role in GN-mediated improvement of insulin resistance and hepatic steatosis.
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The hepatic CB1R stimulates gluconeogenesis via induction of ER stress, which plays a role in
HFD-induced hyperglycemia [7]. CB1R-induced ER stress stimulates the expression of gluconeogenesis
genes via CREBH. Thus, we investigated the inhibitory effect of GN on gluconeogenesis in 2-AG-treated
HepG2 cells. Treatment with 2-AG promoted the expression of CREBH, PEPCK, and G6Pase,
and resulted in increased glucose production. However, GN inhibited 2-AG-induced expression
of gluconeogenesis genes and subsequent glucose production in HepG2 cells. To confirm whether
GN-mediated inhibition of gluconeogenesis is through suppression of ER stress, we assessed
the inhibitory effects of GN on the expression of gluconeogenesis genes in tunicamycin-treated
HepG2 cells. Consistent with the results in 2-AG-treated HepG2 cells, GN treatment reversed
tunicamycin-induced expression of gluconeogenesis genes including CREBH, PEPCK, and G6Pase.
Taken together, these results indicate that GN inhibits CB1R-induced gluconeogenesis via suppression
of ER stress, which might contribute to improvement of hyperglycemia.

HFD activates hepatic CB1R signaling and results in insulin resistance and hyperglycemia [3].
Our previous study revealed that GN administration to HFD obese mice efficiently reduced
HFD-induced hyperglycemia, and improved glucose tolerance in mice [13]. Thus, in the current
study, we investigated whether the inhibition of hepatic CB1R signaling plays a role in GN-mediated
improvement of hyperglycemia and glucose tolerance. We assessed the inhibitory effects of GN on
CB1R-mediated insulin resistance and gluconeogenesis in the liver of HFD obese mice. Results showed
that GN administration to HFD obese mice reversed HFD-induced expression of CB1R, ER stress
markers, PHLPP1, ceramide synthase CerS6, and recovered reduced phosphorylation of IRS-1 at
tyrosine 895 and AKT at serine 473 in the livers of HFD obese mice. Furthermore, GN efficiently
reduced HFD-induced expression of gluconeogenesis genes, PEPCK and G6Pase. These results indicate
that GN can ameliorate HFD-induced hyperglycemia through inhibition of CB1R-induced insulin
resistance and gluconeogenesis.

Activation of CB1R signaling in the CNS increases food intake and induces obesity [15].
Rimonabant, an inverse agonist of central CB1R, was used as an anti-obesity drug [16]. However, it was
withdrawn from the market because of its psychiatric side effects. Since the withdrawal of rimonabant,
many investigators have studied peripheral CB1R inhibitors with lesser side effects. Natural products
derived from medicinal herbs are usually considered less toxic with fewer side effects. GN is
active component of S. chinensis that has been used as a traditional herbal medicine and has diverse
pharmacological activities [9]. Our results suggest that GN is an attractive and potent compound that
inhibits peripheral CB1R signaling and can be useful in the treatment of metabolic disorders including
type 2 diabetes.

In conclusion, GN inhibits CB1R-induced ER stress and results in improvement of insulin
resistance and gluconeogenesis, which might contribute to the amelioration of hyperglycemia.

4. Materials and Methods

4.1. Reagents

GN (≥98% purity) was obtained from ChemFaces (Wuhan, China). Tunicamycin and 2-AG were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Dulbecco’s modified Eagle’s medium (DMEM),
penicillin–streptomycin, and fetal bovine serum (FBS) were obtained from Gibco BRL (Grand Island, NY,
USA). Antibodies against GRP78, CHOP, and XBP1c were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Antibodies against p-IRS1 (serine-307), p-IRS1 (tyrosine-895), p-AKT (serine-473),
IRS1, and AKT were purchased from Cellular Signaling Technology (Danvers, MA, USA).

4.2. Cell Culture

The human hepatocellular carcinoma cell line HepG2 was obtained from the American Type
Culture Collection (Manassas, VA, USA). HepG2 cells were cultured in DMEM supplemented with
10% heat-inactivated fetal bovine serum, 20 U/mL penicillin, and 20 μg/mL streptomycin.
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4.3. Quantitative Polymerase Chain Reaction (qPCR)

Total RNA was isolated from HepG2 cells and mouse livers using TRIzolTM (Invitrogen,
Darmstadt, Germany), as per manufacturer’s instructions. One microgram of the isolated
RNA was reverse-transcribed by using TOPScript RT DryMix (Enzynomics, Daejeon, Korea).
Quantitative real-time PCR was performed using a SYBR Green premixed Taq reaction mixture with
gene-specific primers. The gene-specific primers used in this study are listed in Supplementary Table S1.

4.4. Western Blots

Proteins (40 μg per well) were separated from HepG2 cells using SDS-PAGE on 8% gels
and transferred to polyvinylidene fluoride membranes. The membranes were incubated with
primary antibodies, followed by incubation with anti-rabbit or anti-mouse secondary antibodies
(Santa Cruz Biotechnology, Dallas, TX, USA) and protein bands were visualized using an enhanced
chemiluminescence system (ECL Advance, GE Healthcare, Hatfield, UK).

4.5. Triglyceride (TG) Measurement

HepG2 cell suspensions were mixed with 750 μL of chloroform/methanol/H2O (8:4:3, v/v/v)
to extract TG. The cell suspensions were incubated at room temperature for 1 h and centrifuged
at 800× g for 10 min. The bottom layer (organic phage) obtained was dried overnight and then
dissolved in ethanol, followed by measurement of TG concentrations using an AM 157S-K TG kit
(Asan Pharmaceutical, Seoul, Korea), which was normalized to the protein concentration.

4.6. Oil Red O Staining

HepG2 were washed twice with phosphate-buffered saline (PBS) and fixed with 10% formalin for
60 min. And then, the cells were then stained with an Oil Red O (ORO) working solution (1.5 mg/mL
ORO/60% isopropanol) for 60 min at room temperature. After staining, the cells were washed with
distilled water and photographed under a light microscope.

4.7. Glucose Production

Glucose production from HepG2 cells was measured using a colorimetric glucose oxidase assay
according to the manufacturer’s protocol (Sigma-Aldrich). Briefly, cells were washed three times with
PBS and incubated in glucose production buffer (glucose-free DMEM (pH 7.4), 20 mM sodium lactate,
1 mM sodium pyruvate, and 15 mM HEPES) for 3 h at 37 ◦C in 5% CO2. Glucose concentration was
normalized to cellular protein concentration.

4.8. Animal Study

C57BL/6 mice (male, 6-week-old) were purchased from Jung-Ang Lab Animal, Inc. (Seoul, Korea).
The animals were housed in standard conditions of temperature (21–23 ◦C), humidity (40–60%), and
a 12-h light/dark cycle, and were given free access to food and water. The mice were fed a normal
diet (ND) or an HFD for 12 weeks. Subsequently, the HFD-fed mice were divided into the following
two groups (n = 6 per group): HFD (distilled water-treated) group or HFD + GN (20 mg/kg of body
weight) group. The experimental diets were TD.06414, a high-fat in which 60% calories are from fats,
and the control diet in which 10% calories are from fat. GN was administered orally every day for
6 weeks. The animal protocol used in this study was reviewed and approved by the Pusan National
University’s Institutional Animal Care and Use Committee in accordance with established ethical and
scientific care procedures (approval number: PNU-2017–1456; 7 February 2017).

4.9. Biochemical Analysis

After starvation for 12 h, the mice were sacrificed. The blood samples were collected and
centrifuged at 1000× g for 15 min at 4 ◦C to obtain serum, which was stored at −80◦C until analysis.
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The concentrations of blood glucose and insulin were determined by using commercial analysis kits
(Asan Pharmaceutical, Seoul, Korea).

4.10. Statistical Analysis

All data are presented as the mean ± standard error of the mean (SEM). The statistical differences
between various groups were examined by one-way analysis of variance (ANOVA) followed by
Tukey’s test. Values with p < 0.05 were considered statistically significant.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/4/
968/s1.
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2-AG 2-arachidonoylglycerol
Asah1 N-acylsphingosine amidohydrolase1
CB1R cannabinoid type 1 receptor
CerS6 ceramide synthase 6
CREBH cAMP-responsive element-binding protein H
CHOP C/EBP homologous protein
ER endoplasmic reticulum
G6Pase glucose 6-phosphatase
GN gomisin N
GRP78 glucose-regulated protein 78
HFD high fat diet
PEPCK phosphoenolpyruvate carboxykinase
PHLPP1 PH domain leucine-rich repeats protein phosphatase 1
SPK1 sphingosine kinase 1
SPTLC3 serine-palmitonyl transferase LC3
XBP1c X box-binding protein 1, C-terminal
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Abstract: Hinokitiol, a natural monoterpenoid from the heartwood of Calocedrus formosana, has
been reported to have anticancer effects against various cancer cell lines. However, the detailed
molecular mechanisms and the inhibiting roles of hinokitiol on adenocarcinoma A549 cells remain
to be fully elucidated. Thus, the current study was designed to evaluate the effect of hinokitiol
on the migration of human lung adenocarcinoma A549 cells in vitro. The data demonstrates that
hinokitiol does not effectively inhibit the viability of A549 cells at up to a 10 μM concentration.
When treated with non-toxic doses (1–5 μM) of hinokitiol, the cell migration is markedly suppressed
at 5 μM. Hinokitiol significantly reduced p53 expression, followed by attenuation of Bax in A549 cells.
A dose-dependent inhibition of activated caspase-9 and -3 was observed in the presence of hinokitiol.
An observed increase in protein expression of matrix metalloproteinases (MMPs) -2/-9 in A549
cells was significantly inhibited by hinokitiol. Remarkably, when A549 cells were subjected to
hinokitiol (1–5 μM), there was an increase in the activities of antioxidant enzymes catalase (CAT)
and superoxide dismutase (SOD) from the reduction in cells. In addition, the incubation of A549
cells with hinokitiol significantly activated the cytochrome c expression, which may be triggered by
activation of caspase-9 followed by caspase-3. These observations indicate that hinokitiol inhibited
the migration of lung cancer A549 cells through several mechanisms, including the activation of
caspases-9 and -3, induction of p53/Bax and antioxidant CAT and SOD, and reduction of MMP-2 and
-9 activities. It also induces cytochrome c expression. These findings demonstrate a new therapeutic
potential for hinokitiol in lung cancer chemoprevention.

Keywords: A549 cells; hinokitiol; MMPs; p53/Bax; antioxidant enzymes; caspases; migration

1. Introduction

Lung adenocarcinoma is one of the most severe cancers related to deaths globally, and it is
becoming more common in numerous countries. Almost 40% of lung cancers are adenocarcinomas,
which are non-small cell lung cancers with a normally poor diagnosis and extremely high rate of latent
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metastasis [1]. Lung adenocarcinomas are identified in most patients when in an advanced stage, and
the malignant cells have already extended into distant organs. These patients are not acceptable for
invasive resection. In order to advance the treatment of patients detected with lung cancer, evolving
innovative therapies is needed for the treatment of lung cancer. As matured lung cancer cells are very
aggressive and lead to high death rates, the inhibition of their invasion and metastasis may be effective
in the treatment of lung cancer.

Apoptosis is a serious physiological process responsible for the homeostatic mechanisms to
maintain cell populations in tissues [2]. There is extensive research on apoptotic cell death, because
of the close relationship between the mechanism of apoptosis and the effect of anticancer agents [3].
Natural products have been reported to induce apoptosis in cancer cells via activating reactive oxygen
species (ROS) [4]. ROS induce oxidative DNA damage followed by a leakage of cytochrome c, and
subsequently activate the caspase cascade [5]. Besides, the agitation in the expression level of Bax and
Blc-2 proteins is a vital factor in regulating the vulnerability of tumor cells to anticancer agents [6].
Cancer metastasis, a highly organized and sequential progression, is characterized by separation of
cells from the primary tumor, proteolysis of the extracellular matrix (ECM), intravasation, and then
invasion into new tissue and growth [6,7].

Matrix metalloproteinases (MMPs) are the major proteases that contribute to tumor cell migration,
tissue invasion, and metastasis [8]. Of these, MMP-2 and -9 play crucial roles in the process of
metastasis [9]. Activation of these enzymes is associated with increased tumor metastasis, which
proposes a crucial functional role for these proteases in the metastatic process [10]. Previous studies
found a reduction in the activities of the antioxidant enzymes glutathione peroxidase (GPx), superoxide
dismutase (SOD), and catalase (CAT) in lymphoma cell induced tumors in mice [11], and these enzymes
are considered as markers of malignant transformation [12]. Therefore, anticancer agents with the
ability to activate apoptosis and antioxidants and suppress MMPs are effective in cancer therapy.

The potential of natural products in cancer prevention and therapy were well described in
the special issue titled “Bioactive natural products in cancer prevention and therapy: progress and
promise” [13]. A detailed review analytically summarized the role of various natural compounds
for cancer prevention and therapy via modulation of different transcription factors, multiple signal
transduction, and apoptotic cascades [14,15]. Hinokitiol, a natural compound found in Chamaecyparis
taiwanensis and scrapped from the wood of cupressaceous plants, has miscellaneous biological and
pharmacological properties. Antiviral, antibacterial, antifungal, antitumor, and insecticidal tendencies
are the noted biological properties of hinokitiol [16,17]. This natural compound accomplished
noteworthy anti-inflammatory activity in a variety of cells, achieved by a range of mechanisms [18].
Hinokitiol is reported to have lung tumor suppressing abilities without changing the body weight
and inducing toxicity in the host [17]. Our previous study showed that hinokitiol inhibits cell
migration via reducing MMP-1 expression followed by the suppression of nuclear factor κ B
(NF-κB)/mitogen-activated protein kinase (MAPKs) signaling pathways and in vivo tumor nodule
formation in melanoma cells [19]. Despite hinokitiol being found to inhibit the growth of cancer cells,
its role on the inhibition of lung cancer is still unclear. Therefore, this study aimed to investigate
the inhibitory effect and the molecular mechanisms of hinokitiol on A549 cells in vitro. This study
may provide evidence that hinokitiol can inhibit the migration of A549 cells, which suggests that this
natural compound inhibits adenocarcinoma.

2. Results

2.1. Cytotoxic Effect of Hinokitiol in A549 Cells

The chemical structure of hinokitiol is shown in Figure 1A. The cytotoxic effect of hinokitiol on
human lung adenocarcinoma A549 cells is demonstrated in Figure 1B. The figure demonstrates that the
treatment of more than 20 μM hinokitiol (20–100 μM) for 24 h considerably decreased the viability of
A549 cells. The data indicate that treatment with hinokitiol at doses of less than 20 μM (i.e., 1–10 μM)
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for 24 h does not cause cytotoxicity of A549 cells. Thus, we chose the concentration of 1–5 μM for the
current study.

Figure 1. Effects of hinokitiol on the cell viability of the A549 cell line: (A) the structure of hinokitiol;
(B) the viability of A549 cell line during treatment with various concentrations (1~100 μM) of hinokitiol;
(C,D) effects of hinokitiol on A549 cell migration after 24 h of exposure. The figures are representative
examples of three independent experiments. * p < 0.05 and ** p < 0.01 compared with untreated
A549 cells.

2.2. Hinokitiol Inhibits the Migration of A549 Cells

Since the higher concentration of hinokitiol seems toxic, it is obligatory to investigate the inhibitory
effect of non-toxic doses of hinokitiol on the migration of A549 cells. After incubation with different
concentrations (1–5 μM) of hinokitiol for 24 h, we found the high dose of 5 μM suppresses the migration
of A549 cells to the denuded zone (Figure 1C). These results demonstrate that hinokitiol inhibited the
migration of A549 cells (Figure 1D).

2.3. Effects of Hinokitiol on Caspase Signaling Pathway Activation

To investigate the molecular mechanisms of hinokitiol-mediated apoptosis in A549 cells, activated
caspases-9 and -3 were analyzed by Western blot assay. Studies have proposed that caspases are
the main enzymes that regulate apoptosis in tissues or cells. Any stimulatory agents that induce
apoptosis were found to activate the effector caspases including caspase-9, caspase-3, and caspase-7 [20].
Similarly, treatment of A549 cells with hinokitiol prominently increases the p53 and Bax protein level
(Figure 2A,B). Next, the activated caspase-9 and -3 were enhanced upon hinokitiol administration
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in a dose-dependent manner (Figure 3A,B). Subsequently, cytochrome c (Cyto-c) was up-regulated,
inducing apoptosis in A549 cancer cells (Figure 3C).

Figure 2. Effects of hinokitiol on phosphorylation of p53 and Bax in A549 cells. A549 adenocarcinoma
(5 × 104 cells/well) cells were treated with different concentrations (1–5 μM) of hinokitiol for 30 min.
The phosphorylated p53 and Bax proteins in the cell lysate were assayed by Western blotting. Effects of
hinokitiol on phosphorylation of p53 (A) and Bax (B) in A549 adenocarcinoma cells. α-tubulin was
used as an internal control. The figures are representative examples of three independent experiments.
Data are shown as the mean ± standard errors of the means (SEM) of three independent experiments.
* p < 0.05, and ** p < 0.01 compared with untreated A549 cells.
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Figure 3. Effect of hinokitiol on caspases activation and cytochrome c release. (A,B) Relative
concentration-dependent activation of activated caspase-9 and -3 in A549 cells treated with various
concentrations of hinokitil. Caspase-9 (A) was activated in a concentration (1–5 μM) dependent manner,
whereas caspase-3 (B) was induced significantly only at 2 and 5 μM. (C) Meanwhile, cytochrome c
was released at the higher concentration (5 μM) of hinokitiol treatment. The data represent the means
± SEM of three independent experiments. * p < 0.05, ** p < 0.01, and *** p < 0.001 compared with
untreated A549 cells.

2.4. Hinokitiol Inhibits MMP-9 and MMP-2 Expression

MMP-9 and MMP-2 are recognized as playing a vital role in cancer cell invasion and metastasis
among the MMP family. Figure 4A,B exemplifies the expression of MMP-9 and MMP-2 in untreated
and hinokitiol treated A549 cells. The results displayed a marked increase in MMP-9 and MMP-2
in untreated A549 cells; this may be due to ROS elevation that triggers MMPs during the rigorous
angiogenesis to interrupt the extracellular matrix (ECM). Nevertheless, when cells were treated
with hinokitiol, the intracellular protein levels of MMP-9 and MMP-2 were significantly reduced at
concentrations of 2 and 5 μM.
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Figure 4. Effects of hinokitiol on matrix metalloproteinases (MMP)-9 and MMP-2 expression in A549
cell line. A549 cells were treated with different concentrations of hinokitiol (1–5 μM) in serum-free
media for 24 h. After the treatment periods, cell lysates were collected to detect the expression of
MMP-9 (A) and MMP-2 (B) by using Western blotting. The figures are representative examples of three
independent experiments. * p < 0.05 and ** p < 0.01 compared with untreated A549 cells.

2.5. Hinokitiol Enhances Antioxidants Enzymes in A549 Cells

Some studies have shown decreased antioxidant activities in tumors [21,22]. Changes in
antioxidant enzymes are associated with the metastatic progression of cancer [23]. In this study,
Figure 5A,B reveal the substrate gel activities of catalase (CAT) and superoxide dismutase (SOD)
in untreated and hinokitiol treated A549 cells. The activities of CAT and SOD were decreased in
untreated A549 cells. Conversely, a concentration-dependent elevation of CAT was observed in
hinokitiol treated cells; the highest increase was noticed in 5 μM hinokitiol treated cells (Figure 5A).
Likewise, a significant increase in the activity of SOD was also found in 2 and 5 μM hinokitiol-treated
cells (Figure 5B). These results propose that hinokitiol can abolish cancer cells through the up-regulation
of antioxidant enzymes CAT and SOD.
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Figure 5. Effects of hinokitiol on catalase (CAT) and superoxide dismutase (SOD) activity in A549
cell line. A549 cells were treated with different concentrations of hinokitiol (1–5 μM) in serum-free
media for 24 h. Cell lysates were obtained for the assay of CAT (A) and SOD (B) activities by using
native-PAGE. The figures are representative examples of three independent experiments. * p < 0.05,
** p < 0.01, and *** p < 0.001 compared with untreated A549 cells.

3. Discussion

Chemotherapy with anticancer drugs is more valuable for treating different tumors, mostly in
end-stage cancer patients. Nevertheless, the therapeutic methods may encounter drug resistance, as
cancer cells can have a diversity of molecular mechanisms to attempt to stay alive by fighting the
therapeutic drugs. Hinokitiol is a natural monoterpenoid originally extracted from Taiwanese hinoki,
and this compound induces apoptosis in cancer cells via a caspase 3-dependent pathway or through
cell cycle arrest [24]. Previous studies indicated that hinokitiol could work as a novel anti-cancer
compound. The results of the present study reveal that hinokitiol holds anticancer effects against
adenocarcinoma A549 cells via induction of tumor suppressor proteins p53 and Bax and apoptotic
markers (activated caspase-9 and -3, cytochrome c), down regulation of MMPs-9 and MMP-2, and
up regulation of antioxidants enzymes catalase (CAT) and superoxide dismutase (SOD). This study
shows treatment with hinokitiol at doses of less than 20 μM (i.e., 1–10 μM) for 24 h does not cause
cytotoxicity in A549 cells. Our previous study found that hinokitiol at the concentrations of 1, 2, and
5μM did not affect the viability of lymphocytes after treatment for 24 h [25]. Another study from our
group also established that hinokitiol (1, 2, 10, and 50 μM) incubated with platelets for 20 min did not
significantly increase lactate dehydrogenase (LDH) activity; the study indicated that hinokitiol did not
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affect platelet permeability or induce platelet cytolysis [26]. These findings clearly show that hinokitiol
has no acute cytotoxic effects, as well, it does not induce cytotoxicity in normal cells.

Apoptosis is an important physiological process that arises in cells during growth and normal
cellular development [27]. Several cellular signals induce apoptosis and change mitochondrial
permeability, resulting in a cascade of actions, such as the release of apoptosis activators from
mitochondria [28]. Bax, a pro-apoptotic protein, has been shown to be involved in the cytochrome c
release from mitochondria to cytosol via dimerization and translocation to the outer mitochondrial
membrane [29]. Moreover, the tumor suppressor p53 induces the cell cycle and apoptosis, which
supports genome stability and integrity by responding to cellular stress and DNA damage [30].
The increased levels of p53 inhibit the cyclin expression that is vital for transitioning from G1 into
S phase. In this study, p53 and Bax were found to be activated upon hinokitiol administration; this
may induce apoptosis. Caspase activation is involved in an energy-dependent cascade of molecular
events towards apoptosis. Two major groups of caspases have been recognized to be associated in
apoptosis pathways, including executioner caspases-3, -6, -7 and initiator caspases-2, -8, -9, -10 [31].
Initiator caspases-9 and -8 trigger intrinsic and extrinsic pathways, respectively. A previous study
reported that activation of these caspases consequently induces executioner caspase-3 [32]. In the
present study, we investigated whether hinokitiol triggers the caspases in A549 cells when treated with
different concentrations. The expression of caspase-9 and -3 were significantly elevated in hinokitiol
treated cells. Our results indicated that induced apoptosis of A549 cells by hinokitiol was mediated
through caspase-9 and -3 activation.

Pericellular proteolysis of the extracellular matrix (ECM) is essential for cell projection during
cell invasion. The proteolytic degradation of ECM is facilitated by extracellular proteases, such as
MMPs, and is required for cancer cell invasion. Among these, MMP-9 and MMP-2 play a critical role
in the progression of lung cancer [33]. The inhibition of expression of these MMPs is a potential target
for the prevention of the metastasis of cancer [34]. Numerous earlier studies have also established that
natural compounds such as quercetin [35], baicalein [36], and gallic acid [37] suppress MMPs to exert
their anticancer activity. Consistent with these reports, our study demonstrated that anticancer effects
of hinokitiol are associated with a decline in MMP-9 and MMP-2 expression in A549 cells.

Antioxidant systems, which includes SOD, CAT, and glutathione-dependent enzymes are
well recognized in lung tissues [38]. SOD enzymes comprise intracellular manganese (Mn)-SOD,
copper-zinc (CuZn)-SOD, and an extracellular SOD that occurs in epithelial lining fluid and blood
vessels [39]. SOD enzymes convert superoxide anions to H2O2, and H2O2 is further converted to
water and oxygen by CAT [40]. Previous studies have found reduced antioxidant activity in lung
cancers [20,41]. Another study showed reduced catalase activity in lung cancer due to its protein and
mitochondrial RNA (mRNA) reduction in tumor cells [42]. Though studies have shown increased
antioxidant activities in tumor cells or in individuals with lung cancer [43], others have found the
reduction of antioxidant activities in lung tumors [20]. In this study, the antioxidant enzymes CAT and
SOD were increased in hinokitiol treated A549 cells.

4. Materials and Methods

4.1. Materials

Hinikitiol with more than 90% purity was purchased from Sigma (St. Louis, MO, USA). Sodium
dodecylsulfate (SDS), phenylmethylsulfonyl fluoride (PMSF), leupeptin, aprotinin, sodium fluoride,
sodium orthovanadate, sodium pyrophosphate, diethyl pyrocarbonate (DEPC), bovine serum albumin
(BSA), potassium ferricyanide, ferric chloride, nitroblue tetrazolium (NBT), and riboflavin were all
purchased from Sigma-Aldrich (St. Louis, MO, USA). An antibody against MMP-9 was purchased
from LabVision/NeoMarkers (Fremont, CA, USA). Antibodies against MMP-2 and active caspase-9
and -3 were purchased from BioVision (Mountain View, CA, USA). Anti-mouse and anti-rabbit
immunoglobulin G-conjugated horseradish peroxidase (HRP) was purchased from Amersham
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Biosciences (Sunnyvale, CA, USA) and/or Jackson-Immuno Research (West Grove, PA, USA).
The Hybond-P polyvinylidene difluoride (PVDF) membrane, and enhanced chemiluminescence
(ECL) Western blotting detection reagents and analysis systems were obtained from Amersham
(Buckinghamshire, UK).

4.2. Cell Cultivation and Hinokitiol Treatment

Human adenocarcinoma A549 cells were obtained from American Type Culture Collection
(Manassas, VA, USA). A549 cells were cultured in RPMI1640 medium contained with 3.65 mM
L-glutamine, 90 units/mL penicillin, 90 μg/mL streptomycin, 18 mM HEPES, 23.57 mM NaHCO3, and
10% heat-inactivated fetal bovine serum (FBS) at 37 ◦C in humidified air with 5% CO2. In this study,
A549 cells were seeded at 5 × 104 per well and cultured until 90% confluent. After 24 h, cells were
transferred into serum-free media. Twenty-four hours after changing to serum-free media, cells were
treated with hinokitiol (1–5 μM) for another 24 h. At the end of the incubation period, cell supernatants
were collected and stored at −80 ◦C for the Western blot assay.

4.3. Cell Viability

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) method was used to
detect the cell viability. Briefly, 5 × 104 cells were seeded in a 96-well plate containing RPMI1640
medium with 10% fetal bovine serum. After the required confluence was reached, cells were treated
with various concentrations of hinokitiol (1–100 μM) for 24 h in a 5% CO2 incubator at 37 ◦C. At 22 h,
the medium was changed to fresh medium having 0.5 mg/mL MTT. After 2 h incubation, the dark
blue MTT formazan crystals formed in intact cells were solubilized in dimethyl sulfoxide (DMSO),
and the absorbance was measured at 550 nm in a spectrophotometer. The percent cell viability was
calculated using the following formula:

Percentage cell viability = (absorbance of the experiment samples/absorbance of the control) × 100%

4.4. Wound Healing Migration Assay

According to a previously described study, the wound healing migration assay was executed [44].
In brief, A549 cells were seeded in 12-well plates to achieve the required growth. The monolayer
culture was then scrape-wounded with a sterile micropipette tip to create a denuded zone with
constant width. After removing the cellular debris using PBS, cells were treated with various
concentrations (1–5 μM) of hinokitiol for 24 h. A549 cell migration to the wounded region was
monitored by photographing at 0 and 24 h using an Image pro Express, version 6.0.0.319 for Windows
XP/Professional (Media Cybernetics Inc., Bethesda, MD, USA). To quantify cell migration, images of
the initial wounded monolayers were equated to the corresponding pictures of cells at later time points.
Migrated cells in each of five random fields were counted.

4.5. Western Blotting

Cells with required confluence were pre-incubated with 1–5 μM hinokitiol for 24 h for MMPs-9
and MMP-2, activated caspases-9 and -3, and cytochrome c and 30 min for p53 and Bax. After the
experimental periods, the proteins were extracted with 60 μL lysis buffer. Samples containing 50 μg
of protein were separated by 10% SDS–PAGE, and the proteins were electrotransferred to the PVDF
membranes using a Bio-Rad semi dry transfer unit (Hercules, CA, USA). The membranes were blocked
with 5% (w/v) non-fat milk in TBST (10 mM Tris-base, 100 mM NaCl, and 0.01% Tween 20) for 40 min,
and blotted with the various primary antibodies. Subsequently, the membranes were incubated
with an appropriate secondary antibody (horseradish peroxidase-conjugated goat anti-mouse or
anti-rabbit IgG). The immunoreactive bands were visualized with enhanced chemiluminescent reagents
(ECL, Amersham, UK).
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4.6. Non-Denaturing Polyacrylamide Gel Electrophoresis (Native PAGE)

The activity of the antioxidant enzymes CAT and SOD was detected by using native PAGE.
For this, the buffers and samples were not heated in the absence of SDS before electrophoresis.
The PAGE was run based on the equal amounts of 50 μg protein in an 8% gel for CAT and 10% gel
for SOD. The electrophoretic gel was run at 4 ◦C with a constant power supply of 80 V for stacking gel
and 100 V for separating gel.

4.6.1. CAT Activity Staining

The activity of the CAT enzyme was identified according to the method described by
Woodbury et al. [45]. In this, the gel was incubated in 5 mM H2O2 solution for 10 min, washed
with deionized water, and stained with a reaction mixture containing 1% potassium ferricyanide
(w/v) and 1% ferric chloride. The appearance of a yellow band on a dark green background is
considered to be indicative of the CAT enzyme. The reaction was ended by adding water, and the gel
was photographed.

4.6.2. SOD Activity Staining

SOD activity was identified according to the method described by Beauchamp and Fridovich [46].
The gel was incubated in 50 mM Tris-HCl buffer (pH 8) containing 10 mg nitroblue tetrazolium (NBT),
1 mg ethylene diamine tetra acetic acid (EDTA), and 2 mg riboflavin (50 mL final volume) and reserved
in a dark place for 30 min. The gel was then taken to an illuminated light box to detect the area of SOD
activity, which looked like a clear zone on a bluish-violet background.

4.7. Statistical Analysis

The results are expressed as the mean ± standard errors of the means (SEM) and are accompanied
by the number of observations. For analysis of the data, a one-way analysis of variance (ANOVA) test
was performed using the Sigma Stat v3.5 software (SAS Inc., Cary, NC, USA). When group comparisons
displayed a significant difference, the Student-Newman-Keuls test was applied. p-value < 0.05 was
considered statistically significant.

5. Conclusions

This study shows the inhibitory effect of hinokitiol on the migration of human adenocarcinoma
A549 cells. The anticancer potential of hinokitiol is supported by the evidence provided in the present
study, including, upregulation of Bax/p53, increase in the level of cytochrome c, and activation of
caspases-9/-3 and antioxidant enzymes CAT and SOD. Moreover, we found the inhibitory effect of
hinokitiol on the A549 cell migration was accompanied by downregulation of MMPs-9 and MMP-2.
These results may illustrate a new therapeutic value of hinokitiol in anticancer therapy.
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Abstract: Onion (Allium cepa L.) is widely consumed as food or medicinal plant due to its well-defined
health benefits. The antioxidant and antihyperlipidemic effects of onion and its extracts have been
reported well. However, very limited information on anti-hyperglycemic effect is available in
processed onion extracts. In our previous study, we reported that Amadori rearrangement compounds
(ARCs) produced by heat-processing in Korean ginseng can reduce carbohydrate absorption by
inhibiting intestinal carbohydrate hydrolyzing enzymes in both in vitro and in vivo animal models.
To prove the enhancement of anti-hyperglycemic effect and ARCs content by heat-processing in
onion extract, a correlation between the anti-hyperglycemic activity and the total content of ARCs of
heat-processed onion extract (ONI) was investigated. ONI has a high content of ARCs and had high
rat small intestinal sucrase inhibitory activity (0.34 ± 0.03 mg/mL, IC50) relevant for the potential
management of postprandial hyperglycemia. The effect of ONI on the postprandial blood glucose
increase was investigated in Sprague Dawley (SD) rats fed on sucrose or starch meals. The maximum
blood glucose levels (Cmax) of heat-processed onion extract were significantly decreased by about
8.7% (from 188.60 ± 5.37 to 172.27 ± 3.96, p < 0.001) and 14.2% (from 204.04 ± 8.73 to 175.13 ± 14.09,
p < 0.01) in sucrose and starch loading tests, respectively. These results indicate that ARCs in onion
extract produced by heat-processing have anti-diabetic effect by suppressing carbohydrate absorption
via inhibition of intestinal sucrase, thereby reducing the postprandial increase of blood glucose.
Therefore, enhancement of ARCs in onion by heat-processing might be a good strategy for the
development of the new product on the management of hyperglycemia.

Keywords: heat-process; onion; calorie restriction; Amadori rearrangement compounds; hyperglycemia

1. Introduction

Hyperglycemia is a common symptom of diabetes with blood sugar levels higher than normal
and is a condition in which an excessive amount of glucose circulates in the blood plasma. Chronic
hyperglycemia causes various complications such as nephropathy, retinopathy, neuropathy, stroke,
and cardiovascular diseases in type 2 diabetes mellitus (T2DM) patients [1]. Therefore, regulation of
postprandial hyperglycemia is an important strategy used for treatment in T2DM patients. Dietary
carbohydrates are broken down into monosaccharides by carbohydrate hydrolyzing enzymes such
as α-amylase and α-glucosidases (sucrase, maltase, and glucoamylase) before their absorption [2].
Inhibition of these enzymes can suppress or retard the absorption of monosaccharides such as
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glucose, fructose, and galactose. Modulation of activities of these enzymes can prevent postprandial
hyperglycemia and maintain normal blood glucose levels [3].

Recent studies report that intestinal α-glucosidase inhibitors from medicinal plants could be
as effective as commercial drugs with lower side effect [4]. Phytochemicals present in medicinal
plants have various health-promoting activities and have been shown to exert intestinal α-glucosidase
inhibitory effects in vitro [5].

Herbs, onions, and beans that are important and traditional nutritive components have elevated
polyphenol contents [1]. Plants belonging to the Allium species, such as onions and garlic, are used as
foodstuffs, condiments, flavorings, and folk medicines [2]. Onion is rich in flavonoids such as quercetin
and organosulfur compounds such as allyl propyl disulfide and S-methyl cysteine sulfoxide. It was
reported that quercetin has antioxidant, anti-inflammatory, and antidiabetic effect [6–8]. Moreover,
S-methyl cysteine sulfoxide has a lipid-lowering, antidiabetic, and antioxidant effects in alloxan
diabetic rats [9,10]. The degree to which phytochemicals change during processing depends on the
sensitivity of the phytochemical to modification or degradation, and length of exposure to a processing
technique [11,12]. The content of quercetin in processed vegetables is dramatically decreased in the
alkaline conditions, especially during heat-processing [10]. These results indicate that food processing
conditions play an important role for food quality and functionality.

In addition, specific compounds, such as Amadori rearrangement compounds (ARCs) and
Maillard reaction produts (MRPs), are produced by the heat-treatment of onions. It is reported
that the production of MRPs and ARCs such as arginyl-fructose (AF) and fructosyl-lysine due to
heat-treatment of onion results to the increase of antioxidant activity of onions [13–15].

During steaming and drying processes that are necessary for the production of Korean red
ginseng or onion, certain components undergo non-enzymatic browning reaction, otherwise known as
a Maillard reaction [16]. In the early stage of Maillard reaction, AF and arginyl-fructosyl-glucose
(AFG) are formed through Amadori rearrangement of arginine with glucose or maltose in
ginseng or onion, respectively [17]. In our previous study, we reported that arginyl-fructose
(AF) and arginyl-fructosyl-glucose (AFG) produced by heat-processing in Korean ginseng can
reduce carbohydrate absorption by inhibiting intestinal carbohydrate hydrolyzing enzymes in both
in vitro and in vivo animal models [16,17]. The postprandial anti-hyperglycemia effect of AF from
heat-processed Korean ginseng in db/db animal model and human clinical trials was also reported by
our previous study [18,19].

However, very limited information is available about the enhancement of ARCs content in plant
foods, except for red ginseng and subsequent enhanced antidiabetic activity. Therefore, to investigate
the benefit of the heat-processing of onions for improving the antidiabetic activity and maximizing the
production of ARCs, it is essential to measure the effect of heat-processing. Consequently, the purpose
of this study was (i) to identify how heat processing affects ARC production in onion extracts and (ii) to
evaluate the anti-hyperglycemic effect of heat-processed onion extracts such as heat-treated onion
extract containing high ARCs (ONI_H) and heat-treated onion extract containing low ARCs (ONI_L)
using in vitro alpha-glucosidase and sucrase inhibition assays as well as an in vivo animal model.

2. Results

2.1. Sample Preparation

As seen in Table 1 and Figure 1, two sample powders—which have a different contents of total
ARCs, arginyl-fructose, glucose, fructose, and quercetin due to the different processing condition were
prepared. Each sample was named by the content of ARCs, ONI_H (13.3% of AF and 33% of total
ARCs), and ONI_L (5.55% of AF and 18% of total ARCs), respectively. In regards to ARC contents
ONI_H and ONI_L treatments resulted to significantly higher contents of ARC when compared to
quercetin (Table 1). These results indicate that reaction time for heating onions is an important factor
for producing ARCs. Furthermore, we observed that ONI_H had higher ARC and quercetin contents,
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when compared to ONI_L (Table 1). Although both ARC and quercetin contents increased with heat
treatment, since ARCs account for 38.02% of the total weight of the tested extract, we suspect that
the observed bioactivities are due to ARCS, but we cannot exclude the possible synergistic effect of
quercetin, which has a well-defined anti-hyperglycaemic effect.

Table 1. The composition of two different onion extracts (ONI_H and ONI_L).

Samples pH Brix AF (%) Arg (%) Glu (%) Fru (%) Que (ug/g) Total 1 (%)

ONI_H 6.97 30.1 13.3 8.56 6.08 10.08 200 38.02
ONI_L 7.59 28.3 5.55 9.46 6.86 6.99 103 28.90
1 Total: AF + Arg + Glu + Fru; AF: arginyl-fructose, Arg: arginine, Glu: glucose, Fru: fructose, Que: quercetin.

Figure 1. Total ARCs content of two different onion extracts (ONI_H and ONI_L). The results were
expressed as mean ± S.D. Statistical significances were determined by Student’s t-test (*** p < 0.001).

2.2. α-Glucosidase Inhibitory Activity

The α-glucosidase inhibitors, which interfere with enzymatic action in the brush-border of the
small intestine, could inhibit the liberation of D-glucose from oligosaccharides and disaccharides,
resulting in reduced postprandial plasma glucose levels.

α-Glucosidase inhibitory activities of ONI_H and ONI_L are shown in Figure 2. As expected,
ONI_H (high ARCs content sample), showed higher α-glucosidase inhibitory activity (5.87 mg/mL of
IC50) (Table 2) than that of ONI_L (>12.59 mg/mL of IC50) (Table 2). In terms of sucrase inhibition,
ONI_H inhibits sucrase activity in a dose-dependent manner, but ONI_L showed almost no inhibition at
all tested doses (Figure 3). The half-maximal inhibitory concentration (IC50) of ONI_H was 0.34 mg/mL.

Table 2. The half-maximal inhibitory concentration (IC50) values for rat intestinal α-glucosidase and
sucrase by two different onion extracts (ONI_H and ONI_L).

IC50 (mg/mL)

Enzymes ONI_H ONI_L

Sucrase 0.34 ± 0.03 ND 1

α-glucosidase 5.87 ± 0.60 >12.59 ± 0.27
1 ND—Not determined.
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Figure 2. Dose dependent changes in rat small intestinal α-glucosidase inhibitory activities
(% inhibition) of two different onion extracts (ONI_H and ONI_L). The results were expressed as
mean ± S.D. with three independent experiments in triplicate. Different corresponding letters indicate
significant differences at p < 0.05 by Duncan’s test. A–F The first letters in uppercase indicate significant
differences among all samples and a–b the second letters in lowercase are different between ONI_H
and ONI_L within the same concentration.

As seen in Figures 2 and 3, ONI_H which has a higher content of AF and ARC than ONI_L
showed high α-glucosidase and sucrase inhibitory activities. Interestingly, inhibitory activity of both
ONI_H and ONI_L against sucrase was higher than that of α-glucosidase. This result may due to
the enzyme inhibition specificity of AF, a major ingredient in both extracts. According to a previous
report by Ha et al. (2011), AF yielded to superior inhibitory effect against sucrase (IC50, 6.40 mM) [17]
suggesting possible bioactive components were present in the heat-processed onions.

Figure 3. Dose dependent changes in rat small intestinal sucrase inhibitory activities (% inhibition) of
two different onion extracts (ONI_H and ONI_L). The results were expressed as mean ± S.D. with three
independent experiments in triplicate. Different corresponding letters indicate significant differences
at p < 0.05 by Duncan’s test. A–D The first letters in uppercase indicate significant differences among
all samples and a–b the second letters in lowercase are different between ONI_H and ONI_L within
same concentration.
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Our observations suggest that the increased content of AF or ARCs is critical for enzyme inhibitory
activity of heat-processed onion extract. These results indicate that ARCs produced by heat treatment
plays an important role in the enhancement of functionality of onion-based products.

2.3. Blood Glucose Lowering Effect of Onion Extracts In Vivo

ONI_H and ONI_L showed significant inhibition against α-glucosidases especially for sucrase,
which is a membrane-bound enzyme at the epithelia of the small intestine and a key enzyme of sucrose
digestion (Table 2). Inhibition of sucrase may lead to a delayed and reduced rise in postprandial blood
glucose levels. To confirm the in vitro sucrase inhibitory activity of samples, the in vivo blood glucose
reducing effects of ONI_H and ONI_L were evaluated with SD rats and the results are illustrated in
Figure 4.

Figure 4. Comparison of postprandial blood glucose-lowering effects of ONI_H and ONI_L in sucrose
loading test. After fasting for 24 h, five-week-old, male SD rats were orally administered sucrose
solution (2.0 g/kg) with or without samples (onion extracts). The results were expressed as mean ± S.D.
Statistical significances were determined by Student’s t-test (* p < 0.05; ** p < 0.01; and *** p < 0.001).

In the ONI_L-treated group with sucrose, the blood glucose level was 186.90 ± 2.92 mg/dL
at 30 min after administration and not significantly different to the sucrose control group
(189.67 ± 6.50 mg/dL) (Figure 4). On the other hand, ONI_H-treated group (170.63 ± 4.87 mg/dL,
p < 0.001) suppresses the rising of plasma glucose level by 19.04 mg/dL compared to the sucrose
control group at 30 min after administration.

In terms of starch loading test, blood glucose level in the ONI_H-treated group was
173.33 ± 16.41 mg/dL (p < 0.01) at 30 min after administration (Figure 5). This is lower than the
ONI_L-treated group (191.60 ± 12.08 mg/dL) and the starch group (197.50 ± 12.42 mg/dL) by
18.27 mg/dL and 24.17 mg/dL respectively. At 1 h after administration, the blood glucose level of
ONI_H-treated group (153.82 ± 11.44 mg/dL, p < 0.001) was lower than both the ONI_L-treated group
(164.62 ± 13.43 mg/dL) and starch group (187.67 ± 3.51 mg/dL).
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Figure 5. Comparison of postprandial blood glucose-lowering effects of pyridoxine, pyridoxal,
and pyridoxamine in starch loading test. After fasting for 24 h, five-week-old, male SD rats were
orally administered starch solution (2.0 g/kg) with or without samples (onion extracts). The results
were expressed as mean ± S.D. Statistical significances were determined by Student’s t-test (* p < 0.05;
** p < 0.01; and *** p < 0.001).

2.4. Pharmacodynamics Parameters

Pharmacodynamic (PD) parameters of the sucrose and starch loading tests are shown in
Table 3. In terms of Tmax, there is no significant difference among sucrose and both ONI_H and
ONI_L-treated groups. In contrast, ONI_H-treated groups resulted significantly reduced Cmax and
AUCt, however this reduction was less effective than the acarbose-treated group. Specifically for Cmax,
the maximum blood glucose levels (Cmax) of ONI_H administration group decreased by about 8.6%
(from 188.60 ± 5.37 to 172.27 ± 3.96) and 14.3% (from 204.04 ± 8.73 to 175.13 ± 14.09) in sucrose and
starch loading tests, respectively, when compared to control in pharmacodynamics study.

Our findings suggest health beneficial effect of ONI_H against high blood glucose levels, following
sucrose and starch administration. Based on the above observations, it is expected that the resulting
reduction of glucose levels could be due to the inhibitory effect of ONI_H against carbohydrate
hydrolyzing enzymes.

Table 3. Changes in pharmacodynamic (PD) parameters of control and after administration of ONI_H,
ONI_L, and acarbose with sucrose or starch ingestions

Groups
PD Parameters

Cmax (mg/dL) Tmax (h) AUCt (h·mg/dL)

Sucrose 2.0 g/kg 188.60 ± 5.37 a 0.50 ± 0.00 b 442.22 ± 18.45 a

Acarbose 5.0 mg/kg 129.47 ± 15.84 c 1.10 ± 0.55 a 353.65 ± 34.41 b

ONI_H 0.5 g/kg 172.27 ± 3.96 b 0.50 ± 0.00 b 418.11 ± 13.83 a

ONI_L 0.5 g/kg 187.00 ± 1.90 a 0.50 ± 0.00 b 422.33 ± 14.38 a

Starch 2.0 g/kg 204.04 ± 8.73 a 0.75 ± 0.29 a 451.90 ± 3.94 a

Acarbose 5.0 mg/kg 133.43 ± 10.28 c 1.00 ± 0.61 a 350.48 ± 19.40 c

ONI_H 0.5 g/kg 175.13 ± 14.09 b 0.50 ± 0.00 a 406.69 ± 22.62 b

ONI_L 0.5 g/kg 193.77 ± 11.48 a 0.50 ± 0.00 a 434.95 ± 19.47 a

The results were expressed as mean ± S.D. a–c Different letters indicate statistically significant differences between
groups one-way ANOVA followed by Duncan’s test of p < 0.05.
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3. Discussion

It is reported that the production of Maillard reaction products (MRPs) and Amodori
rearrangement compounds (ARCs) such as arginyl-fructose and fructosyl-lysine due to heat-treatment
of onion positively affects the antioxidant activity of onion [11–13]. ARCs such as arginyl-fructose (AF)
and arginyl-fructosyl-glucose (AFG) in red ginseng possess antioxidant and antidiabetic activity [14,15].
However, very limited information is available about the enhancement of ARCs content in various
plant foods extracts, except for red ginseng [20–22].

In this study, the optimum condition for improving the antidiabetic activity and maximizing
the production of ARCs in onion extract was investigated. ARCs production was positively
proportional to the reaction temperature and controlled by the amount of arginine and food-grade
acid additions. ARCs content was also correlated with inhibitory activity against α-glucosidase and
sucrase, which are membrane-bound enzymes at the epithelia of the small intestine and key enzymes
of carbohydrate digestion.

Furthermore, to confirm the in vitro α-glucosidase and sucrase inhibitory activities of samples,
the in vivo blood glucose reducing effects of onion extract with high ARCs content (ONI_H) and low
ARCs content (ONI_L) were evaluated with SD rats and the results were similar with in vitro data.
The postprandial blood glucose levels of the ONI_H-treated group were decreased more effectively
than the ONI_L-treated group in sucrose and starch loading tests.

These results suggest that ARCs—such as AF—in heat-processed onions could be the reason for
the resulting reduction in postprandial blood glucose levels, as previously described by Ha et al. [15].
Also, it is reported that ARCs from ginseng could be great antioxidant compounds [14]. Even though
the quercetin contents were significantly lower when compared to ARC contents, we cannot exclude
the possible synergistic effect of ARCs and quercetin, since the anti-diabetic effect of quercetin is
well-defined. Our findings suggest that the observed postprandial glucose reduction effect of ONI_H
correlate to ARCs and quercetin contents and therefore can have an additional health-benefits, such as
the reduction of oxidation-induced complication of diabetes.

These results indicate that heat-processing of onion supplemented with arginine resulted in the
formation of ARCs which could be effectively designed as complementary therapies for postprandial
hyperglycemia linked to type 2 diabetes prevention.

4. Materials and Methods

4.1. Materials

Korean onion (Allium cepa L.) was purchased from a local market in Jeju, Korea. Rat intestinal
acetone powders of α-glucosidase (EC 3.2.1.20) and nitro blue tetrazolium (NBT) were purchased
from Sigma-Aldrich Co. (St. Louis, MO, USA). Sodium carbonate was purchased from DUKSAN
Pure Chemicals Co. (Ansan, Kyounggi-Do, Korea). Unless noted, all chemicals were purchased from
Sigma-Aldrich Co. (St. Louis, MO, USA).

4.2. Sample Preparation

In order to produce a high mass of heat-processed onion extract, the scale-up process with
500 kg onions was performed, using the facilities in KunpoongBio Co., Ltd. (Jeju city, Jeju-Do,
Korea). The onions, whole without peeling, were crushed and enzymatically digested with 0.5%
Celluclast + Pectinex (Novozyme Korea Ltd., Seoul, Korea) mix for 2 h at 50 ◦C, and then the enzyme
was inactivated for 20 min at 100 ◦C and the filtered using a sieve (10 mesh). The filtrate sieved
(10 mesh) was concentrated at 60 ◦C using vacuum evaporator. Citric acid and arginine were
used as a pH regulator. It was then heated for 3 or 5 h at 90 ◦C. Finally, the two reactants such
as 3 h (ONI_L) and 5 h (ONI_H) reactants were spray-dried, respectively. After all this process,
total ARCs, arginyl-fructose, residue glucose, fructose, and quercetin contents of the two samples were
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measured. Finally, dextrin—an extender—was added and spray dried. Samples were stored at −20 ◦C
until analysis.

4.3. Total Amadori Compounds Analysis

Fructosamine measurement method was modified and used as an experimental method [23].
Sodium carbonate was prepared as 0.1 M, pH 10.3 and 0.57 mM of NBT dissolved in 0.1 M sodium
carbonate was prepared. The sample solution (50 μL) and NBT solution (150 μL) was added to each
well and incubated at 37 ◦C. The absorbance was measured at 540 nm at 10 and 20 min time points.
The concentration of total ARCs was calculated compared to fructosyl-arginine as a standard.

4.4. α-Glucosidase Inhibition Assay

Rat intestinal α-glucosidase assay referred to the method of Kwon et al. [3] with a slight
modification. A total of 1 g of rat-intestinal acetone powder was suspended in 3 mL of 0.1 M
sodium phosphate buffer (pH 6.9), and the suspension was sonicated 12 times for 30 s at
4 ◦C. After centrifugation (10,000× g, 30 min, 4 ◦C), the resulting supernatant was used for the
assay. Sample solution (50 μL) and 0.1 M sodium phosphate buffer (pH 6.9, 100 μL) containing
glucosidase solution (1.0 U/mL) was incubated at 37 ◦C for 10 min. After pre-incubation, 5 mM
p-nitrophenyl-α-D-glucopyranoside solution (50 μL) in 0.1 M sodium phosphate buffer (pH 6.9) was
added to each well at timed intervals. The reaction mixtures were incubated at 37 ◦C for 30 min.
After incubation, absorbance was read at 405 nm and compared to a control which had 50 μL of buffer
solution in place of the extract by micro-plate reader (SUNRISE; Tecan Trading AG, Salzburg, Austria).
The α-glucosidase inhibitory activity was expressed as inhibition % and was calculated as follows:

Inhibition (%) =

⎛
⎝
⎡
⎣ΔAControl

405 − ΔAExtract
405[

ΔAControl
405

]
⎤
⎦
⎞
⎠× 100

4.5. Sugar Loading Test

Effect on hyperglycemia induced by carbohydrate loads in Sprague Dawley (SD) rats was
determined by the inhibitory action of processed onion extract and acarbose on postprandial
hyperglycemia [17]. All animal procedures were approved by Institutional Animal Care and Use
Committee (IACUC) of the Hannam University (Approval number: HNU2017-003, 14/03/2017).
Five-week-old male SD rats were purchased from Raon Bio Co. (Yongin, Kyounggi-Do, Korea) and fed
a solid diet (Samyang Diet Co., Seoul, Korea) for one week. The rats were housed in a ventilated room at
25 ± 2 ◦C with 50 ± 7% relative humidity and under an alternating 12 h light/dark cycle. After 6 groups
of 5 male SD rats (180–200 g) fasted for 24 h, 2.0 g/kg of sucrose were orally administrated concurrently
with 0–500 mg/kg or onion extracts or acarbose. The blood samples were then taken from the tail
after administration and blood glucose levels were measured at 0, 0.5, 1, 2, and 3 h. The glucose level
in blood was determined by glucose oxidase method and compared with that of the control group,
which had not taken the inhibitors. The parameters for blood glucose levels were calculated using
PKsolver. Maximum observed peak blood glucose level (Cmax) and the time at which it is observed
(Tmax) were determined based on the observed data. The area under the blood glucose–time curve up
to the last sampled time-point (AUCt) was estimated by the trapezoidal rule.

4.6. Statistical Analysis

All data are presented as mean ± S.D. Statistical analyses were carried out using the statistical
package SPSS 11 (Statistical Package for Social Science 11, SPSS Inc., Chicago, IL, USA) program and
significance of each group was verified with the analysis of one-way ANOVA followed by Duncan’s
test of p < 0.05. In addition, statistical significances in animal study were determined by Student’s
t-test (* p < 0.05; ** p < 0.01; and *** p < 0.001).
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5. Conclusions

Hyperglycemia has been identified as a major risk factor for cardiovascular complications linked
to T2DM, and thereby known as an effective therapeutic target in the treatment of T2DM. Our data
presented in this study strongly suggest that heat-processed onion extract can be a significant source
of AF, a major bioactive ARCs in ONI, and phenolic compounds that exert postprandial blood
glucose-lowering and antioxidant effects, respectively. Taking into consideration that AF is present
in a wide variety of heat-processed food products, knowledge of this additional health benefit of
heat-processed foods can assist in the development of efficacious anti-hyperglycemia supplements
and give rationale for further clinical study.

Although further work is still needed to optimize the condition for production of
anti-hyperglycemic components in the ONI and evaluate pharmacological effect in human clinical
trial, our in vitro and in vivo data offer a biochemical rationale to support further clinical studies.
These results also provide the basis for developing valuable alternatives to synthetic drugs to manage
glycemic control from heat-processed food products in food industry.
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Abstract: Acetaminophen (APAP), which is also known as paracetamol or N-acetyl-p-aminophenol is
a safe and potent drug for fever, pain and inflammation when used at its normal therapeutic doses.
It is available as over-the-counter drug and used by all the age groups. The overdose results in acute
liver failure that often requires liver transplantation. Current clinical therapy for APAP-induced liver
toxicity is the administration of N-acetyl-cysteine (NAC), a sulphydryl compound an approved drug
which acts by replenishing cellular glutathione (GSH) stores in the liver. Over the past five decades,
several studies indicate that the safety and efficacy of herbal extracts or plant derived compounds
that are used either as monotherapy or as an adjunct therapy along with conventional medicines
for hepatotoxicity have shown favorable responses. Phytochemicals mitigate necrotic cell death and
protect against APAP-induced liver toxicityby restoring cellular antioxidant defense system, limiting
oxidative stress and subsequently protecting mitochondrial dysfunction and inflammation. Recent
experimental evidences indicat that these phytochemicals also regulate differential gene expression to
modulate various cellular pathways that are implicated in cellular protection. Therefore, in this review,
we highlight the role of the phytochemicals, which are shown to be efficacious in clinically relevant
APAP-induced hepatotoxicity experimental models. In this review, we have made comprehensive
attempt to delineate the molecular mechanism and the cellular targets that are modulated by the
phytochemicals to mediate the cytoprotective effect against APAP-induced hepatotoxicity. In this
review, we have also defined the challenges and scope of phytochemicals to be developed as drugs to
target APAP-induced hepatotoxicity.

Keywords: APAP; acetaminophen; hepatotoxicity; hpatoprotection; paracetamol; animals; preclinical
studies; natural products; small molecules; phytochemicals; plants

1. Introduction

Acetaminophen (APAP), which is also known as paracetamol or N-acetyl-p-aminophenol appears
as a safe and potent drug for fever, pain and inflammation at its normal therapeutic doses. It is indicated
for all age groups and is often available as over-the-counter medicine. However, the overdoses of APAP
whether intentional or unintentional may cause dose-dependent acute liver failure, a potentially fatal
liver necrosis that has limited treatment options except liver transplantation [1]. APAP is metabolized
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by sulfation and glucuronidation in liver with less than 5–10% being metabolized by the hepatic
cytochrome P450 (CYP450) system. Simultaneously, glutathione redox system also plays an important
role for inactivating the formed metabolite by glutathione conjugation that leads to the consumption of
GSH in the liver. The rapid conversion of APAP in to the reactive metabolite N-acetyl-p-benzoquinone
imine (NAPQI) by CYP450 enzymes, mainly CYP2E1 results in the generation of free radicals and
which binds covalently with the cellular nucleophiles such as DNA, RNA and proteins that leads
cell death [2,3]. Although, NAPQI is detoxified by GSH which results in depletion of the cellular
GSH stores and formation of protein adducts. Oxidative stress in the mitochondria further leads
to the activation of the enzymes of signaling cascade such as redox-sensitive MAP kinases and the
phosphorylation of c-jun-N-terminal kinase (JNK) [4–9]. This mitochondrial oxidative and nitrosative
stress initiates the overt activation of mitochondrial permeability transition (MPT) and it causes
interruption and destabilizes the membrane potential which leads mitochondrial swelling and rupture
of the membranes [10,11]. Following the rupture of the membrane, there is a massive release of
apoptosis-inducing factor (AIF), endonuclease G and caspases activators into the cytoplasm and
concomitant tranlocation into the nucleus to initiate nuclear DNA fragmentation [5,12]. Together,
mitochondrial impairment along with DNA fragmentation are the prime cause of hepatocyte necrosis
observed in APAP-induced liver toxicity [13].

Biochemically, CYP450, the heme-containing monoxygenases that are predominantly present in
liver is believed to play a regulatory and catalytic activity in the metbolism of APAP and represent
an important therapeutic target for metabolic modulation [14]. Among the various isoforms of
CYP450 (CYP1A1, CYP1A2, CYP1B1, CYP2A6, CYP2E1 and CYP3A), CYP2E1 is the major mediator
of APAP-induced bioactivation [15]. It appears critical to NAPQI formation and have shown to
contribute to 30–78% of APAP metabolism [16]. Furthermore, CYP2E1 mediates NADPH oxidase
activity resulting in the generation of free radicals that leads to hepatic injury. Therefore, inhibiting
CYP2E1 activity can affect APAP metabolism and represent a plausible pharmacological mechanism
for therapeutic interventions for APAP-induced liver injury [17–19].

Excessive metabolites formation depletes GSH from liver, therefore the treatment of APAP toxicity
is based on replenishing GSH stores in the liver by the use of glutathione precursor; N-acetylcysteine
(NAC), a sulphydryl compound [20]. NAC is the only drug approved and available as an antidote
for APAP-induced hepatotoxicity, that seems to be effective only when it is administered either orally
or intravenously within 10h of APAP overdose [21]. Therefore, it is reasonable to conceive that the
inhibitors of glutathione synthesis will exacerbate APAP-induced hepatotoxicity and the precursor of
GSH formation will be hepatoprotective against APAP. The graphical representation relevant to the
hepatic injury that is caused by APAP metabolism as well as the efficaciousness of the phytochemicals
or plant extracts/formulations is depicted in Figure 1.

Over the past five decades, the safety and efficacy of several herbal extracts and plant derived
compounds either as monotherapy or as an adjunct to conventional medicines for APAP-induced
hepatotoxicity appears to be favorable due to their ability to limit APAP-induced hepatotoxicity.
Since the recognition of APAP associated liver toxicity in 1960s, experimental models including both
in vivo (animal models) and in vitro (cell lines) have been employed for screening hepatoprotective
properties [22,23] either of synthetic origin or plant derived natural extracts. Many experimental
studies carried out using natural products have shown heptoprotective properties in clinically
relevant APAP-induced liver toxicity model [24]. Therefore, this review renders an account of all
the plant derived natural compounds, namely, phytochemicals that have been shown efficacious in
APAP-induced hepatotoxicity.
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Figure 1. Schematic representation of phytochemical attenuate acetaminophen-induced liver toxicity.

This review summarized the current literature and comprehensively discussed the
hepatoprotective properties of all the phytochemicals that were investigated in APAP-induced
hepatotoxicity. This review also assessed the challenges and scope of the phytochemicals that can be
developed as potential new hepatoprotective drugs for APAP-induced hepatotoxicity. The details of
each phytochemical showed hepatoprotective are represented in the individual paragraphs. The dose
of the phytochemicals investigated, the regimen of APAP used to induce liver toxicity in the in vivo
or in vitro models and the parameters assessed are presented in the synoptic Tables 1–3 respectively.
The electronic databases including Pub Med, Scopus, Google, and Google scholar were searched with
the keywords “hepatoprotective”, “hepatotoxicity”, “liver toxicity” or “liver injury” with “plant”,
“extract”, “herb”, or “phytochemical”, “natural product”, “small molecules” with “acetaminophen”,
and “paracetamol”. Table 4 in this review enlists all of the plants extract that showed hepatoprotective
in experimental models of APAP-induced liver toxicity. The name of the medicinal plants has been
arranged following the data retrieved from PubMed/Medline, Google Scholar, Science direct, and
Scopus. We did not elaborate the detailed investigations performed with all these plant extracts
herein as we focus mainly on phytochemicals which could be stepping stone for the drug discovery.
Nearly all of the plant extracts have been reported hepatoprotective based on the biochemical and
histopathological assessments of liver injury and protection. Briefly, these natural drugs appear
hepatoprotective by restoring the antioxidant defense, preventing the occurrence of oxidative stress and
subsequently curbing mitochondrial dysfunction and inflammation, as well as limiting the resultant
necrotic cell death [25,26]. The phytochemicals that are enumerated in this review have shown to
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attenuate liver injury either in the in vitro; cell-based assays (microsomes or cell lines) or in vivo; in
rats and mice models of liver toxicity in preclinical studies. In next paragraphs, each phytochemical
has been discussed emphasizing their source, chemical name and their effect as well as underlying
mechanism in countering APAP-induced liver toxicity.

1.1. Acanthoic Acid

Acanthoic acid, which is a pimarane-type diterpene, chemically known as [(1R,4aR,7S)-7-
ethenyl-1,4a,7-trimethyl-3,4,6,8,8a,9,10,10a-octahydro-2H-phenanthrene-1-carboxylic-acid] or (−)-primara-
9(11),15-dien-19-oic acid is obtained from the bark of Acanthopanax koreanum Nakai roots and Croton
oblongifolius stems. Wu et al. (2010) have shown that pretreatment with acanthoic acid restored
liver enzymes, improved antioxidants and inhibited lipid peroxidation in addition to histological
salvage [27]. Further, it inhibited apoptosis, as shown by amelioration of hypoxia inducible factor-1α
(HIF-1α) and caspase-3 in liver tissues [28].

1.2. Ajoene

Ajoene, an allylsulfur compound, chemically known as [(E)-1-(prop-2-enyldisulfanyl)-3-prop-2-
enylsulfinylprop-1-ene)], is isolated from processed garlic in an E/Z-mixture [29]. Ajoene dose
dependently inhibited depletion of thiol content and GSH from liver and restored the liver enzymes in
mice model of APAP-induced hepatotoxicity [30].

1.3. Alpha Hederin

α-Hederin, an oleanane-type saponin is present in many plants including Nigella sativa
and Hedera helix, is reputed for its benefits in respiratory diseases. α-Hederin was found to
attenuate hepatotoxicity in mice induced by several liver toxicants including APAP, by dose
dependently suppressing CYP450, CYPB5, CYP1A, CYP2A and CYP3A enzymes as well as
NADPH-cytchrome-C-reductase activity in liver microsomes. α-Hederin also reduced activities
of 7-ethoxyresorufin-O-dealkylation, 7-pentoxyresorufin-O-dealkylation, coumarin-7-hydroxylation,
7-ethoxycoumarin-O-deethylation, caffeine-N3-demethylation, chlorzoxazone-6-hydroxylation and
the oxidation of testosterone to 2α-,6α-,15α-,15β-,16α-,16β-, and 18/12 α-hydroxyltestosterone,
androstenedione, and 6-dehydroxytestosterone [31].

1.4. Amyrin

Amyrin, a triterpene exists as anisomeric mixture of α and β-amyrin in the resin exudate of
Protium heptaphyllum. Amyrin isomers showed to ameliorate liver toxicity by the restoration of liver
enzymes and GSH levels in the liver, along with histopathological salvage and reduced mortality. The
effects were found to be comparable to NAC [32].

1.5. Andrographolide

Andrographolide, which is a diterpene lactone chemically known as (3E,4S)-3-[2-[(1R,4aS,5R,6R,8aS)-
6-hydroxy-5-(hydroxymethyl)-5,8a-dimethyl-2-methylidene-3,4,4a,6,7,8-hexahydro-1H-naphthalen-
1-yl]ethylidene]-4-hydroxyoxolan-2-one is isolated from Andrographis paniculata, a reputed natural
remedy in traditional Chinese and Indian medicine. Handa and Sharma (1990) have reported its
hepatoprotective activity against APAP and galactosamine-induced hepatotoxicity for the first time in
rats [33]. Visen et al. (1993) further showed the protective effects in rat hepatocytes and found to be
more efficacious than silymarin [34]. Roy et al. (2013) had developed nanoparticles of andrographolide
incorporated in PLGA along with heparin. These nanoparticles found to be more bioavailable inliver
tissues and protected mouse liver against APAP by rapid restoration of antioxidants and GSH
content [35].
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1.6. Anthocyanins

Anthocyanins belong to a group of natural pigments that were isolated from the dried calyx
of Hibiscus sabdariffa L. was found protective against APAP-induced hepatotoxicity in rats by
improving liver enzymes but failed to improve the liver histology [36]. The anthocyanin isolated from
purple-fleshed sweet potato was also reported to attenuate hepatotoxicity in mice. It restored liver
enzymes, improved antioxidant enzymes, inhibited lipid peroxidation and diminished the depletion
of GSH from liver. The improved histology and dose-dependent reduction of CYP2E1, as well as
CYP2E1-dependent aniline hydroxylation further showed the hepatoprotective effect. It also showed
free radical scavenging activity and antioxidant action against ferric chloride and ascorbate-induced
lipid peroxidation in mouse liver [37]. In another study, anthocyanin fraction exhibited antioxidant
and free radical scavenging activity and improved histology, along with favourable modulation of
numerous signaling pathways in hepatoprotection [38].

1.7. Apigenin

Apigenin, which is a flavone chemically known as 4′,5,7-trihydroxyflavone is abundantly found
in numerous edible plants, such as parsley, oranges, grapefruit, celery, onions, thyme, lemon balm,
chamomile, and wheat sprouts. It is reputed for its organoprotective properties and also found
hepatoprotective in mice model of APAP-induced toxicity by salvaging liver tissues, restoring
antioxidants, liver enzymes and GSH content along with the inhibition of lipid peroxidation [39].

1.8. Arjunolic Acid

Arjunolic acid, which is a triterpene chemically known as 2,3,23-Trihydroxyolean-12-en-28-oic acid
is obtained from the bark of Terminalia arjuna and is present in the plants of the Combretaceae family.
Arjunolic acid reported hepatoprotective in chemical induced hepatotoxicity and hepatocarcinogenesis
models [40]. Ghosh et al. (2010) have reported that it prevented GSH depletion from liver and
APAP metabolite formation by inhibiting the specific forms of CYP450 that aid in the metabolic
activation of APAP to N-acetyl-p-benzoquinone-imine [41]. Further, it prevented the dissipation of
mitochondrial membrane potential, release of cytochrome-C along with decreased activation of JNK
and mitochondrial permeabilization as well as downstream Bcl-2 and Bcl-xL phosphorylation.

1.9. Berberine

Berberine, which is an alkaloid chemically known as 5,6-dihydro-9,10-dimethoxybenzo(g)-1,3-
benzodioxolo(5,6-a) quinolizinium sulfate is obtained from several dietary plants, including Berberis
aristata and it is widely studied for its pharmacological properties, including hepatoprotective.
For the first time, Janbaz and Gilani (2009) showed its hepatoprotective effects against APAP-induced
hepatotoxicity [42]. It also increased pentobarbital-induced sleeping time and strychnine-induced
toxicity that indicated its inhibitory effect on microsomal drug metabolizing enzymes, CYPs [42].
Recently, Vivoli et al. (2016) have demonstrated its effect in various experimental models like
APAP-induced liver toxicity, methionine, and choline deficient diet induced steatohepatitis and
in cultured murine macrophages [43]. Berberine also reduced mortality, restored liver enzymes,
and inhibited the inflammasomes components, the major mediator of inflammation which requires
activation of the cytokines IL-1β and IL-18 that are generated upon caspase-1 activation. The activation
of inflammasomes in APAP-induced hepatotoxicity seems to be a major mediator in hepatocyte injury,
immune cell activation and amplification of inflammation and cell death. Thus, inhibiting activation of
P2X7, the purinergic receptors that mediates inflammasome activation by berberine appears a novel
approach [43].
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1.10. Bixin

Bixin, a group of carotenoids extracted from the seeds of Bixa orellana (Annatto) is a FDA approved
popular food additive and colorant in cosmetics. It showed potent antioxidant and anti-inflammatory
properties and protection against DNA damage and lipid peroxidation in liver. Rao et al. (2014)
showed that solid lipid nanoparticle formulation of bixin exhibit sustained release following the first
order diffusion kinetics and non-Fickian type of release mechanism. The in vivo studies revealed that
the hepatoprotective property followed by the localization of bixin nanoparticals in liver tissues of
rats [44].

1.11. Boswellic Acid

Boswellic acid, which is a mixture of triterpenic acids is chemically known as [(3R,4R,4aR,6aR,
6bS,8aR,11R,12S,12aR,14aR,14bR)-3-hydroxy-4,6a,6b,8a,11,12,14b-heptamethyl-2,3,4a,5,6,7,8,9,10,11,12,
12a,14,14a-tetradecahydro-1H-picene-4-carboxylic acid)]. It is principal constituent in the oleo gum
resin of Boswellia species such as B carteri, B serrata and B sacra. Boswellic acid was found bioavailable
in liver tissues following the oral ingestion. It protected against APAP-induced hepatotoxicity in
mice by improving glutathione redox, inhibiting oxidative stress and attenuating pro-inflammatory
cytokines and chemokines along with histopathologic salvage. It produced restoration of glutathione
reductase (GR) and heme oxygenase-1 (HO-1) activities and inhibited CYP2E1 concomitant with
reduced expression of toll-like receptors; TLR-3 and -4, MyD88, NF-κBp50, NF-κB p65 and JNK in
liver tissues [45].

1.12. Brusatol

Brusatol, which is a natural quassinoid terpenoid, chemically known as methyl 13,20-epoxy-3,
11,12-trihydroxy-15-((3-methyl-1-oxo-2-butenyl) oxy)-2,16-dioxopicras has been isolated from the
fruit of Brucea javanica. Recently, Olayanju et al. (2015) found that brusatol treatment attenuated
nuclear factor-like 2 (Nrf2) signaling following post-transcriptional mechanism in mouse hepatoma
Hepa-1c1c7 cells [46]. Italso sensitized these cells to the chemical insult induced by the hepatotoxic
metabolites of APAP including 2,4-dinitrochlorobenzene, iodoacetamide and N-acetyl-p-benzoquinone
imine. The inhibitory effects were found to be independent of its repressor kelch-like ECH-associated
protein-1 (Keap1), the proteasomal and autophagic protein degradation system and protein kinase
signaling pathways that reveal the novel roles of Nrf2 regulation.

1.13. Caffeic Acid

Caffeic acid, which is a polyphenolic compound chemically known as trans-3,4-
dihydroxycinnamic acid is abundantly found in edible plants including many fruits, coffee, and honey.
For the first time, caffeic acid was showed to attenuate liver toxicity by restoring liver enzymes in
rats [47]. In another study, caffeic acid showed to attenuate APAP-induced liver injury by restoring GSH
and liver enzymes as well as reducing myeloperoxidase (MPO) activity, ROS levels and histopathologic
salvage. It was also improved cell viability and suppressed ROS formation in L-02 cells from normal
human liver and HepG2 cells. Further, it enhanced expression of endogenous antioxidants such as
Nrf2, HO-1 and NAD(P)H:quinone oxidoreductase 1 (NQO1) and reduced expression of Keap1 there
by prevented the binding of Keap1 to Nrf2 and thus activating Nrf2 in hepatocytes. The in silico
data showed the interaction of Nrf2 binding site in the Keap1 protein and the in vitro study showed
minimal effect on the enzymatic activity of CYP3A4 and CYP2E1 [48]. In another in vitro and in vivo
study, authors showed the hepatoprotective mechanism of caffeic acid by down-regulating mRNA
expression and transcriptional activation of early growth response-1. Caffeic acid also reduced the
expression of growth arrest and DNA-damage-inducible protein (Gadd45) α and inhibited activation
of extracellular-regulated protein kinase (ERK1/2) signaling cascade. Altogether, the studies reveal the
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inhibitory effect of caffeic acid on ERK1/2-mediated Egr1 transcriptional activation that is attributed
to the detoxification of APAP-induced liver injury [49].

1.14. Calamusins

Calamusins compounds are isolated from the ethanol extract of rhizomes of Acorus calamus.
Calmusins A to H are the sesquiterpenes, while calamusin-I is a norsesquiterpene. Calamusin C, D, F
and I (10 μM) have been reported to exert hepatoprotective activity against APAP-induced toxicity in
HepG2 cells [50].

1.15. Carnosic Acid

Carnosic acid, which is a phenolic diterpene chemically known as (4aR,10aS)-5,6-dihydroxy-1,1-
dimethyl-7-propan-2-yl-2,3,4,9,10,10a-hexahydrophenanthrene-4a-carboxylic acid) is isolated from
the leaves of Rrosmarinus officinalis (Rosemary) and Sage. Guo et al. (2016) have shown that carnosic
acid exert hepatoprotective effects by restoring liver enzymes and reducing liver necrosis [51].
Further, it was found to inhibit lipid peroxidation, pro-inflammatory cytokines and chemokines
and phosphorylated IκBα and p65 proteins in the liver and suppressed cleaved caspase-3, Bax and
phosphorylated JNK protein expression. It also facilitated Nrf2 translocation into nucleus through
blocking interaction between Nrf2 and Keap1 that resulted in the up-regulation of antioxidant genes.
However, in another study, Dickmann et al. (2012) showed that carnosic acid did not exhibit significant
time dependent inhibition for any of the cytochrome P450 enzymes in primary human hepatocytes
and human liver microsomes [52]. It dose dependently induced CYP2B6 and CYP3A4 and inhibited
CYP2C9 and CYP3A4 enzymes catalyzed reactions. The increase in the activities of CYP2B6 and
CYP3A enzymes were found to be comparable to phenobarbital and rifampicin, respectively. Though,
the safety needs to be confirmed further.

1.16. Chlorogenic Acid

Chlorogenic acid, the esters of caffeic and quinic acid are abundantly found in numerous plants
and consumed through diet or beverages. Zheng et al. (2015) showed its hepatoprotective effect by the
inhibition of pro-inflammatory cytokines, MPO expression and activity, restoration of liver enzymes
and salvage of liver tissues along with diminution of raised expression of TLR-3, TLR-4 and MyD88
and the increased phosphorylation of inhibitor of kappa B (IκB) and p65 subunit of NF-κB in liver [53].
Further, it also improved cell viability in L-02 cells and showed the inhibition of activities of CYP2E1
and CYP1A2 in addition to improved antioxidant signals against APAP-induced cytotoxicity [54].

1.17. Chrysin

Chrysin, which is a flavone chemically known as 5,7-dihydroxy-2-phenylchromen-4-one is
abundantly found in many plants, including fruits, vegetables and mushrooms. Chrysin was found an
inhibitor of sulfo-conjugation of APAP by human liver cytosol with IC50 values < 1 μM. The inhibitory
actions were attributed to the presence of 7-hydroxyl group in structure [55]. In another study,
Morimitsu et al. (2004) have shown that chrysin elicit inhibitory effects on sulfo- and glucurono
conjugation of APAP in rat cultured hepatocytes and liver subcellular preparations [56]. Recently,
chrysin was reported as modulator of intestinal P-glycoprotein (P-gp) and drug-metabolizing enzymes
that plays an important role in the first-pass-metabolism and pharmacokinetics of APAP in the in vitro
non-everted gut sacs preparation and rats [57]. It was observed that chrysin increases the systemic
exposure of APAP which needs to be studied in detail for clear conclusive remarks.

1.18. Corynoline, Acetylcorynoline and Protopine

Corynoline, acetylcorynoline or protopine were found to ameliorate liver injury in mice and
liver microsomes with a pronounced efficacy of acetylcorynoline than corynoline and protopine.
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These compounds also showed biphasic response (inhibition followed by induction) on P450 in mice
liver [58]. In another study, protopine was found to attenuate APAP-induced hepatotoxicity and
suppress microsomal enzymes in rats. Protopine restored the liver enzymes mediating the inhibition
of microsomal drug metabolizing enzymes [59].

1.19. Curcumin

Curcumin, a yellow polyphenol pigment chemically known as (1E,6E)-1,7-bis(4-hydroxy-
3-methoxyphenyl) hepta-1,6-diene-3,5-dione is the main bioactive constituent in the rhizomes of
Curcuma longa, popularly known as turmeric and reputed for its use in dietary, culinary, and cosmetic
purposes. Several in vitro and in vivo studies have demonstrated that the protective effects of
curcumin against liver injury mediating attenuation of oxidative stress, inflammation, and cell death.
The cytoprotective effect against APAP was demonstrated in rat hepatocytes by attenuating lipid
peroxidation, but no effect was found on depletion of lactae dehydrogenase (LDH) and GSH and in time
dependent action at low concentrations. However, higher doses have shown the protective effects [60].
The effects were confirmed in vivo in rats, wherein it dose-dependently attenuated liver and renal
toxicity by improving antioxidants, restoring liver enzymes and salvage histology. It potentiated
the protective effects of NAC and also reduced the therapeutic dose of NAC [61,62]. In another
study, curcumin provided protection against genomic instability, cell death, and oxidative stress in
the liver. It was found to restore liver enzymes, inhibit lipid peroxidation, modulate APAP-induced
alterations in genes expression of antioxidant and inflammatory cytokines, matrix metalloproteinase,
DNA fragmentation and apoptosis [63]. The hepatoprotective effects were further reconfirmed in mice
models [64–66].

1.20. Diallyl Sulfide

Diallyl sulfide, which is chemically known as 3-prop-2-enylsulfanylprop-1-ene is isolated from
garlic known to impart flavor to garlic. It has been demonstrated to protect against APAP-induced
liver toxicity as evidenced by restoration of liver enzymes and reduction in mortality in a time-
and dose-dependent manner. In liver microsomes, it showed the hepatoprotective effect by the
inhibition of APAP metabolism [67]. In another study, diallyl sulfone, a metabolite of diallyl sulfide
was shown to protect against APAP-induced liver toxicity in mice by improving histopathology,
liver enzymes and restoration of hepatic GSH levels. It also suppressed oxidative APAP metabolites
in the plasma with no effect on non-oxidative metabolites of APAP. It repressed the rate of APAP
oxidation to N-acetyl-p-benzoquinone imine, a glutathione conjugate by inhibiting CYP2E1 activity
in liver microsomes [18]. Further, the organosulfur compounds of garlic were reported to protect
against hepatotoxicity by inhibiting P450-mediated APAP bioactivation. The presence of S-allyl
pharmacophore seems to confer the CYP2E1 inhibitory property to the sulfide compounds of garlic [68].
Diallyl sulfide gets converted into diallyl sulfoxide and diallyl sulfone by CYP2E1 and all of these are
competitive inhibitors of CYP2E1. They also believed to induce other CYPs and phase II enzymes as
well as augments enzymatic and non-enzymatic hepatic antioxidants [69].

1.21. Dioscin

Dioscin, a steroid saponin chemically known as 3-O-[α-L-Rha-(1->4)-[α-L-Rha-(1->2)]-β-D-Glc]-
diosgenin is abundantly found in dietary plants Dioscorea pseudojaponica. Zhao et al. (2012) reported
that dioscin in HepG2 cells attenuates mitochondrial impairment and cell death and improves cell
viability [70]. The in vivo study showed similar effects and proteomic analysis revealed that Suox, Krt18,
Rgn, Prdx1, MDH and PNP proteins were involved in the hepatoprotection. Additionally, it decreased
expression of ATP2A2 and mitochondrial cardiolipin and regulated Ca2+ levels in mitochondria by
attenuating and CYP2E1 activation. Further, it also modulated apoptotic proteins Bcl-2, Bid, Bax, Bak
and p53 and activated aryl hydrocarbon receptor (AhR).
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1.22. Diosmin

Diosmin, a flavanoid chemically known as 3’,5,7-Trihydroxy-4’-methoxyflavone 7-rutinoside is
abundantly found in citrus fruits and available clinically for the management of venous insufficiency.
Diosmin was found to attenuate APAP-induced liver toxicity by inhibiting GSH depletion from liver
and improving the enzymes activating glutathion-s-transferases permitting the captation of the reactive
metabolites of the APAP and other liver toxicants [71].

1.23. (−)-Epigallocatechin-3-gallate

(−)-Epigallocatechin-3-gallate, a polyphenolic compound is one of the most abundant catechin in
tea with numerous pharmacological properties and therapeutic benefits. EGCG was found to curb
metabolism and toxicity of APAP in rats by restoring liver enzymes, suppressing the activities of
hepatic CYP3A, CYP2E1, uridine diphosphate glucuronosyltransferase and sulfotransferase. It also
reduced APAP-glucuronate and -glutathione contents in plasma and liver [72].

1.24. Esculetin

Esculetin, which is a coumarin class of polyphenolic compound is chemically known as
6,7-dihydroxycoumarin and abundantly found in many medicinal plants, including Artemisia capillaries,
Artemisia scoparia, Citrus limonia, Ceratostigma willmottianum, Cichorium intybus and Bougainvllra
spectabillis. Gilani et al. (1998) have reported that esculetin restored the liver enzymes and
reduce mortality in mice [73]. The inhibition of lipoxygenase pathway is believed to account for
hepatoprotective action of esculetin.

1.25. Ferulic Acid

Ferulic acid, which is a polyphenolic compound with structural resemblance to curcumin is
abundantly found in leaves and seeds of many vegetables, fruits and cereals such as brown rice,
whole wheat, and oats. Wand and Penf (1994) for the first time demonstrated the hepatoprotective
activity of sodium ferulate, an active ingredient of Angelica sinensis Diels [74]. Sodium ferulate
restored the liver enzymes and improved glutathione redox cycles and antioxidants, along with
inhibition of lipid peroxidation in mice. Recently, ferulic acid dose-dependently restored liver
enzymes, improved antioxidants, inhibited pro-inflammatory cytokines, TLR4 expression and p38
mitogen-activated (MAPK), and activation of NF-κB in mice. The hepatoprotective effects involve
inhibition of TLR4-mediated inflammatory responses and the expression of CYP2E1 [75].

1.26. Fulvotomentosides

Fulvotomentosides are the total saponins that were obtained from the flower extracts of Lonicera
fulvotomentosa. Fulvotomentosides were found to ameliorate APAP-induced hepatotoxicity in mice
by restoration of liver enzymes and reduced hepatic CYP450, CYPB5, and NADPH-cytochrome-C
reductase. They exhibited reduced APAP-glutathione level, increased hepatic glucuronyltransferase
activity and increased urinary elimination of APAP-glucuronide, with no effect on liver UDP-glucuronic
acid in mice microsomes. This indicated that detoxification involves CYP450 and glucuronidation
of APAP [76]. In another study, fulvomentosides showed similar hepatoprotective effects against
hepatotoxicity induced by APAP [77]. Another derivative of fulvotomentoside known as sapindoside
B ameliorated APAP-induced hepatotoxicity in mice by salvaging liver tissues and preventing GSH
depletion and restoring liver enzymes along with reduction in mortality. It also promoted urinary
excretion of APAP that is attributed to the suppression of hepatic CYP450 [78].

1.27. Galangin

Galangin, a flavonoid that is chemically known as 3,5,7-trihydroxyflavone is widely found in many
plants including Alpinia officinarum and Helichrysum aureonitens. Galangin showed hepatoprotective
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effect in mice against propacetamol, a water soluble derivative of APAP. Galangin attenuated oxidative
stress, increased GSH levels and inhibited microsomal CYP2E1 levels in the liver and found more
potent than silymarin and NAC. However, galangin did not reduce mortality significantly [79].

1.28. Gallic Acid

Gallic acidand its derivatives are polyphenolic compounds that were widely distributed in
different parts of plants and fruits, thus being often consumed directly or indirectly by humans as
food stuffs and preservatives etc. Rasool et al. (2010) reported its hepatoprotective effects against
hepatotoxicity in mice by restoring liver enzymes, inhibiting lipid peroxidation and pro-inflammatory
cytokines and enhancing antioxidant defense by improving glutathione redox cycle [80].

1.29. Genistein

Genistein, a phytoestrogen and isoflavone that is chemically known as 4’,5,7-trihydroxyisoflavone
is abundantly found in numerous edible plants including soybeans and mainly varieties of pulses.
Genistein was found bioavailable in liver and amelioratedlipid peroxidation and restored liver enzymes
by modulating APAP biotransformation. It also accelerated and promoted APAP glucuronidation by
activating UGTs and glutathione peroxidase and inhibiting CYP2E1 [81]. Genistein get metabolized
by CYP1A2 and CYP2E1 and CYP1A2 was predominantly responsible for 3’-OH-genistein formation;
primary metabolite of genistein since its formation was inhibited [82]. Genistein was showed to
reduce the formation of sulphate derivative of APAP and its raised excretion into bile arises from the
inhibition of sinusoidal efflux transport [83]. Recently, genistein showed to inhibit APAP-induced
cytotoxicity in fetal hepatocyte cell line (L-02), HepG2 and Hep3b cells, as evidenced by improved
antioxidants, cell viability, hepatic enzymes and GSH redox in a dose-dependent manner. It also
enhanced the metabolic transformation of APAP to glucuronic acid inL-02, HepG2, and Hep3b cells
via the Nrf2/Keap1 pathway [84].

1.30. Geranylgeranylacetone

Geranylgeranylacetone, which is an acyclic polyisoprenoid chemically known as 6,10,14,18-
tetramethyl-5,9,13,17-nonadecatetraen-2-one is reputed as an anti-ulcer agent with minimal adverse
effects. It has been shown to ameliorate liver necrosis by inhibiting lipid peroxidation and
myeloperoxidase activity as well as restoring liver enzymes. However, it did not suppress hepatic
CYP2E1 activity nor prevent depletion of GSH contents from liver [85].

1.31. Gingerol

6-Gingerol, which is chemically known as (5S)-5-hydroxy-1-(4-hydroxy-3-methoxyphenyl)
decan-3-one is one of the major bioactive component of a widely used plant; Zingiber officinalis.
It was reported to restore the liver enzymes, correct total bilirubin, inhibits lipid peroxidation and
normalizes antioxidant status in liver in mice model of hepatotoxicity and found to be comparable to
the standard drug, silymarin [86].

1.32. Ginkgolide

Ginkgolide A, a terpenic lactone that is chemically known as 9H-1,7a-(Epoxymethano)-1H,6aH-
cyclopenta(c)furo(2,3-b) is abundantly present in the leaves of Ginkgo biloba that is widely-used herbal
dietary supplement for its effects on health promoting and therapeutic benefits. The extract contains
bilobalide and Ginkgolide A which played different roles in the modulation of CYP2B1 and CYP3A23
gene expression and enzyme activities. Ginkgolide A showed its protective effects on APAP toxicity in
hepatocytes isolated from adult male Long-Evans rats. Ginkgolide A was found to increase CYP3A23
mRNA levels and CYP3A mediated enzyme activity that in part account to the potentiating effect on
APAP toxicity. Whereas, other derivatives, such as ginkgolide B, ginkgolide C, ginkgolide J, quercetin,
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kaempferol, isorhamnetin and isorhamnetin-3-O-rutinoside failed to affect LDH leakage that is caused
by APAP [87].

1.33. Glycyrrhetinic Acid

Glycyrrhetinic acid isomers are pentacyclic triterpenoid isolated from the roots of licorice plant;
Glycyrrhiza glabra and possess various pharmacological properties such as antioxidant, antitumor
and anti-inflammatory activities. Liu et al. (1994) for the first time reported that glycyrrhizin,
18 α-glycyrrhetinic acid and 18 β-glycyrrhetinic acid treatment were found to protect mice against
APAP and other liver toxicants. In addition to histopathological salvage, these compounds restored
serum activities of liver enzymes and sorbitol dehydrogenase [31]. Glycyrrhizin was also found to affect
glucuronidation in the liver by increasing the activities of p-nitrophenol UDP-glucuronosyltransferase
(UGT), known as UGT1A, which is indicative of its detoxificating property of xenobiotics [88].
Lin et al. (1997) have reported that hepatoprotective effect of Scutellaria rivularis Benth fractions known
as Ban-zhi-lian against APAP and other toxicant models of liver toxicity while using glycyrrhizin as
standard reference medicine [89]. In an in vivo study using metabolomics, glycyrrhetinic acid showed
to protect against APAP by histological salvage and restoration of liver enzymes [90].

1.34. Glycyrrhizin

Glycyrrhizin or glycyrrhizic acid, a pentacyclic triterpenoid glycoside, chemically known as
29-Hydroxy-11,29-dioxoolean-12-en-3-yl 2-O-hexopyranuronosylhexopyranosiduronic is one of the
bioactive constituent in roots of Glycyrrhiza glabra, popularly known as licorice. It is one of the highly
consumed herbs and is widely studied for its therapeutic benefits in experimental and human studies.
For the first time, Liu et al. (1994) in a preliminary study reported its hepatoprotective activity against
APAP [31]. It has been suggested to detoxify xenobiotics by activating glucuronidation via increasing
UGT and intracellular concentrations of hepatic UDP-glucuronic acid in rat liver [88]. In another
study, Wan et al. (2009) reported that glycyrrhizin in combination with matrin that is extracted
from Sophora flavescens [91]. It reduced mortality in APAP-induced hepatotoxicity in mice through
immunosuppressive properties and inhibiting inflammation that was further supported by improved
liver function and histology.

1.35. Gomisin A

Gomisin A, which is a lignan compound chemically known as 5,6,7,8-tetrahydro-1,2,3,12-
tetramethoxy-6,7-dimethyl-10,11-methylenedioxy-6-dibenzo(a,c)cyclooctenol is isolated from Shizandra
fruits. GomisinA was found to restore the liver enzymes, inhibit lipid peroxidation and reduce the
necrotic changes in liver, as examined in histological and biochemical analysis [92]. In addition, similar
results were observed in another study wherein it reported to suppress lipid peroxidation and induce
hepatocyte growth factor [93].

1.36. Guajavadimer A

Guajavadimer A, a dimeric monoterpenoid of sesquiterpene origin consisting of two
caryophyllenes, a benzylphlorogulcinol and a flavonone-fused structure is isolated from the leaves
of Psidium guajava L. Guajavadimer A in a preliminary study in HepG2 cells showed to attenuate
APAP-induced liver toxicity [94].

1.37. Hesperidin

Hesperidin, a biflavonoid and flavanone glycoside consisting of the flavone hesperitin
bound to the disaccharide rutinose, which is chemically known as 3’,5’-ihydroxy-4’-methoxy-7-
rutinosyloxyflavan-4-on, is found in highly nutritious foods such as oranges, tangelos, tangerines,
grapefruits, and other citrus fruits. Hesperidin showed hepatoprotective property in many
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experimental models, including APAP-induced hepatotoxicity [95]. It has been found to restore
the levels of antioxidant enzymes and serum levels of liver enzymes and it prevents apoptotic death
and inflammatory cytokines.

1.38. Homopterocarpin

Homopterocarpin, which is an isoflavonoid chemically known as (6aS,11aS)-3,9-dimethoxy-6a,
11a-dihydro-6H-[1]benzofuro[3,2-c]chromene is obtained from the ethanolic extract of stem bark of
Pterocarpus erinaceus Poir. It was found to restore liver enzymes, inhibit lipid peroxidation and restore
antioxidants in liver and corrected altered liver function [96].

1.39. Hyperoside

Hyperoside, which is a flavonol glycoside chemically known as (2-(3,4-dihydroxyphenyl)-5,7-
dihydroxy-3-[(2S,3R,4S,5R,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)oxan-2-yl]oxychromen-4-one) is
obtained from Hypericum perforatum, Crataegus oxycantha, and Apocynum venetum L. Xie et al. (2016)
showed that hyperoside dose dependently ameliorated lipid peroxidation, oxidative and nitrosative
stress and increased activities and expression of uridine diphoshate glucuronosyltransferases
and sulfotransferases [97]. It was also found to inhibit CYP2E1 activities that attrbute to the
APAP detoxification.

1.40. Isoquercitrin

Isoquercitin or hirsutrin, a naturally occurring glycoside of quercetin is chemically known
as (2-(3,4-dihydroxyphenyl)-5,7-dihydroxy-3-[(2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)
oxan-2-yl]oxychromen-4-one). Xie et al. (2016) demonstrated the hepatoprotective effect of isoquercitrin,
as evidenced by the amelioration of oxidative/nitrosative stress and inflammation by blocking the
NF-κB and MAPK pathways [98]. It was also found to restore the liver enzymes and diminish
centrilobular necrosis by regulating the activities of sulfotransferases and CYP2E1 that enhances
hepatic detoxification of APAP. In a recent study, a microbiota-derived metabolite of quercetin;
3,4-dihydroxyphenylacetic acid has also been found to restore liver enzymes, attenuate lipid
peroxidation, augment antioxidants and salvage the histology. It was found to promote Nrf2
translocation to the nucleus and enhance the expression of phase II enzymes and antioxidant enzymes
that promotes APAP detoxification [99].

1.41. Isorhamnetin

Isorhamnetin, a polyphenolic metabolite of quercetin that is chemically known as quercetin-3-
methyl-ether is isolated from the leaves of Cistus laurifolius Linn. In a preliminary study, it has been
reported to restore liver enzymes, improve GSH content in liver and inhibit lipid peroxidation in
plasma and liver in mice model of hepatotoxicity [100].

1.42. Kaempferol Derivatives

Kaempferol8-C-β-galactoside, a congener of kaempferol is isolated from extract of Solanum
elaeagnifolium. It was shown to protect against APAP-hepatotoxicity by improving liver enzymes
and salvaging liver tissues, comparable to silymarin [101]. Another kaempferol derivative known as
kaempferol-3,7-dimethyl-ether is isolated from the extracts of leaves of Cistus laurifolius L. It was also
found to improve cellular GSH levels, inhibit lipid peroxidation in plasma and liver and restore liver
enzymes in mice model [100].

1.43. Lophirones

Lophirones are chalcone dimers that are isolated from stem bark of Lophira alata and reported to
exhibit antioxidant, chemopreventive, antimutagenic, anticarcinogenic and hepatoprotective activity.
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Recently, Ajiboye (2016) demonstrated the hepatoprotective effect of lophirone B and C in mice by
restoration of liver enzymes, enzymatic and non-enzymatic antioxidants along with attenuation of
oxidative stress, pro-inflammatory cytokines, lipid peroxidation and reduced formation of conjugated
dienes, protein carbonyl, lipid hydroperoxides, and fragmented DNA [102].

1.44. Lupeol

Lupeol, a pentacyclic triterpenoid that is chemically known as (1R,3aR,5aR,5bR,7aR,9S,11aR,
11bR,13aR,13bR)-3a,5a,5b,8,8,11a-hexamethyl-1-prop-1-en-2-yl-1,2,3,4,5,6,7,7a,9,10,11,11b,12,13,13a,
13b-hexadecahydrocyclopenta[a]chrysen-9-ol) is abundantly found in several dietary plants such as
Crataeva, Mango, andOlive etc. Kumari and Kakkar (2012) have demonstrated its hepatoprotective
activity against APAP-induced hepatotoxicity in rat hepatocytes [102]. It inhibited lipid peroxidation,
ROS generation, and mitochondrial depolarization and restored liver enzymes as well as antioxidants
and has shown the improved viability of hepatocytes. It also inhibited DNA damage and cell death by
preventing downregulation of Bcl-2, upregulation of Bax, release of cytochrome-C, and the activation
of caspase 9/3. The protective effects were further confirmed in vivo based on the attenuation of
oxidative stress and histological salvage [103].

1.45. Luteolin

Luteolin, a flavone that is chemically known as 2-(3,4-dihydroxyphenyl)-5,7-dihydroxychromen-
4-one is predominantly found in many plants, fruits and flowers and are reputed for its health
benefits including liver diseases. Luteolin was found to inhibit sulfation in isolated liver cytosolic and
microsomal preparations [56]. Recently, Tai et al. (2015) showed its antioxidant and anti-inflammatory
activities against APAP in mice [104]. Luteolin restored liver enzymes, augmented the endogenous
antioxidant defense, and inhibited lipid peroxidation and endoplasmic reticulum stress and GSH
depletion from liver. It also inhibited pro-inflammatory cytokines and inflammatory mediators
including iNOS, TNF-α, NF-κB, and nitrotyrosine. The inhibition of conjugation depends on both
C5 and 7 hydroxyl substitutions on the A-ring of the flavone structure. Another derivative, luteolin
7-O-β-galacturonyl-(2–>1)-O-β-galacturonide, a new digalacturonide flavone is isolated from extract of
flowers of Lantana camara, elicited potent hepatoprotective activity against APAP. It exerted free radical
scavenging and antioxidant activity and restored the liver enzymes, along with histological salvage
of liver tissues [105]. Luteolin-7-glucoside that was also isolated from the plant, Glossogyne tenuifolia
Cassini was found to elicit hepatoprotection against APAP in BALB/c mice mediating antioxidant
activity [106].

1.46. Magnolol

Magnolol, a biphenolic compound which is chemically known as (2-(2-hydroxy-5-prop-2-
enylphenyl)-4-prop-2-enylphenol), is isolated from the bark of Magnolia officinalis is widely used
in traditional Chinese and Japanese medicines. It has been shown to inhibit CYP1A and 2C in
rats with no effect on CYP3A and play a role in the metabolic balance of lipids through liver X
receptor α. Chen et al. (2009) have demonstrated the hepatoprotective activity of magnolol on
APAP-induced hepatotoxicity in the rats by improving antioxidants, liver enzymes and ameliorating
of lipid peroxidation along with liver tissues salvage [107].

1.47. Meso-Zeaxanthin

Meso-zeaxanthin, a xanthophyll carotenoid, is not a constituent of a normal human diet but
comprises one-third of the primate macular pigment rarely found in diet and is believed to be formed
at the macula by metabolic transformations of ingested carotenoids. Meso-zeaxanthin along with
lutein and zeaxanthin known as macular pigment is believed to protect against age-related macular
degeneration and is reputed nutrient for eye health. Lutein and zeaxanthin are obtained from dietary
sources such as green leafy vegetables and orange and yellow fruits and vegetables. It was found to
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augment antioxidants, normalize GSH levels and restore liver enzymes along with histologic salvage
against APAP and other liver toxicants in rats [108].

1.48. Methoxypsoralen

5-Methoxypsoralen, a naturally occurring linear furocoumarin chemically known as
4-Methoxy-7H-furo[3,2-g]chromen-7-one is obtained from the essential oils of bergamot, and citrus
fruits, including grapefruits. It has been reputed in therapeutics for its use in combination with
ultraviolet A irradiation to manage psoriasis and vitiligo. It was found to ameliorate liver necrosis by
reducing the infiltration of inflammatory cells and dose dependent inhibition of lipid peroxidation,
restoration of liver enzymes, and normalization of glutathione ratio [109].

1.49. Methyl Sulfonylmethane

Methyl sulfonylmethane, a sulfur rich compound that is commonly present in many dietary
plants consumed as grains, fruits, vegetables and beverages. Bohlooli et al. (2013) have reported that it
prevented APAP-induced liver toxicity in rats due to its antioxidant and sulfur donating properties.
It also prevented lipid peroxidation, MPO formation and GSH depletion from liver and restored liver
enzymes along with improving antioxidants [110].

1.50. Morin

Morin, a flavonoid that is chemically known as (2-(2,4-dihydroxyphenyl)-3,5,7-trihydroxychromen-
4-one), is isolated from many fruits including Maclura pomifera (Osage orange), Maclura tinctoria
(old fustic), and from the leaves of Psidium guajava (guava). Morin treatment ameliorated liver
necrosis by reducing release of HMGB1, NALP3 and caspase-1 along with histological salvage and
restoration of liver enzymes [111]. It also strengthened cellular defense by the attenuation of oxidative
stress induced deactivation of Akt (Ser473) causes suppression in GSK3β and Fyn kinase activation.
It regulated PHLPP2 activity by suppressing Nrf2 ubiquitination and enhanced nuclear Nrf2 retention
as well as ARE-Nrf2 binding affinity.

1.51. Naphthoflavone

β-naphthaflavone, a synthetic derivative of a naturally occurring flavonoid is a ligand of the aryl
hydrocarbon receptor, which mediates the potent activation of CYP1A. It caused a potentiation of
APAP toxicity and/or death of both obese and lean Zucker rats. APAP overdose produced reduction
of hepatic cytochrome P450 enzyme-substrate activities in lean Zucker rats. However, obese Zucker
rats are less affected by the hepatotoxic effects of APAP overdoses [112].

1.52. Naringenin

Naringenin, a flavonoid aglycone of naringin that is chemically known as 5,7-dihydroxy-2-
(4-hydroxyphenyl) chroman-4-one is commonly found in citrus fruits. Recently, it was found
hepatoprotective against APAP in metallothionein null mice. Naringenin inhibited lipid peroxidation,
normalized gluathione redox and restored liver enzymes along with improved histopathology [113].
It did not inhibit DNA and protein synthesis [114]. However, it has been reported to cause a weak
inhibition of APAP oxidation [115].

1.53. Oleanolic Acid

Oleanolic acid (OA), a pentacyclic triterpene chemically known as 3-β-3-Hydroxyolean-
12-en-28-oic acidis abundantly found in medicinal plants used in traditional Chinese medicine. It has
been found to exhibit potent anticancer, anti-osteoporosis, antiobesity, antidiabetic, antihyperlipidemic,
anti-inflammatory, antioxidant, and immunoregulatory and hepatoprotective effects. Liu et al. (1993)
for the first time demonstrated its hepatoprotective property against APAP in mice as evidenced by
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improved antioxidant defense and restoration of liver enzymes in liver [116]. It did not affect liver
UDP-glucuronic acid concentration, but it increased hepatic glucuronosyl transferase activity toward
APAP. Further, it was found to increase hepatic metallothionein levels in Cd/hemoglobin assay and
appears protective against hepatotoxicants, such as D-galactosamine plus endotoxin, thioacetamide,
furosemide, colchicine, carbon tetrachloride, APAP, cadmium and bromobenzene [31]. In another study,
OA was showed to ameliorate hepatotoxicity induced by chemical toxicants, including APAP [77].
The authors showed that OA decreased mouse liver CYP1A and CYP2A enzymes with minimal
effect on CYP3A enzymes. It also increased GSH content in liver without affecting GSH peroxidase
and GSH reductases [117]. The hepatoprotective activities were further confirmed as OA prevented
APAP-induced the overproduction of NO and decline in GSH levels in liver along with reduced
mortality [118]. Mechanistically, OA enhanced the expression of metallothionein, Nrf2, NQO1, HO-1,
and glutamate-cysteine ligases (Gclc and Gclm) in liver and induced genes that were involved in
proliferation with the suppression of P450 genes against hepatotoxicants [119]. Reisman et al. (2009)
reconfirmed that OA protect liver by Nrf2-dependent and Nrf2-independent mechanism following the
nuclear accumulation of Nrf2 that leads to the induction of Nrf2-dependent genes and contributes in
hepatoprotection [120]. Recently, 2-cyano-3,12 dioxooleana-1,9-diene-28-imidazolide (CDDO-Im) a
more efficacious and potent triterpenoid derivative from OA was synthesized [121]. It has been shown
as a potent antioxidant and anti-inflammatory agent by diminishing iNOS production and activating
the Nrf2-Keap1 pathway.

1.54. Paenol

Paenol, chemically known as 2’-hydroxy-4’-methoxyacetophenone is isolated from the root bark
of Paeonia spp. and popular as Moutan cortex root in traditional Chinese medicine. Paeonol treatment
attenuated lipid peroxidation, liver necrosis, and restored the liver enzymes, as well as antioxidants in
liver along with inhibition of APAP-induced phosphorylated JNK protein expression without affecting
p38 and Erk1/2 [122]. Moreover, it also prevented against APAP-induced cytotoxicity in primary
mouse hepatocytes evidenced by the attenuation of pro-inflammatory cytokines and ROS formation
along with suppression of IKKα/β, IκBα, and p65 phosphorylation. All of these mechanisms were
attributed to the hepatoprotective effect of paenol.

1.55. Panaxatriol

Panaxatriols are the saponin constituents mainly isolated from Panax notoginseng which
is major source of ginsenosides consists of two groups based on the types of the panaxadiol
group (e.g., ginsenoside-Rb1 and -Rc) and the panaxatriol group (e.g., ginsenoside-Rg1 and -Re).
The ginsenosides are widely studied for their therapeutic potential mediating multiple pharmacological
properties. It has been shown that the ginsenoside-Rg1 and -Re had no CYP3A inhibitory effect [123],
thus it may be devoid of ginseng-drug interaction. Wang et al. (2014) reported that panaxatriol
inhibited pro-inflammatory cytokines, restored the thioredoxin-1 expression, an important redox
regulator that play an important role in countering oxidative stress and subsequent inflammation [124].
Panaxatriol also inhibited apoptosis by regulating pro-caspase-12 expression. Also, ginsenoside-Rg3
enhanced the GSH content and multidrug resistance-associated protein expression in NAPQI induced
rat hepatocytes [125].

1.56. Procyanidins

Procyanidins are the polymeric flavan-3-ols isolated from skin of Prunus amygdalus popularly
known as almond, a dietary nut that has shown to exhibit antioxidant, anti-inflammatory,
antiatherosclerotic and anticancer properties. It has been shown to enhance the expression of Nrf2 and
antioxidant respons element (ARE) reporter gene activity in HepG2 cells and induce the expression
of phase II enzymes includingNQO1, catalase, glutathione peroxidase, and superoxide dismutase.
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In APAP-induced hepatotoxicity in mice, it attenuated hepatotoxicity through the activation of
Nrf2/ARE-mediated phase II detoxifying/antioxidant enzymes [126].

1.57. Pterostilbene

Pterostilbene, a dimethylated resveratrol derivative that is chemically known as 4’-Hydroxy-
3,5-dimethoxy-trans-stilbene, is mainly found in blueberries and are found to show potent
pharmacological actions, including antioxidant, anti-inflammatory, and anti-apoptotic and therapeutic
benefits in liver diseases. El-Sayed et al. (2015) have shown that pterostilbene exerted hepatoprotective
effect against APAP-induced hepatotoxicity by restoring liver enzymes, inhibiting pro-inflammatory
cytokines and lipid peroxidation and augmenting antioxidant activity along with the suppression of
cell death [127]. Further, the hepatoprotective effects were affirmed by histopathological preservation
and they were found to be comparable to silymarin.

1.58. Punicalagin and Punicalin

Punicalagin, an ellagitannin polyphenolic compound is abundantly found in fruit, husk and juice
of pomegranate. Punicalagin and punicalin were also extracted from the leaves of a Combretaceous
plant, Terminalia catappa. They exhibited multiple pharmacological properties such as neuroprotective,
cardioprotective and hepatoprotective due to potent antioxidant and anti-inflammatory properties.
Lin et al. (2001) have shown that hepatoprotective property of punicalagin and punicalin were exhibited
through restoration of the liver enzymes and the inhibition of lipid peroxidation, along with improved
antioxidant defense against APAP-induced hepatotoxicity in rats [128]. The histopathological salvage
further confirmed the protective effects, though at high doses they appear hepatotoxic.

1.59. Quercetin

Quercetin is one of the most popular polyphenolic flavonol type compound reported to contain
many phenol structural units. It predominantly found in glycosides form in large number of dietary
plants including fruits, vegetables, beverages, spices and ornamental plants. Till date, it is extensively
studied for its health and therapeutic benefits in experimental and clinical studies and it is considered
as one of the highly consumed dietary flavonoid in day to day life across the world. Gilani et al. (1997)
first reported the hepatoprotective activity of quercetin [129]. It was shown to reduce APAP-induced
liver toxicity by promoting the repletion of GSH and the enzymes activating glutathione-s-transferases
permitting the captation of the reactive metabolites of the APAP and other liver toxicants [71,130].
Quercetin was found to attenuate liver toxicity by restoring liver enzymes in rats [49]. Another
derivative, quercetin-3,7-dimethyl-ether which was isolated from leaves of Cistus laurifolius L. has
been shown to protect APAP-induced liver toxicity by antioxidant action [102]. Quercetin was found
to ameliorate APAP-induced liver injury by restoring liver enzymes and antioxidants, inhibiting
lipid peroxidation concomitant to histological salvage and correcting alter liver function tests similar
to the standard drug, NAC [62]. It was also shown to ameliorate hepatorenal toxicity in rats by
attenuating oxidative and nitrosative stress in liver and kidney and improving mitochondrial energy
production [131]. However, recently, quercetinand chrysin have been shown to enhance the systemic
exposure of APAP by inhibiting intestinal P-glycoprotein and metabolism of APAP [57]. In an approach
to improve the drug delivery of quercetin, quercetin loaded self-nanoemulsifying drug delivery
system was developed, which protected the liver injury. The optimized quercetin formulation was
shown to enhance solubility and dissolution and it displayed potent protection by biochemical and
histopathological improvement against APAP-induced hepatotoxicity in the form of free radical
scavenging, antioxidant augmenting, and antilipiperoxidative activity [132]. In another recent study,
quercetin inhibited APAP-induced cytotoxicity in human liver cells mediating Nrf2 antioxidative
signaling pathway inducing p62 expression, inhibiting the binding of Keap1 to Nrf2 in L-02 cells.
It enhanced the nuclear translocation of Nrf2 and induced the expression of the ARE-dependent genes
like catalytic or modify subunit of glutamate-cysteine ligase (Gclc/Gclm), and HO-1. Docking studies
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indicated that the interaction of quercetin with the Nrf2-binding site in Keap1 protein, but it did not
affect Keap1 expression. It also enhanced the expression of p62 and p62 siRNA and activated JNK in
hepatocytes [133].

1.60. Resveratrol

Resveratrol, a polyphenol compound of stilbene group that is chemically known as
3,4,5-trihydroxystilbene, is abundantly present in grapes, berries, nuts and beverages. It is one
of the comprehensively studied compounds for health benefits and pharmaceutical development.
A convincing number of experimental studies [134–138] along with some detailed reviews [139,140] in
the past few years reported the benefits of resveratrol in liver diseases. Sener et al. (2006) for the first
time demonstrated its hepatoprotective property against APAP-induced liver toxicity in mice [138].
Resveratrol was found to attenuate hepatotoxicity by inhibiting the activation of pro-inflammatory
cytokines, oxidative stress, lipid peroxidation and myeloperoxidase activity. The restoration of liver
enzymes and histological preservation of liver tissues further confirmed the hepatoprotective effects
of resveratrol due to its potent antioxidant and anti-inflammatory properties [138]. In another study,
resveratrol treatment was found to be protective against APAP-induced liver injury in CD-1 mice
with an observation that Th1-dominant response in Th1/Th2 cytokine balance and TNF-play an
important role in APAP-induced liver injury [137]. Du et al. (2015) investigated the hepatoprotective
mechanism and showed that resveratrol did not affect the formation of reactive metabolites, protein
bindings and JNK pathway. It was found to inhibit downstream nuclear DNA fragmentation
and release of apoptosis-inducing factor and endonuclease G from mitochondria independent of
Bax pore formation along with reduction in protein nitration following APAP challenge due to
scavenging of peroxynitrite [136]. In another study, resveratrol was found to inhibit bioactivation
of APAP by suppressing activation of CYP2E1, CYP3A11, and CYP1A2 activities and inducing
Sirtuin 1 activation; an important player in energy metabolism and regulates cell cycle, apoptosis,
and inflammation. Further, sirtuin activation negatively regulated p53 signaling to induce cell
proliferation-associated proteins including cyclin D1, cyclin dependent kinase 4, and proliferating cell
nuclear antigenand facilitated hepatocyte proliferation. It also inhibited the activation of JNK pathway
and protected against mitochondrial injury [135]. The sirtuins mediated hepatoprotective effects
were further confirmed in vivo and in vitro models of APAP-induced hepatotoxicity. Resveratrol
was found to increase APAP-reduced SIRT1 activity comparable to the selective synthetic sirtuins
activators [134]. Taken together, the studies are suggestive of hepatoprotective properties of resveratrol
in APAP-induced liver toxicity and the activation of sirtuins appear to be a novel mechanism
of hepatoprotection.

1.61. Rhein

Rhein, an anthraquinone glycoside, which is chemically known as 4,5-dihydroxy-9,10-
dioxoanthracene-2-carboxylic acid, is abundantly found in many plants including Rheum palmatum
L., Aloe barbadensis Miller, Cassia angustifolia Vahl, and Polygonum multiflorum Thunb. Rhein has
been shown potent antioxidant, anti-inflammatory, antitumor, neuroprotective, and hepatoprotective
properties. It has been reported to confer protection dose dependently against APAP-induced liver
and renal toxicity in rats, by normalizing antioxidants, restoring liver enzymes and GSH levels along
with suppressed lipid peroxidation and histological salvage due to potent antioxidant action [141].

1.62. Rutin

Rutin or vitamin P or quercetin-3-O-rutinoside is a polyphenolic bioflavonoid that is
chemically known as 3,3’,4’,5,7-pentahydroxyflavone-3-rhamnoglucoside and abundantly found in
vegetables, beverages, and dietary plants, including Artemisia scoparia. Its cytoprotective effect,
such as gastroprotective, hepatoprotective, and anti-diabetic has been shown via antioxidant,
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anti-inflammatory, and organoprotection in several studies. It has been showed to reduce mortality
and restore liver enzymes [142].

1.63. Saikosaponin D

Saikosaponin D, which is chemically known as β-D-Galactopyranoside, (3β,4α,16α)-13,28-
epoxy-16,23-dihydroxyolean-11-en is a major constituent isolated from Bupleurum falcatum that is
popularly used for liver diseases in eastern Asian countries. Liu et al. (2014) reported that Saikosaponin
D protected against APAP-induced hepatotoxicity by down-regulating NF-κB and STAT3-mediated
inflammatory signaling as evidenced by decreased phosphorylation of NF-κB and signal transducer
and STAT3 and suppressed NF-κB target genes such as pro-inflammatory cytokine IL-6 and Ccl2,
and STAT3 genes such as suppressor of cytokine signaling 3 (Socs3) and fibrinogen gene analysis
(Fga, Fgb and Fgg). Also, it increased the expression of anti-inflammatory cytokine IL-10 mRNA [143].

1.64. Salidroside

Salidroside or p-tyrosol, a phenylethanoid glycoside is chemically known as (2R,3S,4S,5R,6R)-
2-(hydroxymethyl)-6-[2-(4-hydroxyphenyl) ethoxy]oxane-3,4,5-triol) is a major constituent of perennial
flowering plant Rhodiola species mainly Rhodiolarosea and Rhodiola imbricata, Rhodiola algida and Rhodiola
crenulata. In traditional medicine, it is used for the management of many chronic degenerative
diseases and has shown numerous pharmacological properties including adaptogenic, neuroprotective,
anti-tumor, cardioprotective, antidepressant, antioxidant, anti-inflammatory and hepatoprotective.
Wu et al. (2008) have demonstrated that salidroside protects against APAP-induced hepatotoxicity
by inhibiting lipid peroxidation, pro-inflammatory cytokines and restoring liver enzymes along with
antioxidants [144]. It was also displayed histopathological salvage and suppression of caspase-3
and hypoxia inducible factor-1α (HIF-1α) expression in liver. The protective effects of salidroside
were found to be comparable to that of NAC. In another study, Guo et al. (2014) developed and
validated a simple and specific LC-MS/MS method for the determination of salidroside and its
metabolite p-tyrosol in rat liver tissues that suggested its bioavailability in the liver tissues and its
hepatoprotective effect [145].

1.65. Salvianolic Acids

Salvianolic acid B, a polyphenolic compound, is isolated from the aqueous factions of extracts
of Salvia miltiorrhiza Bunge, popularly used in traditional Chinese medicine and represents one of
the highly used medications with application from oral to intravenous. It is one of the most potent
antioxidant, anti-inflammatory agent and reported to protect various organs, such as brain, heart,
kidney, and liver from oxidative stress [146]. Salvianolic acid B was found to confer hepatoprotective
effects against APAP by inducing Nrf2 expression [147]. Salvianolic acid B treatment restored
liver enzymes, enhanced the expression of Nrf2, HO-1 and glutamate-l-cysteine ligase catalytic
subunit (Gclc). Furthermore, it also activated the phosphatidylinositol-3-kinase (PI3K) and protein
kinase C (PKC) signaling pathways. In another study, salvianolic acid B showed to maintain redox
status and mitochondrial metabolic activity in rat hepatocytes, but fail to inhibit CYP2E1 [146].
Altogether, it appears that salvianolic B protects against liver toxicity via the activation of the PI3K and
PKC pathways.

1.66. Saponarin

Saponarin, a favone glycoside that is chemically known as (5-hydroxy-2-(4-hydroxyphenyl)-
6-[(2S,3R,4R,5S,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)oxan-2-yl]-7-[(2S,3R,4R,5S,6R)-3,4,5-trihydroxy-
6-(hydroxymethyl)oxan-2-yl] oxychromen-4-one) is naturally occurring apigenin-6-C-glucosyl-7-O-
glucoside isolated from Gypsophila trichotoma. It has been reported to possess antihyperglycemic,
antimicrobial, antioxidant, anti-inflammatory and hepatoprotective properties. Simeonova et al. (2013)
reported hepatoprotective effects in the in vitro/in vivo studies. In isolated rat hepatocytes, saponarin
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dose dependently improved cell viability and antioxidant defense and inhibited lipid peroxidation
as well as LDH leakage [148]. Similar results were replicated in vivo in addition to the histological
salvage of liver tissues. However, no changes in phase I enzyme activities of Aniline 4-Hydroxylase
(AH) and Ethylmorphine-N-Demethylase (EMND) and cytochrome P450 quantity were detected.
The protective effects were comparable to silymarin.

1.67. Sauchinone

Sauchinone, a polyphenolic lignin isolated from Saururus chinensis exhibits potent antioxidant
and anti-inflammatory activity and protects hepatocytes against iron-induced toxicity [149].
Kay et al. (2011), have shown that sauchinone attenuated APAP-induced liver injury and its protective
mechanism as activating Nrf2 through the PKCδ-GSK3β pathway [150]. In hepatocytes, sauchinone
activated Nrf2, leads to increased nuclear accumulation of Nrf2, activation of NQO1- ARE reporter
gene and glutamate-cysteine ligase and NQO1 protein that imparts the restoration of hepatic GSH
content. Sauchinone also activated protein kinase C-δ (PKCδ) that enhanced Nrf2 phosphorylation
with a reciprocal decrease in its interaction with Keap1 and activated Nrf2 phosphorylation. Further,
it was also found to enhance the inhibitory phosphorylation of glycogen synthase kinase-3β (GSK3β),
suppressing Nrf2 activity dependent on PKCδ activation.

1.68. Schisandrol Derivatives

Schisandrin A, schisandrin B, schisandrin C, schisandrol A, schisandrol B and schisantherin
A are the lignan compounds isolated from Schisandra sphenanthera, a reputed herb in traditional
Chinese medicine for the treatment of many diseases including liver. These derivatives have been
shown hepatoprotective against APAP-induced liver toxicity in mice [151]. The protective effects of
these compounds were evidenced by restoration of GSH in liver, inhibition of lipid peroxidation,
and restoration of liver enzymes in a dose-dependent manner. They were also found to attenuate
the enzymatic activities of CYP450 isoforms viz. CYP2E1, CYP1A2 and CYP3A11 and alter
APAP bioactivation mechanism [151]. This results in the reduced formation of toxic intermediate
N-acetyl-p-benzoquinone imine NAPQI-GSH in vivo and in vitro both. Among these derivatives,
schisandrol B was studied extensively and showed to attenuate activation of p53 and p21 and promote
liver regeneration along with enhancement in antiapoptotic proteins such as cyclin D1, PCNA and
BCL-2. Further, in silico studies also demonstrated that schisandrol B interferes with CYP2E1 and
CYP3A4 active sites [152]. Schisandrol B exhibited a significant protective effect toward APAP-induced
liver toxicity, potentially through inhibition of CYP-mediated APAP bioactivation and regulation of the
p53, p21, CCND1, PCNA, and BCL-2 to promote liver regeneration [153]. In a recent study, schisandrol
B further showed to attenuate APAP-induced hepatotoxicity in mice by the activation of Nrf2/ARE
pathway and the regulation of Nrf2 target genes Nrf2/ARE signaling pathway [153]. Schisandrol
B treatment ameliorated liver toxicity and increased the nuclear accumulation of Nrf2 as well as
expression of Nrf2 downstream proteins, including Gclc, GSR, NQO1, GSTs, MRP2, MRP3 and MRP4
in APAP-treated mice. The mechanism was further confirmed in HepG2 cells. Based on these studies,
all of the lignans appear promising with better potential of schisandrol B in reducing hepatotoxicity by
improving antioxidant defense and inhibiting the CYP mediated bioactivation of APAP.

1.69. Sesamol

Sesamol, a flavonoid lignin that is chemically known as 1,3-benzodioxol-5-ol is obtained fromthe
oil that was extracted from seeds of Sesamum indicum. Chandrasekaran et al. (2009) demonstrated
the ameliorative effect of sesamol pretreatment against APAP by improved liver enzymes and the
inhibition of free radicals generation and subsequent lipid peroxidation and centrilobular necrosis [154].
In another report, authors reconfirmed the findings and showed that hepatoprotective effects were
comparable to NAC at the equimolar doses post-treatment [155].
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1.70. Silybin

Silybin dihemisuccinate, which is a soluble form of the flavonoid silymarin, was found to
prevent GSH depletion and inhibit lipid peroxidation in liver along with restoration of liver enzymes
altered by APAP [156,157]. In another study, silybin inhibited lipid peroxidation in isolated rat
hepatocytes [158]. Conti et al. (1992) demonstrated the hepatoprotective properties of silipide,
a silybin-phosphatidylcholine complex abbreviated as IdB 1016. Silipide dose dependently ameliorated
APAP-induced liver toxicity due to its antioxidant action and bolstering of RNA and resultant protein
synthesis [159].

1.71. Sweroside

Sweroside, an iridoid glycoside that is chemically known as (3S,4R,4aS)-4-ethenyl-3-[(2S,3R,4S,
5S,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)oxan-2-yl]oxy-4,4a,5,6-tetrahydro-3H-pyrano[3,4-c]pyran-
8-one, is isolated from the flower buds of Lonicera japonica Thunb and Swertia pseudochinensis Hara.
It has been traditionally used in treatment of liver diseases and showed hepatoprotective in chemical
models of liver injury. Its high bioavailability in liver tissues is attributed to its liver regenerating and
hepatoprotective activity [160]. The metabolic profile revealed the presence of several phase I, phase II
and aglycone-related metabolites in rat urine [161]. Though, in one preliminary study, Liu et al. (1994)
did not find protective of sweroside against APAP [77].

1.72. Syringic Acid

Syringic acid, a naturally occurring phenolic compound that is chemically known as O-methylated
trihydroxybenzoic acid, is abundantly found in many edible mushrooms and vegetable, food and
beverages plants. Syringic acid possesses high proteasome inhibitory activity and showed to alleviate
APAP-induced liver injury by improving enzymatic and non-enzymatic antioxidant defense and
restoration of liver enzymes along with histopathological preservation of liver tissues [162].

1.73. Tannic Acid

Tannic acid, a polyphenolic compound is naturally occurring tannins and abundantly found
in edible plants, including fruits, vegetables, tea, strawberries, beans, grapes, coffee, persimmons,
cocoa, and nuts. Recently, tannic acid has been shown to be protective against APAP-induced
hepatotoxicity [163]. It restored activities of antioxidant and liver enzymes and inhibited endothelin-1,
nitric oxide and malondialdehyde formation. It also suppressed the activation of pro-inflammatory
cytokines, and apoptotic mediators, such as c-Fos, c-Jun, NF-κB (p65) and caspase-3 and increased
Bax along with decreased Bcl-2 and increased Nrf2 and HO-1. The histologic salvage of liver tissues
reconfirmed the protective effects and anti-oxidant, anti-inflammatory, and anti-apoptotic effects were
attributed to confer hepatoprotective effects [163].

1.74. Thymoquinone

Thymoquinone, a quinone compound that is chemically known as 2-methyl-5-propan-2-
ylcyclohexa-2,5-diene-1,4-dione, is found abundantly in the oil from the seeds of Nigella sativa and
represent one of the widely studied molecule. In a study, Nagi et al. (2010) first showed that
thymoquinone dose-dependently protect against hepatotoxicity in mice by reversing rise in liver
enzymes in serum, total nitrate/nitrite, lipid peroxide, and a fall in GSH and ATP in APAP-induced
hepatotoxicity. Though, it did not affect the metabolic activation of APAP [164].

1.75. Withferin A

Withaferin A, a withanolide alkaloid that is chemically known as (4β,5β,6β,22R)-4,27-dihydroxy-
5,6-22,26-diepoxyergosta-2,24-diene-1,26-di), is isolated from the leaves of Withania somnifera popularly
known as ‘Indian ginseng’. Withaferin A showed protection against liver necrosis by decreasing the
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activities of liver marker enzymes and prevents lipid peroxidation by improving antioxidant statusin
mice model of hepatotoxicity [165]. It also suppressed JNK activation, mitochondrial Bax translocation,
nitrotyrosine production, and upregulated Nrf2, Gclc and NQO1 expression as well as down-regulated
pro-inflammatory cytokines. In AML12 hepatocytes, it also reduced H2O2-induced oxidative stress
and necrosis.

1.76. Miscellaneous

The lignans, 2,4′-epoxy-8,5′-neolignans and 7,9′;7′,9-diepoxylignans isolated from extract of Penthorum
chinese was shown its hepatoprotective activity in hepatocytes [166]. The isoflavonoid compounds,
such as 7-hydroxy-4′,5,6-trimethoxyisoflavone, 7-hydroxy-5,6-dimethoxy-2′,3′-methylenedioxyisoflavone,
and 5,6-dimethoxy-2′,3′-methylenedioxy-7-C-β-d-gluco-pyranosyl isoflavone isolated from the seeds of
Lepidium sativum L., displayed the amelioration of APAP-induced hepatotoxicity in rats by augmenting
the endogenous antioxidants, improving the liver enzymes along with salvage of liver tissues [167].
Myricetin was found to inhibit microsomal CYP2E1 and CYP3A activities, but others, such as
tangeretin, quercetin, naringenin and nobiletin does not inhibit [115]. Thymol and carvacrol found to
enhance antioxidant and free radical scavenging activity and reduce activation of pro-inflammatory
cytokines that are comparable to NAC in HepG2 cells [168]. Oxymatrine does not confer protective
effects against AP-induced hepatotoxicity [77]. In a preliminary study, several triterpenoids, such as
oleanolic acid, ursolicacid, uvaol, alpha-hederin, hederagenin, glycyrrhizin, 18-α-glycyrrhetinic acid,
18-β-glycyrrhetinic acid, 19-α-hydroxylasiatic acid, 28-O-β-D-glucoside, and 19-α-hydroxyl Asiatic
acid were evaluated against APAP-induced hepatotoxicity. Uvaol, hederagenin, 19 alpha-hydroxyl
Asiatic acid, 28-O-β-D-glucoside and 19-α-hydroxyl asiatic acid had no effect on APAP-hepatotoxicity
whereas, glycyrrhizin, 18-α-glycyrrhetinic acid, 18-β-glycyrrhetinic acid, alpha-hederin, ursolic acid
and oleanolic acid has reduced APAP-induced hepatotoxicity [31]. Girish et al. (2009) reported the
hepatoprotective activity of ellagic acid against APAP-induced acute hepatotoxicity in a preliminary
study and found the effects were comparable to silymarin.The protective effects were mediated by
antioxidant activity and the restoration of liver cytochrome P450 enzymes [169].
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2. Discussions

As represented in the tables, a large number of phytochemicals (Tables 1–3), plant extracts (Table 4),
and herbal formulations (Table 5) have been shown to ameliorate APAP-induced liver injury. The
available experimental studies reveal that phytochemicals and plant extracts exert hepatoprotective
effects against APAP-induced liver toxicity due to their multiple pharmacological properties, including
anti-inflammatory, antioxidant and antiapoptotic. Among them, the majority of them are linked to
cascades that are involved in oxidative stress, inflammatory cytokine signaling, and cell death [187,
188]. Mechanistically, phytochemicals and plant extracts showed to restore antioxidant defense by
preventing glutathione depletion, improving antioxidants enzymes along with attenuation of lipid
peroxidation and subsequently limiting inflammation and cell death.

Many plant extracts have been shown to improve the endogenous enzymatic and non-enzymatic
antioxidants to inhibit lipid peroxidation and the activation and release of pro-inflammatory cytokines
concomitant with prevention of depletion of GSH from the liver. The cardinal characteristic of
APAP-induced liver injury is massive retrograde degeneration of the liver tissues resulting in the loss
of liver enzymes followed by depletion of GSH and lipid peroxidation and inflammation. The dramatic
depletion of glutathione is known to be responsible for the clinical manifestation of hepatotoxicity.
In majority of the studies, the hepatoprotective effects of plant extracts against APAP-induced liver
injury were confirmed by liver function tests, as evidenced by the restoration of the liver enzymes and
attenuation of the rise of liver enzymes in the serum concomitant improvement in cellular architecture
and reduced liver necrosis. The whole plant extract known to have various phytoconstituents that act
synergistically to enhance efficacy and prevent toxicity when it is used as an adjuvant along with the
modern medicine [189]. Therefore, the synergy of phytoconstituents could be beneficial to enhance
their efficacy.

Several formulations containing plant extracts of a single plant or many plants known as
polyherbal formulation are often available in the market for treating liver disorders [190–196].
The polyherbal or single herb or herbomineral formulations showed hepatoprotective effects are
represented in Table 5. One such example for single herb formulation that is quite popular from
traditional to modern medicine is silymarin, a reputed hepatoprotective herbal drug preparation
containing a single herb, known as Milk thistle [197]. Whereas, Liv 52® represents a popular polyherbal
preparation for liver diseases. Though, the management of liver disorders by a simple and precise
herbal drug is still an intriguing problem. Silymarin is an extract from the seeds of milk thistle
mainly contains flavonolignan isomers such as silybin, isosilybin, silydianin and silychristin with
silybin is the most potent constituent [198]. On oral administration, silymarin absorbs quickly
and eliminates mainly through bile as sulphates and conjugates. Silymarin has been shown to
protect numerous preclinical models of liver diseases due to its antioxidative, anti-lipid peroxidative,
antifibrotic, anti-inflammatory, membrane stabilizing, immunomodulatory, and liver regenerating
properties [199]. Clinically, silymarin is found to be useful in alcoholic liver disease, liver cirrhosis,
Amanita mushroom poisoning, viral hepatitis, toxic and drug induced liver diseases and in also
diabetic patients [200–205]. The safety and efficacy of herbal medicines either as monotherapy or
as an adjunct to conventional therapy for hepatotoxicity appears to be favorable, as indicated by
many studies [206–209], thus the plant extract are believed to hold a promise in the management of
APAP-associated hepatotoxicity. However, it is important to note that, very few of these plant extracts
have been showed to attenuate necrotic or apoptotic cell death cascades but favorably modulate
the antioxidant signaling pathways that are mediated by Nrf2 and Keap1, along with modulation
of different kinases viz. JNK and MAPK. Further, very few of them demonstrated the prevention
of the metabolic activation of APAP by suppressing CYP2E1, a plausible mechanism believed to
alter the bioactivation of APAP. In studies employing phytochemicals/plant extracts to investigate
APAP-induced hepatotoxicity, very few studies have been compared with silymarin as a positive
reference phytochemical for the comparative evaluation of hepatoprotective effects [205,210–212].
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This may be attributed to the huge variation observed in the dose (25–200 mg/kg) and the dosing
regimen (1–15 days) of silymarin treatment.

The model systems adapted to evaluate hapatoprotective agents whether it is in vitro or in vivo
have its own merits and demerits; however the choice of model system selection mainly depends on
the goals of the particular experimental paradigm. Several in vitro assays invovling cell lines and
in vivo animal models have been developed to understand the pathogenesis of APAP-induced liver
toxicity and to investigate the hepatoprotective agents. Recently, Kuo et al. (2016) have suggested that
the natural antioxidants tested in non-suitable animal models may prove efficacious but it will impose
ambiguity when these preclinical data are used as a baseline to design clinical studies. Thus, careful
selection of suitable animal model is imperative to carry out well-defined preclinical studies. One such
example is using rat as a model animal to evaluate APAP-induced hapatotoxicity, which is relatively
resistant to APAP toxicity [26]; therefore, any data generated using this model system will impose
inherent experimental bias. Many in vitro studies using phytochemicals/plant extracts to investigate
the hapatoprotective effects have employed human hepatoma cell lines (e.g., HepG2, Hep3B, Huh7).
These cell lines lack CYP enzymes, which are involved in the formation of hepatotoxic metabolites
of APAP [213] therefore, such studies lose the clinical relevance due to the inherent variation of
cellular physiologic and biochemical system. The CYP enzyme isoforms, mainly CYP2E1 is responsible
for the bioactivation of AAP in humans and animals, which may represent a therapeutic target for
APAP-induced hepatotoxicity.

Among the in vivo models, APAP-induced hepatotoxicity in mice is considered to be one
of the best physiologically and clinically relevant model systems that represent the most of the
pathophysiological features of APAP toxicity in humans. Whereas, among the in vitro models
screening agents in primary mouse hepatocytes is considered to be closest to in vivo settings [214,215].
Additionally, the HepaRG cells also mimic the pathological changes similar to humans with APAP
toxicity (except the requirement for JNK) [216,217]. Freshly isolated primary human hepatocytes are
considered as gold standard for drug toxicity studies, including APAP-induced hepatotoxicity [218].
Jeschke and colleagues comprehensively reviewed the pathogenesis of APAP-induced toxicity and
suggested that it is vital to choose a right animal species/in vitro system, timing/doses of APAP,
as well as the assessments of signaling events, metabolic activation and protein adduct formation,
the role of lipid peroxidation, and the apoptotic/necrotic cell death to elucidate hepatoprotective
mechanisms and provide correct conclusion by avoiding the potential bias and pitfalls in the evaluation
of hepatoprotectants [12,219].

The available literature reviewed herein reveal that a large number of plants and phytochemicals
mediating antioxidant and anti-inflammatory properties appear hepatoprotective in preclinical models
of APAP-induced liver injury. About five hundred plant extracts and fifty phytochemicals have shown
to be hepatoprotective in preclinical studies with negligible clinical data. A vast majority of them have
been shown to be hepatoprotective based on the biochemical, morphological, and histopathological
assessments. All of them were shown to restore the liver enzymes and also protect liver cellular
architecture. These plants and phytochemicals may provide novel chemical entities for future drug
discovery and development against APAP-induced liver toxicity. Among many phytochemicals
showed hepatoprotective against APAP few of them found to inhibit CYP2E1 that could be promising
for further evaluation in APAP-induced liver toxicity. Despite a large number of plant extracts being
demonstrated as hepatoprotective, the use of medicinal plants may have many issues, such as lack of
standardization, quality control, heavy metal contamination, and presence of bacterial toxins.

Though, a large number of plant extracts and phytochemicals have been demonstrated
hepatoprotective against APAP-induced liver toxicity, but those that shown hepatoprotective in
numerous model systems and their effect on APAP bioactivation by inhibiting CYP2E1 has been
demonstrated that could be promising to investigate further in detail. Although, the present preclinical
data are markedly speculative for clinical usage, but it could be substantial for further evaluation of
these plants and phytochemicals in clinical settings provided their human safety.
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Abstract: The functional aspect of scalp hair is not only to protect from solar radiation and heat/cold
exposure but also to contribute to one’s appearance and personality. Progressive hair loss has
a cosmetic and social impact. Hair undergoes three stages of hair cycle: the anagen, catagen,
and telogen phases. Through cyclical loss and new-hair growth, the number of hairs remains relatively
constant. A variety of factors, such as hormones, nutritional status, and exposure to radiations,
environmental toxicants, and medications, may affect hair growth. Androgens are the most important
of these factors that cause androgenic alopecia. Other forms of hair loss include immunogenic hair
loss, that is, alopecia areata. Although a number of therapies, such as finasteride and minoxidil,
are approved medications, and a few others (e.g., tofacitinib) are in progress, a wide variety of
structurally diverse classes of phytochemicals, including those present in ginseng, have demonstrated
hair growth-promoting effects in a large number of preclinical studies. The purpose of this review
is to focus on the potential of ginseng and its metabolites on the prevention of hair loss and its
underlying mechanisms.

Keywords: ginseng; human-hair-follicle dermal papilla cells; WNT/β-catenin; Shh/Gli; TGF-β;
BMP/Smad; mouse-hair growth

1. Introduction

The hair-growth cycle comprises three distinct phases, the anagen, catagen, and telogen phases of
independent hair follicles. Hair continues to grow during the anagen phase, followed by a transitional
period of the catagen phase, which enters into the telogen phase, when hair is released from the
follicle and falls. The anagen phase can be classified into a propagating anagen phase that involves
the activation of new hair follicles, and an autonomous anagen phase, when hair growth and
differentiation of hair follicles actively occur [1]. The normal hair-growth cycle is repeated about
20 times; however, it can be modified or shortened by internal or external factors such as hormones,
stress, concurrent disease, exposure to environmental pollution, and smoking. Changes in the growth
cycle leading to hair loss may be represented with the shortening of the anagen phase, premature
ingression of the catagen phase, and the prolongation of the telogen phase. Early hair loss is medically
termed as alopecia [2,3]. The number of people suffering from alopecia is increasing and approaching
approximately 10 million throughout the world. Considering the pathological background of alopecia
and its impact on an individual’s health and social value, there is now a growing interest in the
development of novel therapeutics for its medical management. To date, the United States Food and
Drug Administration (US-FDA) has approved two medications, minoxidil and finasteride, for the
treatment of alopecia. Finasteride has been shown to prevent male pattern hair loss through the
inhibition of type II 5α-reductase, which affects androgen metabolism. Although the exact mechanism
of minoxidil has still not been elucidated, available research findings suggest that the hair-growth
promotional effects of minoxidil are mediated through enhanced nutrient supply to hair follicles

Int. J. Mol. Sci. 2018, 19, 2703; doi:10.3390/ijms19092703 www.mdpi.com/journal/ijms343



Int. J. Mol. Sci. 2018, 19, 2703

through vasodilation, opening of the K+ channel, and the activation of extracellular signal-regulated
kinase (ERK) and protein kinase B (AKT/PKB) signaling, resulting in increased cell proliferation and
inhibition of apoptosis in dermal papilla cells [4,5]. However, these drugs exhibit certain adverse
effects, such as allergic contact dermatitis, erythema, and itching. While discontinuation of minoxidil
leads to recurrence of alopecia, prolonged use of finasteride causes male sexual dysfunction and
appears as a major cause of infertility and teratogenicity in females [6,7]. Thus, nontoxic chemicals
with persistent hair-growth promoting effects have long been sought from the vast resources of natural
products [8–10].

Ginseng is an ancient herbal remedy that was recorded in The Herbal Classic of the Divine
Plowman, the oldest comprehensive Materia Medica, which was scripted approximately 2000 years
ago. Contemporary science has revealed that ginseng contains a wide variety of bioactive constituents,
especially a group of saponin compounds collectively known as ginsenosides, which are accredited
with diverse biological activities, including the hair-growth potential of ginseng. Depending on the
number of hydroxyl groups available for glycosylation via dehydration reactions, ginsenosides can
be classified as protopanaxadiol (PPD) and protopanaxatriol (PPT). Common PPD-type ginsenosides
include ginsenosides Rb1, Rb2, Rc, Rd, Rg3, F2, Rh2, compound K (cK), and PPD, whereas PPT-type
ginsenosides include Re, Rf, Rg1, Rg2, F1, Rh1, and PPT [1]. Ginseng extract or its specific ginsenosides
have been tested for their potential to promote hair growth. This review sheds light on the potential
of ginseng and ginsenosides in promoting hair growth and delineating the mechanisms by which
they function.

2. Biochemical Basis of Hair-Growth Promotion by Ginseng

There has been mounting evidence suggesting that ginseng and its major bioactive constituents,
ginsenosides, promote hair growth by enhancing proliferation of dermal papilla and preventing hair
loss via modulation of various cell-signaling pathways [11–13]. While the role of 5α-reductase enzyme
in the hair-loss process has been well-documented [14,15], the emerging biochemical mechanisms of
hair-follicle proliferation and the hair-loss process unravel new targets for designing novel therapeutics
for the management of hair loss and alopecia (Figure 1). These targets include, but are not limited
to, WNT/Dickkopf homologue 1 (DKK1), sonic hedgehog (Shh), vascular endothelial growth factor
(VEGF), transforming growth factor-beta (TGF-β), matrix metalloproteinases (MMPs), extracellular
signal-regulated protein kinase (ERK), and Janus-activated kinase (JAK). The following section
summarizes the role of ginseng and its metabolites on hair growth.

2.1. Prevention of Radiation-Induced Skin Damage

Photoaging is one of the long-term effects of chronic sun exposure characterized by different
inflammatory responses to ultraviolet radiation (UVR). Although exposure to solar UVR induces the
synthesis of vitamin D, melanocortins, adrenocorticotropic hormone, and corticotropin- releasing
hormone in human skin, and shows a beneficial effect, excessive UV irradiation is known to cause
skin photodamage by inducing reactive oxygen species (ROS), precipitating skin inflammation,
and promoting keratinocyte cell death. The impact of UVR exposure further leads to skin photoaging
and carcinogenesis. However, the influence of UVR on skin appendages such as hair follicles is
still in progress in many aspects. Accumulating evidence suggests that UVR exposure not only
causes the damage of the hair shaft as an extracellular tissue, but also alters the hair-growth cycle
by affecting keratinocyte and dermal papilla growth [16]. UV irradiation causes accumulation of
ROS and activates MMPs, a class of tissue-degrading enzymes, thereby compromising dermal and
epidermal structural integrity. Irradiation of normal human dermal papilla cells (nHDPC) with
ultraviolet B (UVB) (≥50 mJ/cm2) exhibited ROS-mediated induction of apoptotic cell death [17].
Ginsenosides Rb2 [4] and 20 (S) PPD, but not 20 (R) PPD [4], have been reported to reduce the
formation of ROS and MMP-2 secretion in cultured human keratinocytes (HaCaT) cells after exposure
to UVB radiation. Likewise, ginsenoside Rg3 20 (S), but not 20 (R), reduced ROS generation in HaCaT
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cells and human dermal fibroblasts without affecting cell viability. The 20 (S) Rg3 also attenuated
UVB-induced MMP-2 levels in HaCaT cells [6]. In another study, ginsenoside Rh2 epimers reduced
UVB radiation-induced expression and activity of MMP-2 in HaCaT cells, but UVB-induced ROS
formation was only suppressed by 20 (S)-Rh2 [7]. Because the extracellular matrix plays a critical role
in hair-follicle function, degradation and matrix remodeling by MMPs affect the hair cycle [18,19].
The inhibitory effect of ginsenosides on UVB-induced activation of MMP2 suggests the potential of
these ginseng saponins in hair-growth regulation.

Ginsenosides have also been shown to improve hair growth by attenuating radiation-induced cell
death in the skin. Total-root saponins and ginsenoside Rb1 diminished apoptotic cells, as revealed
by the accumulation of Ki-67-positive cells and elevated expression of Bcl-2, an antiapoptotic protein,
in UVB-exposed human keratinocytes [20]. Ginsenoside F1, an enzymatically modified derivative
of ginsenoside Rg1, also protected keratinocytes from radiation-induced apoptosis by maintaining
a constant level of Bcl-2 and Brn-3a expression in UVB-irradiated HaCaT cells [21].

Figure 1. Potential molecular targets of ginseng in hair growth and loss. Ginseng exhibits therapeutic
potential for hair growth and preventing hair loss by preventing the apoptosis of dermal follicle
papilla cells. Ginseng components: RGE (red ginseng extract), RGO (red ginseng oil), ginsenoside
Rd, Rb1, Rh2, Rg1, Rg3. antiandrogenic: DHT (dihydrotestosterone), 5-aR (5α-reductase). Apoptosis
inhibition: TGF-β (transforming growth factor beta), Smads (homologues of the Drosophila protein,
mothers against decapentaplegic (Mad) and the Caenorhabditis elegan sprotein Sma). Proliferation
activation: WNT (wingless-type MMTV integration site family member), Shh (Sonic hedgehog),
Gli (glioma-associated oncogene homolog), VEGF (vascular endothelial growth factor), EGF (epidermal
growth factor), AKT/PKB (protein kinase B), ERK (extracellular-signal-regulated kinases).

2.2. Antiaging Effects of Ginsenosides

Several studies have reported on the antiaging effects of various ginsenosides [22,23]. As a general
outcome of antiaging effects, ginseng extract and ginsenosides maintain skin structural integrity and
regulate hair-growth promotion. For instance, incubation of cultured human dermal fibroblasts with
Panax ginseng for three days significantly increased cell proliferation and collagen synthesis [24].
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The antiaging effects of P. ginseng root extract were attributed to the induction of type-1 pro-collagen
via phosphorylation of Smad2 and activation of human collagen-A2 promoter in human dermal
fibroblast. According to this study, P. ginseng root extract did not exhibit any sensitivity reaction to
human skin [25]. Another marker of the aging process is wrinkle formation, which is often associated
with a reduced level of hyaluronan in the dermis. Topical application of a major ginseng metabolite
(compound K) on mouse skin elevated the expression of hyaluronan synthase-2, an enzyme that
catalyzes the synthesis of hyaluronan, through Src kinase-dependent activation of ERK and AKT/PKB
kinases in the dermis and papillary dermis of mice [26,27]. These antiaging effects result in improved
skin health, thereby ensuring hair-follicle health and a regular hair cycle.

2.3. Modulation of TGF-β Signaling

The role of TGF-β in hair loss has been documented through the study revealing that
treatment with a TGF-β antagonist can promote hair growth via preventing catagen progression [28].
Since TGF-β1 induces catagen in hair follicles and acts as a pathogenic mediator of androgenic
alopecia [28], red ginseng extract can delay the catagen phase and holds the potential to promote hair
growth. Administration of red ginseng extract at a dose of 20 or 60 mg/kg twice daily by gavage
decreased TGF-β1 levels in UVB-irradiated mouse skin [29]. Likewise, topical administration of
ginsenoside Re on to the back skin of nude mice for up to 45 days significantly increased hair-shaft
length and hair existent time, and stimulated hair-shaft elongation in the ex vivo cultures of hair
follicles isolated from C57BL/6 mouse. The hair-growth-promoting effects of ginsenoside Re were
associated with the downregulation of TGF-β-pathway-related genes, which are involved in the
control of hair-growth phase-transition-related signaling pathways [30]. It has been reported that
brain-derived neurotrophic factor (BDNF) enhances transition from the anagen to the catagen phase
through the activation of TGF-β [31]. Protopanaxatriol-type gisenoside Re promotes hair growth
through the inhibition of TGF-β signaling pathways [30]. TGF-β-induced hair loss is associated with
the hyperactivation of the c-Jun-N-terminal kinase (JNK) pathway [32]. The inhibition of JNK by
Korean red ginseng has been attributed to the protective effects of ginseng on radiation-induced
apoptosis of HaCaT cells [33].

Moreover, hair-follicle regression is partly regulated by the p75 neurotrophin receptor (p75NTR),
which is a classical BDNF [34]. Since neurotrophins elicit their effects by interacting with high-affinity
neurotrophin receptors, it would be a rational approach to develop neurotrophin-receptor antagonists
as potential therapy for the treatment of hair loss, particularly androgenetic alopecia. A recent study has
demonstrated that P. ginseng hexane extracts, which largely contain polyacetylenes, strongly inhibited
β-nerve growth factor (β-NGF) interaction with p75NTR. Thus P. ginseng-derived polyacetylenes
would be a potential therapeutic choice for the treatment of hair-growth disorders [35].

2.4. Inhibition of 5α-Reductase Enzyme

Progressive hair loss, also known as alopecia, occurs due to alternations in cell-signaling pathways
in hair follicular cells resulting in the induction of apoptosis, changes in usual pattern of hair cycling and
thinning, or fracture of the hair shaft. One of the major triggers for hair loss is the exposure to androgens,
which in most cases are genetically predetermined among the individuals who have androgenic
alopecia. The androgen that mainly plays a role in altering hair cycling is 5α-dihydrotestosterone
(DHT), which is a metabolite of testosterone. The conversion of testosterone to DHT is mediated
by the 5α-reductase (5αR) enzyme in each follicle [27]. Treatment with 5α-reductase inhibitors,
e.g., finasteride, prevents the development of alopecia and increases scalp-hair growth. In several
in vivo experiments, topical application of ginseng extract or ginsenosides was reported to enhance
hair growth. Rhizomes of P. ginseng (red ginseng) containing a considerable amount of ginsenoside
Ro inhibited the activity of 5α-reductase. Ginsenoside Rg3 and Rd also exhibited similar inhibitory
effects on this enzyme [36]. The inhibition of 5αR enzyme activity was more pronounced with
extracts of red-ginseng rhizomes as compared to that of ginseng main-root extract. Ginsenosides Ro
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derived from rhizome extract and ginsenoside Rg3 obtained from main-root extract attenuated the
5αR enzyme activity with IC50 values of 259.4 and 86.1μm, respectively. Another variety of ginseng,
the Parribacus japonicas rhizome extract that contains a larger quantity of ginsenoside Ro also inhibited
5αR enzyme activity. Topical administration of red-ginseng rhizome extracts (2 mg/mouse) and
ginsenoside Ro (0.2 mg/mouse) onto shaved skin of C57BL/6 mice abrogated testosterone-mediated
suppression of hair regrowth [36].

2.5. Modulation of Wnt/Dickkopf Homologue 1 (DKK1) Signaling

Wingless-type integration-site (WNT) signaling plays a key role in hair-follicle development.
The blockade of Wnt signaling by overexpression of the WNT inhibitor, DKK1, prevents hair-follicle
formation in mice [37]. β-catenin signaling is essential for epithelial stem-cell fate since keratinocytes
adopt an epidermal fate in the absence of β-catenin [38]. Treatment with ginsenoside F2 resulted in
a 30% increase in the proliferation of HHDPC and HaCaT cells as compared to that of finasteride.
Ginsenoside F2 increased the expression of β-catenin and its transcriptional coactivator Lef-1, while it
decreased the expression of DKK-1 in HHDPC as well as in the skin of C57BL/6. Administration of
ginsenoside F2 promoted hair growth as compared to finasteride, as revealed by an increase in the
number of hair follicles, thickness of the epidermis, and follicles of the anagen phase, suggesting that
F2 induces the anagen phase and stimulates hair growth through the modulation of the Wnt signal
pathway [39]. In another study by Matsuda et al., the hair growth-stimulating activity of the methanol
extract of red ginseng in an organ culture of mouse vibrissal follicles was attributable to ginsenosides
Rg3 and Rb1 [40]. Treatment of cultured outer root sheath (ORS) keratinocytes with P. ginseng extract
in the presence or absence of DKK-1 has revealed that P. ginseng-extract treatment increased the
Bcl-2 to Bax ratio, and the anagen to catagen ratio, and reversed DKK-1-mediated suppression of the
Bcl-2/Bax ratio. P. ginseng extract antagonizes DKK-1-induced catagen-like changes, in part, through
the regulation of apoptosis-related gene expression in hair follicles [41].

2.6. Modulation of Sonic Hedgehog (Shh) Signaling

Shh/Gli (glioma-associated oncogene homolog) regulates hair-follicle development during
embryonic life and influences the cycling and growth of hair follicles in adults by promoting
telogen-to-anagen transition of follicular cells and epidermal growth [42–44]. Mice harboring the
mutant form of Shh have small dermal papillae characterized by the presence of abnormal hair
follicular cells that are incapable of maintaining normal hair morphogenesis [44]. Attenuation of
Shh activity by a monoclonal antibody targeting Shh diminished hair growth in mice, indicating the
importance of Shh signaling in hair-growth promotion [45]. Treatment with red-ginseng oil reversed
testosterone-induced suppression of hair regeneration in C57BL/6 mice by increasing the expression
of Shh/Gli pathway-related proteins, including Shh, Smoothened (Smo), and Gli1. Additionally,
two major compounds in red-ginseng oil, linoleic acid and β-sitosterol, were also found to activate
the Shh/Gli signaling pathway in testosterone-treated mice. Topical application of bicycle (10.1.0)
tridec-1-ene was unlikely to significantly accelerate protein levels of Shh and Gli1, but likely to increase
Smo expression [46].

2.7. Modulation of JAK2-STAT3 Signaling

Cytokines, such as interleukins (ILs) and interferons (IFN), are inflammatory-signaling molecules
that, upon overexpression and/or secretion, cause skin inflammation. Hair follicles are usually
immune-tolerated areas, where natural killer (NK) cells remain suppressed [47]. Such immune
activation is supported by the presence of CD8+ T cells and NKG2D+ cells around the peribulbar area
of the affected hair follicles [48] and upregulation of several ILs, such as IL-2, IL-7, IL-15, and IL-21,
and IFN-γ [49]. Loss of immune tolerance or immune activation, due to the upregulation of major
histocompatibility complex (MHC class I) or UL16-binding protein 3 (ULBP3) molecules, leads to
the activation of a cytotoxic cluster of differentiation 8-positive (CD8+) and NK group 2D-positive
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(NKG2D+) T cells to the hair follicles [50,51], thereby leading to hair-follicle dystrophy and acceleration
of the catagen phase [52]. Since JAK/Signal transducer and activator of transcription-3 (STAT3)
pathway plays a critical role in mediating the activation of CD8+ NKG2D+ T cells, the inhibition
of JAK appears as a plausible target for developing a therapy for hair loss [49]. In fact, a number
of JAK inhibitors, such as tofacitinib and roxulitinib, are in the progress of developing a therapy
for alopecia [53]. Ginsenoside Rk1 inhibited the lipopolysaccharide- stimulated phosphorylation of
JAK2 and STAT3 in murine macrophage cells [54]. It would be interesting to investigate whether
ginsenoside Rk1 or other ginsenosides can target JAK2 signaling in dermal papilla and diminish
activation of NKG2D+ T cells. Moreover, the pathogenesis of alopecia areata is believed to involve
inflammatory cytokines IL-17A and monoclonal antibodies against IL-17A secukinumab-caused
hair regrowth in human volunteers [55]. Treatment of Th17 cells with Panax notoginseng saponins
diminished the proliferation and differentiation of Th17 cells and decreased IL-17 expression [56].
Topical application of ginsenoside F2 also ameliorated phorbol ester-induced dermal inflammation by
inhibiting the production of IL-17 and ROS in γδT cells and neutrophils, respectively, in mouse-ear
skin [57]. These findings suggest that ginsenosides may enhance hair growth in alopecia areata by
regulating IL-17 secretion.

2.8. Activation of Dermal Papillary Cell Proliferation

Various intracellular signaling molecules, including kinases and growth factors, play a critical
role in stimulating hair growth by promoting dermal papillary-cell proliferation. VEGF, which is
released from the epithelium, is a signaling protein that increases the vascular network surrounding
the hair follicle [58]. Ginsenoside Rg3 promotes hair growth by upregulating VEGF expression [36].
Shin et al. also demonstrated that Rg3 increased the proliferation of human dermal papillary cells,
which was associated with elevating the mRNA level of VEGF. In mouse-hair follicles in vivo, Rg3 not
only increased the expression of VEGF but also stimulated stem cells by upregulating factor-activating
CD34, and promoted hair growth even more than minoxidil [39].

Signaling pathway ERK, usually activated by mitogens, plays an important role in the proliferation
of human hair-follicle dermal papillary cells (HHDPCs) [59]. Both red-ginseng extract (RGE) and
ginsenoside-Rb1 activated the ERK signaling pathway. Thus, the proliferation of HHDPCs by red
ginseng may be mediated by the ERK signaling pathways [12]. Another intercellular kinase, AKT/PKB,
transmits critical signals for cell survival, and also regulates the survival of dermal papillary cells
(DPCs) as an antiapoptotic molecule [60]. Therefore, the activation of AKT/PKB by red-ginseng extract
and ginsenoside-Rb1 may prolong the survival of HHDPCs [12].

The Bcl-2 family proteins consists of more than a dozen members, which are either antiapoptotic
or proapoptotic in nature [61]. During the hair cycle, the DPC is the only region where Bcl-2 is
expressed consistently and is considered to resist apoptosis [62]. Fructus panax ginseng extract increases
the expression of Bcl-2 but decreases Bax expression, a proapoptotic species, in cultured DPCs [63].

3. Evidence from In Vivo Animal Studies

Ginsenosides Rb1 and Rd from P. ginseng also exert a stimulating effect on hair follicles, and thus,
appear as potential therapeutic agents. One suggested mechanism for this effect of ginsenosides Rb1
and Rd is the induction of p63 [64]. Topical application of P. ginseng extract (2.5%) failed to stimulate
hair growth as compared to minoxidil in athymic nude mice [8]. The lack of the hair growth-promoting
effect of ginseng in this study compared to other herbal products exhibiting hair growth may not be
appropriately judged, as the nude mice are basically hairless or have limited fine hairs with poorly
defined hair cycles. However, application of P. ginseng extract by intraperitoneal or per oral prior
to gamma irradiation to adult N:GP mice diminished apoptosis and promoted hair medullary-cell
repair [65]. In another study, C57BL/6 mice were subjected to treatment with ginsenoside F2 or
finasteride. As compared to the finasteride-treated group, the ginsenoside F2-treated group showed
20% higher hair-growth rates as evidenced by increased number of hair follicles, epidermal thickness,
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and proportion of follicles in the anagen phase. This hair-growth promoting effect of ginsenoside F2
was mediated, at least in part, through the activation of the Wnt-β-catenin pathway via blockade of
Dkk [39]. Truong and colleagues [46] also reported that hair-regenerative capacity was significantly
restored by treatment of red-ginseng oil and its major compounds in testosterone-treated mice.

4. Human Clinical Studies

Although individual ginsenosides are yet to be investigated for hair-growth promotion in human
clinical trials, there have been few interesting human studies documenting the potential of Korean red
ginseng in hair-growth promotion. Oh et al. studied hair-growth efficacy and safety of Korean red
ginseng (KRG) in alopecia areata (AA), a model of androgenic alopecia, in human subjects. According
to this study, human volunteers were treated with corticosteroid intralesional injection (ILI) with
or without treatment with KRG. Hair growth in both the ILI-alone and ILI-plus-KRG patient group
was monitored using Folliscope 2.5 for 12 weeks. Average hair density and hair thickness were
significantly increased upon addition of KRG with ILI, suggesting that KRG may be considered as
a useful complimentary food for gaining efficacy in the treatment for AA [66]. Kim et al. reported
the effectiveness of Korean red ginseng in increasing the thickness and density of hair in human
volunteers [11]. Moreover, combination treatment with topical minoxidil and oral KRG is more
effective than topical minoxidil treatment alone for promoting hair growth. Therefore, KRG is expected
to be a helpful supplement in the treatment of hair loss [67]. Keum et al. examined the potential
of KRG in preventing premature hair-follicle dystrophy using a human hair-follicle organ-culture
model. According to this study, human occipital scalp-skin specimens were obtained from patients
undergoing hair-transplantation surgery, and follicular keratinocytes cells (FKC) were cultured in vitro.
Treatment of FKCs with 4-hydroxycyclophosphamide (4-HC), a metabolite of chemotherapeutic
agent cyclophosphamide, attenuated human hair growth, induced premature catagen development,
diminished proliferation, and stimulated apoptosis of hair matrix keratinocytes. Pretreatment with
KRG protected against 4-HC-induced hair-growth inhibition and premature catagen development
partly by blocking 4-HC-induced p53 and Bax/Bcl2 expression [13].

5. Conclusions

The use of plant products in therapy has long been practiced and has appeared to be generally safe.
Ginseng is a multipurpose natural medicine with a long history of medical application throughout
the world, particularly in Eastern countries. The medical use of ginseng is not only restricted to the
improvement of general wellness, but also extended to the treatment of organ-specific pathological
conditions. In the field of dermatology, ginseng and ginsenosides have been shown to regulate the
expression and activity of major proteins involved in hair-cycling phases. The promotion of hair
growth and prevention of hair loss by ginseng and its metabolites are associated with the induction
of anagen and delaying of catagen phases. Although the underlying mechanisms by which ginseng
and its metabolites regulate hair cycling have been explored to a limited extent, further studies,
especially focusing on extended human trials, are required to establish this natural remedy for hair
loss. Alopecia, originating from a variety of causes, including hyperactivation of androgenic signals,
exposure to chemotherapeutics, aging, or skin photodamage, is considered as a skin pathology and has
great psychosocial impact. Thus, it would be a plausible approach to develop hair growth-stimulating
formulations, either as FDA-approved therapeutics or as cosmeceuticals, by using the index component
of red ginseng (Table 1).

349



Int. J. Mol. Sci. 2018, 19, 2703

T
a

b
le

1
.

M
ol

ec
ul

ar
m

ec
ha

ni
sm

s
un

de
rl

yi
ng

ha
ir

-p
ro

lif
er

at
iv

e
an

d
an

ti
ap

op
to

si
s-

in
du

ci
ng

ac
ti

vi
ty

of
gi

ns
en

g.

T
y

p
e

S
tu

d
y

M
o

d
e

l
D

o
sa

g
e

A
ct

io
n

M
e

ch
a

n
is

m
T

a
rg

e
t

R
e

fe
re

n
ce

Fr
uc

tu
s

pa
na

x
H

um
an

ha
ir

de
rm

al
pa

pi
lla

ce
lls

0.
8,

4,
20

,1
00

,5
00

μ
g/

m
L

FP
G

el
ic

it
ed

th
e

pr
ol

if
er

at
io

n
of

D
PC

by
th

e
up

re
gu

la
ti

on
of

an
ti

ap
op

to
ti

c
Bc

l-
2

ac
co

m
pa

ni
ed

by
th

e
in

hi
bi

ti
on

of
ap

op
to

ti
c

Ba
x

ex
pr

es
si

on
A

po
pt

os
is

[4
]

gi
ns

en
g

ex
tr

ac
t(

FP
G

)(
95

%
Et

O
H

)
M

al
e

si
x-

w
ee

k-
ol

d
C

57
BL

/6
m

ic
e

1
m

g/
m

L

G
in

se
no

si
de

R
e

M
al

e
si

x-
w

ee
k-

ol
d

C
57

BL
/6

m
ic

e
1

or
5

m
g/

d
G

in
se

no
si

de
R

e
is

th
e

ef
fe

ct
iv

e
co

ns
ti

tu
en

ti
n

Pa
na

x
gi

ns
en

g
th

at
pr

om
ot

es
ha

ir
gr

ow
th

th
ro

ug
h

in
hi

bi
ti

on
of

tr
an

si
ti

on
re

la
te

d
TG

F-
β

si
gn

al
in

g
pa

th
w

ay
s.

TG
F

[5
]

C
ul

tu
re

d
C

57
BL

/6
m

ou
se

H
Fs

10
or

50
m

g/
L

H
eL

a
ce

lls
10

m
g/

L

Po
ly

ac
et

yl
en

es
is

ol
at

ed
fr

om
P.

gi
ns

en
g

N
eu

ro
tr

op
hi

n
re

ce
pt

or
-b

in
di

ng
in

hi
bi

ti
on

as
sa

y
sa

m
pl

e
so

lu
ti

on
(1

0,
30

,a
nd

10
0

μ
M

)
In

hi
bi

ts
BD

N
F-

Tr
kB

bi
nd

in
g.

G
ro

w
th

[6
]

G
in

se
no

si
de

F2

H
um

an
ha

ir
de

rm
al

pa
pi

lla
ce

lls
0.

01
,0

.1
,1

,a
nd

10
μ

M
(1

)S
ti

m
ul

at
es

pr
ol

if
er

at
io

n
of

H
H

D
PC

an
d

H
aC

aT
;

(2
)i

nc
re

as
es

β
-c

at
en

in
an

d
Le

f-
1

ex
pr

es
si

on
an

d
de

cr
ea

se
s

D
K

K
-1

ex
pr

es
si

on
in

H
H

D
PC

;(
3)

ha
ir

an
ag

en
in

du
ct

io
n

an
d

ac
ce

le
ra

ti
on

of
ha

ir
gr

ow
th

in
m

ou
se

m
od

el
;(

4)
in

cr
ea

se
s
β

-c
at

en
in

ex
pr

es
si

on
an

d
de

cr
ea

se
s

D
K

K
-1

ex
pr

es
si

on
in

m
ou

se
ti

ss
ue

.

W
N

T
[7

]
H

um
an

ke
ra

ti
no

cy
te

(H
aC

aT
)c

el
ls

M
al

e
si

x-
w

ee
k-

ol
d

C
57

BL
/6

m
ic

e
0.

5
an

d
2.

5
m

g/
kg

R
oo

to
fP

G
ex

tr
ac

t(
70

%
Et

O
H

)

H
um

an
O

R
S

ke
ra

ti
no

cy
te

s
20

pp
m

PG
ex

tr
ac

tm
ay

en
ha

nc
e

O
R

S
an

d
hD

PC
st

im
ul

at
io

n
of

ha
ir

fo
lli

cl
e

gr
ow

th
de

sp
ite

th
e

pr
es

en
ce

of
D

K
K

-1
,

a
st

ro
ng

ca
ta

ge
n

in
du

ce
r

W
N

T
[2

9]
A

na
ge

n
H

Fs
fr

om
hu

m
an

sc
al

p-
sk

in
sp

ec
im

en
s

K
or

ea
n

R
ed

G
in

se
ng

(K
R

G
)

H
um

an
(p

at
ie

nt
s

di
ag

no
se

d
w

it
h

A
A

)
Tr

ea
te

d
w

it
h

co
rt

ic
os

te
ro

id
IL

I
w

hi
le

ta
ki

ng
K

R
G

K
R

G
ca

n
re

su
lt

in
im

pr
ov

ed
ha

ir
re

gr
ow

th
in

A
A

pa
ti

en
ts

.
[2

0]

K
R

G
ex

tr
ac

t

Fo
lli

cu
la

r
ke

ra
ti

no
cy

te
s

(F
K

C
s)

0~
10

00
μ

g/
m

L
K

R
G

m
ay

pr
ot

ec
ta

ga
in

st
4-

H
C

-i
nd

uc
ed

pr
em

at
ur

e
dy

st
ro

ph
y

as
it

oc
cu

rs
in

C
IA

in
vi

vo
.P

os
si

bl
e

m
ec

ha
ni

sm
s

in
cl

ud
e

th
e

st
im

ul
at

io
n

of
ha

ir
m

at
ri

x
ke

ra
ti

no
cy

te
pr

ol
if

er
at

io
n

an
d

in
hi

bi
ti

on
of

ha
ir

m
at

ri
x

ke
ra

ti
no

cy
te

ap
op

to
si

s,
w

hi
ch

ar
e

po
ss

ib
ly

m
ed

ia
te

d
th

ro
ug

h
m

od
ul

at
io

n
of

p5
3

an
d

Ba
x/

Bc
l-

2
ex

pr
es

si
on

.

A
po

to
si

s
[2

1]

H
um

an
an

ag
en

ha
ir

fo
lli

cl
es

50
0
μ

g/
m

L

350



Int. J. Mol. Sci. 2018, 19, 2703

T
a

b
le

1
.

C
on

t.

T
y

p
e

S
tu

d
y

M
o

d
e
l

D
o

sa
g

e
A

ct
io

n
M

e
ch

a
n

is
m

T
a
rg

e
t

R
e
fe

re
n

ce

R
ed

gi
ns

en
g

ex
tr

ac
t(

R
G

E)
Si

x-
w

ee
k-

ol
d

fe
m

al
e

C
57

BL
/6

m
ic

e
3%

R
G

E
an

d
it

s
gi

ns
en

os
id

es
m

ay
en

ha
nc

e
hD

PC
pr

ol
if

er
at

io
n,

ac
ti

va
te

th
e

ER
K

an
d

A
K

T
/P

K
B

si
gn

al
in

g
pa

th
w

ay
s

in
hD

PC
s,

up
re

gu
la

te
ha

ir
m

at
ri

x
ke

ra
ti

no
cy

te
pr

ol
if

er
at

io
n,

an
d

in
hi

bi
t

D
H

T-
in

du
ce

d
an

dr
og

en
re

ce
pt

or
tr

an
sc

ri
pt

io
n.

G
ro

w
th

5a
R

[1
6]

R
G

E,
in

se
no

si
de

-R
b1

H
um

an
ha

ir
fo

lli
cl

es
10

0
μ

g/
m

L

R
ed

gi
ns

en
g

oi
l(

R
G

O
)

C
57

BL
/6

m
ic

e
R

G
O

10
%

U
pr

eg
ul

at
es

W
nt

/-
ca

te
ni

n
an

d
Sh

h/
G

li
pa

th
w

ay
s-

m
ed

ia
te

d
ex

pr
es

si
on

of
ge

ne
s

su
ch

as
β

-c
at

en
in

,L
ef

-1
,S

on
ic

he
dg

eh
og

,S
m

oo
th

en
ed

,G
li-

1,
C

yc
lin

D
1,

an
d

C
yc

lin
E

in
TE

S-
tr

ea
te

d
m

ic
e.

R
G

O
an

d
its

m
aj

or
co

m
po

ne
nt

s
re

du
ce

th
e

pr
ot

ei
n

le
ve

lo
f

TG
F-
β

bu
te

nh
an

ce
th

e
ex

pr
es

si
on

of
an

ti
ap

op
to

ti
c

pr
ot

ei
n

Bc
l-

2.

W
N

T
Sh

h
G

ro
w

th
TG

F
A

po
pt

os
is

[2
5]

K
R

G
H

um
an

(p
at

ie
nt

s
w

it
h

fe
m

al
e

pa
tt

er
n

ha
ir

lo
ss

)
O

ra
l

Pa
tie

nt
s

ab
ou

tt
he

si
ze

of
th

e
ve

rt
ex

sp
ot

,h
ai

r
lo

ss
on

th
e

to
p

of
sc

al
p,

bi
te

m
po

ra
lr

ec
es

si
on

,h
ai

r
sh

ed
di

ng
,

ha
ir

qu
al

it
y,

an
d

ov
er

al
ls

at
is

fa
ct

io
n;

gr
ou

p
2

w
as

m
or

e
sa

ti
sfi

ed
at

24
w

ee
ks

.

[6
8]

G
in

se
no

si
de

R
g3

H
um

an
D

P
ce

lls
1,

5,
10

μ
M

D
os

e-
de

pe
nd

en
ti

nc
re

as
es

in
V

EG
F,

C
D

8,
C

D
34

R
g3

m
ig

ht
in

cr
ea

se
ha

ir
gr

ow
th

th
ro

ug
h

st
im

ul
at

io
n

of
ha

ir
-f

ol
lic

le
st

em
ce

lls

G
ro

w
th

[6
9]

Fe
m

al
e

C
57

BL
/6

m
ic

e
10

00
μ

M

R
ed

gi
ns

en
g

(R
G

E)
B6

C
3F

1
m

ic
e

20
,5

0
μ

g/
m

L
H

ai
r

gr
ow

th
-p

ro
m

ot
in

g
as

sa
y

us
in

g
m

ou
se

vi
br

is
sa

l
fo

lli
cl

es
in

or
ga

n
cu

lt
ur

e
G

ro
w

th
[2

6]
W

hi
te

gi
ns

en
g

(W
G

E)
G

in
se

no
si

de
-R

b1
(G

-R
b1

),
R

g1
(G

-R
g1

),
-R

o
(G

-R
o)

M
ou

se
vi

br
is

sa
lh

ai
r

fo
lli

cl
es

10
μ

g/
m

L

G
in

se
ng

rh
iz

om
e

G
in

se
no

si
de

R
o

C
57

BL
/6

m
ic

e
ex

tr
ac

ts
of

re
d

gi
ns

en
g

rh
iz

om
es

(2
m

g/
m

ou
se

)a
nd

gi
ns

en
os

id
e

R
o

(0
.2

m
g/

m
ou

se
)

In
hi

bi
to

ry
ac

ti
vi

ty
ag

ai
ns

t5
α

R
in

th
e

an
dr

og
en

et
ic

al
op

ec
ia

m
od

el
.

5a
R

[2
7]

G
in

se
no

si
de

s
R

b1
,

R
e,

an
d

R
g1

C
ul

tu
re

d
hH

Fs
2,

5,
an

d
10

m
g/

m
L

PG
ex

tr
ac

ts
an

d
1

m
M

of
th

e
gi

ns
en

os
id

es
R

b1
,R

e
an

d
R

g1

PG
ex

tr
ac

tu
si

ng
hH

F
or

ga
n

cu
lt

ur
e,

an
d

pr
om

ot
in

g
ha

ir
gr

ow
th

th
ro

ug
h

si
m

ila
r

m
ec

ha
ni

sm
s

to
th

os
e

of
m

in
ox

id
il.

5a
R

[3
6]

351



Int. J. Mol. Sci. 2018, 19, 2703

Funding: This research received no external funding.

Acknowledgments: I wish to thank Joydeb Kumar Kundu for his helpful comments on the manuscript.

Conflicts of Interest: The author declares no conflict of interest.

References

1. Dong Hyun, K. Review: Herbal medicines are activated by intestinal microflora. Nat. Prod. Sci. 2002, 8,
35–43.

2. Tawab, M.A.; Bahr, U.; Karas, M.; Wurglics, M.; Schubert-Zsilavecz, M. Degradation of ginsenosides in
humans after oral administration. Drug Metab. Dispos. 2003, 31, 1065–1071. [CrossRef] [PubMed]

3. Rees, J.L. The genetics of sun sensitivity in humans. Am. J. Hum. Genet. 2004, 75, 739–751. [CrossRef]
[PubMed]

4. Oh, S.J.; Kim, K.; Lim, C.J. Suppressive properties of ginsenoside Rb2, a protopanaxadiol-type ginseng
saponin, on reactive oxygen species and matrix metalloproteinase-2 in UV-B-irradiated human dermal
keratinocytes. Biosci. Biotechnol. Biochem. 2015, 79, 1075–1081. [CrossRef] [PubMed]

5. Oh, S.J.; Lee, S.; Kho, Y.E.; Kim, K.; Jin, C.D.; Lim, C.J. Stereoselective suppressive effects of protopanaxadiol
epimers on uv-b-induced reactive oxygen species and matrix metalloproteinase-2 in human dermal
keratinocytes. Can. J. Physiol. Pharmacol. 2015, 93, 91–95. [CrossRef] [PubMed]

6. Lim, C.J.; Choi, W.Y.; Jung, H.J. Stereoselective skin anti-photoaging properties of ginsenoside Rg3 in
UV-B-irradiated keratinocytes. Biol. Pharm. Bull. 2014, 37, 1583–1590. [CrossRef] [PubMed]

7. Oh, S.J.; Lee, S.; Choi, W.Y.; Lim, C.J. Skin anti-photoaging properties of ginsenoside Rh2 epimers in
UV-B-irradiated human keratinocyte cells. J. Biosci. 2014, 39, 673–682. [CrossRef] [PubMed]

8. Begum, S.; Lee, M.R.; Gu, L.J.; Hossain, M.J.; Kim, H.K.; Sung, C.K. Comparative hair restorer efficacy of
medicinal herb on nude (foxn1nu) mice. Biomed Res. Int. 2014, 2014, 319795. [CrossRef] [PubMed]

9. Gottumukkala, V.R.; Annamalai, T.; Mukhopadhyay, T. Phytochemical investigation and hair growth studies
on the rhizomes of nardostachys jatamansi dc. Pharmacogn. Mag. 2011, 7, 146–150. [CrossRef] [PubMed]

10. Tanaka, S.; Saito, M.; Tabata, M. Bioassay of crude drugs for hair growth promoting activity in mice by a new
simple method. Planta Med. 1980, 40, 84–90. [CrossRef] [PubMed]

11. Jae Hwan, K.; Sang Min, Y.; Jae Eun, C.; Sang Wook, S. Study of the efficacy of Korean red ginseng in the
treatment of androgenic alopecia. J. Ginseng Res. 2009, 33, 223–228.

12. Park, G.H.; Park, K.Y.; Cho, H.I.; Lee, S.M.; Han, J.S.; Won, C.H.; Chang, S.E.; Lee, M.W.; Choi, J.H.;
Moon, K.C.; et al. Red ginseng extract promotes the hair growth in cultured human hair follicles. J. Med. Food
2015, 18, 354–362. [CrossRef] [PubMed]

13. Keum, D.I.; Pi, L.Q.; Hwang, S.T.; Lee, W.S. Protective effect of korean red ginseng against chemotherapeutic
drug-induced premature catagen development assessed with human hair follicle organ culture model.
J. Ginseng Res. 2016, 40, 169–175. [CrossRef] [PubMed]

14. Inui, S.; Itami, S. Androgen actions on the human hair follicle: Perspectives. Exp. Dermatol. 2013, 22, 168–171.
[CrossRef] [PubMed]

15. Traish, A.M. Negative impact of testosterone deficiency and 5α-reductase inhibitors therapy on metabolic
and sexual function in men. Adv. Exp. Med. Biol. 2017, 1043, 473–526. [PubMed]

16. Rattan, S.I.; Kryzch, V.; Schnebert, S.; Perrier, E.; Nizard, C. Hormesis-based anti-aging products: A case
study of a novel cosmetic. Dose Response 2013, 11, 99–108. [CrossRef] [PubMed]

17. Cha, H.J.; Kim, O.Y.; Lee, G.T.; Lee, K.S.; Lee, J.H.; Park, I.C.; Lee, S.J.; Kim, Y.R.; Ahn, K.J.;
An, I.S.; et al. Identification of ultraviolet b radiationinduced micrornas in normal human dermal papilla
cells. Mol. Med. Rep. 2014, 10, 1663–1670. [CrossRef] [PubMed]

18. Chen, W.X.; Qin, Z.H.; Zeng, D.; Han, Z.Z.; Zhan, R.T.; Tan, Y.; Chen, W.W. Comparative study on
effects of anti-contusion injury, analgesia and anti-inflammation of root and stem of zanthoxylum nitidum.
Zhong Yao Cai 2015, 38, 2358–2363. [PubMed]

19. Hou, C.; Miao, Y.; Wang, J.; Wang, X.; Chen, C.Y.; Hu, Z.Q. Collagenase iv plays an important role in
regulating hair cycle by inducing VEGF, IGF-1, and TGF-β expression. Drug Des. Dev. Ther. 2015, 9,
5373–5383. [CrossRef] [PubMed]

20. Kim, Y.G.; Sumiyoshi, M.; Sakanaka, M.; Kimura, Y. Effects of ginseng saponins isolated from red ginseng on
ultraviolet B-induced skin aging in hairless mice. Eur. J. Pharmacol. 2009, 602, 148–156. [CrossRef] [PubMed]

352



Int. J. Mol. Sci. 2018, 19, 2703

21. Lee, E.H.; Cho, S.Y.; Kim, S.J.; Shin, E.S.; Chang, H.K.; Kim, D.H.; Yeom, M.H.; Woe, K.S.; Lee, J.;
Sim, Y.C.; et al. Ginsenoside F1 protects human hacat keratinocytes from ultraviolet-B-induced apoptosis by
maintaining constant levels of Bcl-2. J. Investig. Dermatol. 2003, 121, 607–613. [CrossRef] [PubMed]

22. Pham, Q.L.; Jang, H.J.; Kim, K.B. Antiwrinkle effect of fermented black ginseng on human fibroblasts. Int. J.
Mol. Med. 2017, 39, 681–686. [CrossRef] [PubMed]

23. Hwang, E.; Park, S.Y.; Yin, C.S.; Kim, H.T.; Kim, Y.M.; Yi, T.H. Antiaging effects of the mixture of panax
ginseng and crataegus pinnatifida in human dermal fibroblasts and healthy human skin. J. Ginseng Res. 2017,
41, 69–77. [CrossRef] [PubMed]

24. Lee, G.Y.; Park, K.G.; Namgoong, S.; Han, S.K.; Jeong, S.H.; Dhong, E.S.; Kim, W.K. Effects of panax ginseng
extract on human dermal fibroblast proliferation and collagen synthesis. Int. Wound J. 2016, 13, 42–46.
[CrossRef] [PubMed]

25. Lee, J.; Jung, E.; Lee, J.; Huh, S.; Kim, J.; Park, M.; So, J.; Ham, Y.; Jung, K.; Hyun, C.G.; et al. Panax ginseng
induces human Type I collagen synthesis through activation of smad signaling. J. Ethnopharmacol. 2007, 109,
29–34. [CrossRef] [PubMed]

26. Li, X.; Lin, Z.; Huang, Y.; Deng, Q.; Xu, H. Study on antiradiation effect of panaxatriol. Zhong Yao Cai 2002,
25, 805–808. [PubMed]

27. Kaufman, K.D.; Olsen, E.A.; Whiting, D.; Savin, R.; DeVillez, R.; Bergfeld, W.; Price, V.H.; Van Neste, D.;
Roberts, J.L.; Hordinsky, M.; et al. Finasteride in the treatment of men with androgenetic alopecia. Finasteride
male pattern hair loss study group. J. Am. Acad. Dermatol. 1998, 39, 578–589. [CrossRef]

28. Foitzik, K.; Lindner, G.; Mueller-Roever, S.; Maurer, M.; Botchkareva, N.; Botchkarev, V.; Handjiski, B.;
Metz, M.; Hibino, T.; Soma, T.; et al. Control of murine hair follicle regression (catagen) by TGF-β1 in vivo.
FASEB J. 2000, 14, 752–760. [CrossRef] [PubMed]

29. Kim, Y.G.; Sumiyoshi, M.; Kawahira, K.; Sakanaka, M.; Kimura, Y. Effects of red ginseng extract on ultraviolet
b-irradiated skin change in C57BL mice. Phytother. Res. 2008, 22, 1423–1427. [CrossRef] [PubMed]

30. Li, Z.; Ryu, S.W.; Lee, J.; Choi, K.; Kim, S.; Choi, C. Protopanaxatirol type ginsenoside re promotes cyclic
growth of hair follicles via inhibiting transforming growth factor β signaling cascades. Biochem. Biophys.
Res. Commun. 2016, 470, 924–929. [CrossRef] [PubMed]

31. Peters, E.M.; Hansen, M.G.; Overall, R.W.; Nakamura, M.; Pertile, P.; Klapp, B.F.; Arck, P.C.; Paus, R. Control
of human hair growth by neurotrophins: Brain-derived neurotrophic factor inhibits hair shaft elongation,
induces catagen, and stimulates follicular transforming growth factor β2 expression. J. Investig. Dermatol.
2005, 124, 675–685. [CrossRef] [PubMed]

32. Hibino, T.; Nishiyama, T. Role of tgf-β2 in the human hair cycle. J. Dermatol. Sci. 2004, 35, 9–18. [CrossRef]
[PubMed]

33. Chang, J.W.; Park, K.H.; Hwang, H.S.; Shin, Y.S.; Oh, Y.T.; Kim, C.H. Protective effects of korean red
ginseng against radiation-induced apoptosis in human hacat keratinocytes. J. Radiat. Res. 2014, 55, 245–256.
[CrossRef] [PubMed]

34. Botchkarev, V.A.; Botchkareva, N.V.; Albers, K.M.; Chen, L.H.; Welker, P.; Paus, R. A role for p75 neurotrophin
receptor in the control of apoptosis-driven hair follicle regression. FASEB J. 2000, 14, 1931–1942. [CrossRef]
[PubMed]

35. Suzuki, A.; Matsuura, D.; Kanatani, H.; Yano, S.; Tsunakawa, M.; Matsuyama, S.; Shigemori, H. Inhibitory
effects of polyacetylene compounds from panax ginseng on neurotrophin receptor-mediated hair growth.
Biol. Pharm. Bull. 2017, 40, 1784–1788. [CrossRef] [PubMed]

36. Shin, D.H.; Cha, Y.J.; Yang, K.E.; Jang, I.S.; Son, C.G.; Kim, B.H.; Kim, J.M. Ginsenoside rg3 up-regulates the
expression of vascular endothelial growth factor in human dermal papilla cells and mouse hair follicles.
Phytother. Res. 2014, 28, 1088–1095. [CrossRef] [PubMed]

37. Andl, T.; Reddy, S.T.; Gaddapara, T.; Millar, S.E. Wnt signals are required for the initiation of hair follicle
development. Dev. Cell 2002, 2, 643–653. [CrossRef]

38. Kretzschmar, K.; Cottle, D.L.; Schweiger, P.J.; Watt, F.M. The androgen receptor antagonizes Wnt/β-catenin
signaling in epidermal stem cells. J. Investig. Dermatol. 2015, 135, 2753–2763. [CrossRef] [PubMed]

39. Shin, H.S.; Park, S.Y.; Hwang, E.S.; Lee, D.G.; Song, H.G.; Mavlonov, G.T.; Yi, T.H. The inductive effect of
ginsenoside F2 on hair growth by altering the Wnt signal pathway in telogen mouse skin. Eur. J. Pharmacol.
2014, 730, 82–89. [CrossRef] [PubMed]

353



Int. J. Mol. Sci. 2018, 19, 2703

40. Matsuda, H.; Yamazaki, M.; Asanuma, Y.; Kubo, M. Promotion of hair growth by ginseng radix on cultured
mouse vibrissal hair follicles. Phytother. Res. 2003, 17, 797–800. [CrossRef] [PubMed]

41. Lee, Y.; Kim, S.N.; Hong, Y.D.; Park, B.C.; Na, Y. Panax ginseng extract antagonizes the effect of DKK1-induced
catagen-like changes of hair follicles. Int. J. Mol. Med. 2017, 40, 1194–1200. [CrossRef] [PubMed]

42. Kishimoto, J.; Burgeson, R.E.; Morgan, B.A. Wnt signaling maintains the hair-inducing activity of the dermal
papilla. Genes Dev. 2000, 14, 1181–1185. [PubMed]

43. Sato, N.; Leopold, P.L.; Crystal, R.G. Effect of adenovirus-mediated expression of sonic hedgehog gene
on hair regrowth in mice with chemotherapy-induced alopecia. J. Natl. Cancer Inst. 2001, 93, 1858–1864.
[CrossRef] [PubMed]

44. St-Jacques, B.; Dassule, H.R.; Karavanova, I.; Botchkarev, V.A.; Li, J.; Danielian, P.S.; McMahon, J.A.;
Lewis, P.M.; Paus, R.; McMahon, A.P. Sonic hedgehog signaling is essential for hair development. Curr. Biol.
1998, 8, 1058–1068. [CrossRef]

45. Wang, L.C.; Liu, Z.Y.; Gambardella, L.; Delacour, A.; Shapiro, R.; Yang, J.; Sizing, I.; Rayhorn, P.; Garber, E.A.;
Benjamin, C.D.; et al. Regular articles: Conditional disruption of hedgehog signaling pathway defines its
critical role in hair development and regeneration. J. Investig. Dermatol. 2000, 114, 901–908. [CrossRef]
[PubMed]

46. Truong, V.L.; Bak, M.J.; Lee, C.; Jun, M.; Jeong, W.S. Hair regenerative mechanisms of red ginseng oil and its
major components in the testosterone-induced delay of anagen entry in C57BL/6 mice. Molecules 2017, 22,
1505. [CrossRef] [PubMed]

47. Paus, R.; Ito, N.; Takigawa, M.; Ito, T. The hair follicle and immune privilege. J. Investig. Dermatol. Symp. Proc.
2003, 8, 188–194. [CrossRef] [PubMed]

48. Ito, T.; Ito, N.; Saatoff, M.; Hashizume, H.; Fukamizu, H.; Nickoloff, B.J.; Takigawa, M.; Paus, R. Maintenance
of hair follicle immune privilege is linked to prevention of NK cell attack. J. Investig. Dermatol. 2008, 128,
1196–1206. [CrossRef] [PubMed]

49. Xing, L.; Dai, Z.; Jabbari, A.; Cerise, J.E.; Higgins, C.A.; Gong, W.; de Jong, A.; Harel, S.; DeStefano, G.M.;
Rothman, L.; et al. Alopecia areata is driven by cytotoxic t lymphocytes and is reversed by Jak inhibition.
Nat. Med. 2014, 20, 1043–1049. [CrossRef] [PubMed]

50. Petukhova, L.; Duvic, M.; Hordinsky, M.; Norris, D.; Price, V.; Shimomura, Y.; Kim, H.; Singh, P.; Lee, A.;
Chen, W.V.; et al. Genome-wide association study in alopecia areata implicates both innate and adaptive
immunity. Nature 2010, 466, 113–117. [CrossRef] [PubMed]

51. Betz, R.C.; Petukhova, L.; Ripke, S.; Huang, H.; Menelaou, A.; Redler, S.; Becker, T.; Heilmann, S.; Yamany, T.;
Duvic, M.; et al. Genome-wide meta-analysis in alopecia areata resolves HLA associations and reveals two
new susceptibility loci. Nat. Commun. 2015, 6, 5966. [CrossRef] [PubMed]

52. Ito, T.; Ito, N.; Saathoff, M.; Bettermann, A.; Takigawa, M.; Paus, R. Interferon-gamma is a potent inducer of
catagen-like changes in cultured human anagen hair follicles. Br. J. Dermatol. 2005, 152, 623–631. [CrossRef]
[PubMed]

53. Triyangkulsri, K.; Suchonwanit, P. Role of janus kinase inhibitors in the treatment of alopecia areata. Drug Des.
Dev. Ther. 2018, 12, 2323–2335. [CrossRef] [PubMed]

54. Yu, Q.; Zeng, K.W.; Ma, X.L.; Jiang, Y.; Tu, P.F.; Wang, X.M. Ginsenoside Rk1 suppresses pro-inflammatory
responses in lipopolysaccharide-stimulated RAW264.7 cells by inhibiting the Jak2/Stat3 pathway. Chin. J.
Nat. Med. 2017, 15, 751–757. [CrossRef]

55. Guttman-Yassky, E.; Nia, J.K.; Hashim, P.W.; Mansouri, Y.; Alia, E.; Taliercio, M.; Desai, P.N.; Lebwohl, M.G.
Efficacy and safety of secukinumab treatment in adults with extensive alopecia areata. Arch. Dermatol. Res.
2018. [CrossRef] [PubMed]

56. Wei, Y.; Huyghues-Despointes, B.M.; Tsai, J.; Scholtz, J.M. Nmr study and molecular dynamics simulations
of optimized β-hairpin fragments of protein g. Proteins 2007, 69, 285–296. [CrossRef] [PubMed]

57. Park, S.H.; Seo, W.; Eun, H.S.; Kim, S.Y.; Jo, E.; Kim, M.H.; Choi, W.M.; Lee, J.H.; Shim, Y.R.; Cui, C.H.; et al.
Protective effects of ginsenoside F2 on 12-O-tetradecanoylphorbol-13-acetate-induced skin inflammation in
mice. Biochem. Biophys. Res. Commun. 2016, 478, 1713–1719. [CrossRef] [PubMed]

58. Mattioli, M.; Barboni, B.; Turriani, M.; Galeati, G.; Zannoni, A.; Castellani, G.; Berardinelli, P.; Scapolo, P.A.
Follicle activation involves vascular endothelial growth factor production and increased blood vessel
extension. Biol. Reprod. 2001, 65, 1014–1019. [CrossRef] [PubMed]

354



Int. J. Mol. Sci. 2018, 19, 2703

59. Li, W.; Man, X.Y.; Li, C.M.; Chen, J.Q.; Zhou, J.; Cai, S.Q.; Lu, Z.F.; Zheng, M. VEGF induces proliferation of
human hair follicle dermal papilla cells through VEGFR-2-mediated activation of ERK. Exp. Cell Res. 2012,
318, 1633–1640. [CrossRef] [PubMed]

60. Han, J.H.; Kwon, O.S.; Chung, J.H.; Cho, K.H.; Eun, H.C.; Kim, K.H. Effect of minoxidil on proliferation and
apoptosis in dermal papilla cells of human hair follicle. J. Dermatol. Sci. 2004, 34, 91–98. [CrossRef] [PubMed]

61. Adams, J.M.; Cory, S. The Bcl-2 protein family: Arbiters of cell survival. Science 1998, 281, 1322–1326.
[CrossRef] [PubMed]

62. Lindner, G.; Botchkarev, V.A.; Botchkareva, N.V.; Ling, G.; van der Veen, C.; Paus, R. Analysis of apoptosis
during hair follicle regression (catagen). Am. J. Pathol. 1997, 151, 1601–1617. [PubMed]

63. Park, S.; Shin, W.S.; Ho, J. Fructus panax ginseng extract promotes hair regeneration in C57BL/6 mice.
J. Ethnopharmacol. 2011, 138, 340–344. [CrossRef] [PubMed]

64. Li, Z.; Li, J.J.; Gu, L.J.; Zhang, D.L.; Wang, Y.B.; Sung, C.K. Ginsenosides Rb1 and Rd regulate proliferation of
mature keratinocytes through induction of p63 expression in hair follicles. Phytother. Res. 2013, 27, 1095–1101.
[CrossRef] [PubMed]

65. Kim, S.H.; Jeong, K.S.; Ryu, S.Y.; Kim, T.H. Panax ginseng prevents apoptosis in hair follicles and accelerates
recovery of hair medullary cells in irradiated mice. In Vivo 1998, 12, 219–222. [PubMed]

66. Oh, G.N.; Son, S.W. Efficacy of korean red ginseng in the treatment of alopecia areata. J. Ginseng Res. 2012,
36, 391–395. [CrossRef] [PubMed]

67. Ryu, H.J.; Yoo, M.G.; Son, S.W. The efficacy of 3% minoxidil vs. Combined 3% minoxidil and korean red
ginseng in treating female pattern alopecia. Int. J. Dermatol. 2014, 53, e340–e342. [CrossRef] [PubMed]

68. Kim, S.; Kang, B.Y.; Cho, S.Y.; Sung, D.S.; Chang, H.K.; Yeom, M.H.; Kim, D.H.; Sim, Y.C.; Lee, Y.S. Compound
k induces expression of hyaluronan synthase 2 gene in transformed human keratinocytes and increases
hyaluronan in hairless mouse skin. Biochem. Biophys. Res. Commun. 2004, 316, 348–355. [CrossRef] [PubMed]

69. Lim, T.G.; Jeon, A.J.; Yoon, J.H.; Song, D.; Kim, J.E.; Kwon, J.Y.; Kim, J.R.; Kang, N.J.; Park, J.S.;
Yeom, M.H.; et al. 20-O-β-D-glucopyranosyl-20(S)-protopanaxadiol, a metabolite of ginsenoside Rb1,
enhances the production of hyaluronic acid through the activation of ERK and AKT/PKB mediated by Src
tyrosin kinase in human keratinocytes. Int. J. Mol. Med. 2015, 35, 1388–1394. [CrossRef] [PubMed]

© 2018 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

355



 International Journal of 

Molecular Sciences

Review

Natural Products for the Treatment of Autoimmune
Arthritis: Their Mechanisms of Action, Targeted
Delivery, and Interplay with the Host Microbiome

Steven Dudics 1,2, David Langan 1,2,† ID , Rakeshchandra R. Meka 1,2,†,

Shivaprasad H. Venkatesha 1,2, Brian M. Berman 3,4, Chun-Tao Che 5 and

Kamal D. Moudgil 1,2,6,*,‡

1 Baltimore Veterans Affairs Medical Center, Baltimore, MD 21201, USA; sdudics1@gmail.com (S.D.);
david.langan@umaryland.edu (D.L.); Rmeka@som.umaryland.edu (R.R.M.);
hvshivaprasad@gmail.com (S.H.V.)

2 Department of Microbiology and Immunology, University of Maryland School of Medicine, Baltimore,
MD 21201, USA

3 Family and Community Medicine, University of Maryland School of Medicine, Baltimore, MD 21201, USA;
bberman@som.umaryland.edu

4 Center for Integrative Medicine, University of Maryland School of Medicine, Baltimore, MD 21201, USA
5 Medicinal Chemistry and Pharmacognosy, College of Pharmacy, University of Illinois at Chicago, Chicago,

IL 60612, USA; chect@uic.edu
6 Division of Rheumatology, Department of Medicine, University of Maryland School of Medicine, Baltimore,

MD 21201, USA
* Correspondence: kmoudgil@som.umaryland.edu; Fax: +1-410-706-2129
† These authors contributed equally to this manuscript.
‡ Supv. Research Health Scientist, Veterans Affairs.

Received: 23 July 2018; Accepted: 18 August 2018; Published: 24 August 2018

Abstract: Rheumatoid arthritis (RA) is a chronic, debilitating illness characterized by painful
swelling of the joints, inflammation of the synovial lining of the joints, and damage to cartilage
and bone. Several anti-inflammatory and disease-modifying drugs are available for RA therapy.
However, the prolonged use of these drugs is associated with severe side effects. Furthermore,
these drugs are effective only in a proportion of RA patients. Hence, there is a need to search for
new therapeutic agents that are effective yet safe. Interestingly, a variety of herbs and other natural
products offer a vast resource for such anti-arthritic agents. We discuss here the basic features of
RA pathogenesis; the commonly used animal models of RA; the mainstream drugs used for RA;
the use of well-characterized natural products possessing anti-arthritic activity; the application of
nanoparticles for efficient delivery of such products; and the interplay between dietary products
and the host microbiome for maintenance of health and disease induction. We believe that with
several advances in the past decade in the characterization and functional studies of natural products,
the stage is set for widespread clinical testing and/or use of these products for the treatment of RA
and other diseases.

Keywords: adjuvant-induced arthritis; arthritis; celastrol; curcumin; dietary supplements; EGCG;
green tea; inflammation; liposomes; microbiome; nanoparticles; natural products; resveratrol;
rheumatoid arthritis; targeted delivery; traditional medicine; Tripterygium wilfordii; triptolide

1. Introduction

Rheumatoid arthritis (RA) is a multifactorial disease that involves both genetic predisposition and
environmental components [1–5]. RA is prevalent worldwide with approximately 1.3 million people
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affected by RA in the United States alone [6–10]. Moreover, women are more likely to develop RA than
men [7]. It is anticipated that with people living longer, the incidence of RA is likely to increase [11–14].
RA is typically characterized by chronic inflammation of the synovial membrane that lines the joints,
damage to the cartilage, and erosion of the bone [15–17]. Swelling and redness of the hands and
feet is the most common sign of RA along with pain in the afflicted areas [15]. Ulnar deviation [18],
Swan neck deformity [19], and subcutaneous nodules [20,21] are among the clinical manifestations
of untreated severe RA. The most common serum biomarkers for RA are rheumatoid factor (RF) and
anti-citrullinated protein/peptide antibodies (ACPA) [22]. Furthermore, ACPA can also be used as
prognostic markers for RA similarly to RF, as they are present a median of 4.5 years prior to clinical
onset of the disease [23]. A relatively new potential biomarker for RA is the oncoprotein survivin [24],
which is already a known biomarker for cancer. In one study, survivin was detected in 50.7% of RA
patients but only 5.6% in controls, which indicates its high specificity [24].

2. The Cellular and Soluble Mediators of Arthritic Inflammation

Under normal conditions, the mature T cells encounter self-antigens in the periphery all the time;
however, their activation is kept under control via diverse mechanisms, including unresponsiveness
due to lack of adequate interaction between the peptide-MHC (major histocompatibility complex)
complex and the T cell receptor (TCR) (ignorance), induction of anergy in the absence of co-stimulation,
or suppression by T regulatory (Treg) cells [25,26]. The initiation of RA involves an interplay among
components of the innate and adaptive immune responses leading to unintended activation of
autoreactive T cells specific for potentially arthritogenic self-antigens in the peripheral lymphoid
organs (Figure 1) [15,27]. Antigen-presenting cells (APCs), including dendritic cells, macrophages as
well as activated B cells, present arthritogenic autoantigens to T cells that have specific TCRs that can
recognize these autoantigens. At the same time, upregulation of co-stimulatory molecules expressed
by the APCs under inflammatory conditions facilitates activation of these potentially arthritogenic T
cells. Further, the cytokine milieu of the inflammatory environment (such as interleukin-12 (IL-12) and
interferon-γ (IFN-γ) for T helper 1 (Th1), and IL6 and IL-1β for Th17) facilitates the differentiation of
activated T cells into pathogenic T cell subsets (Th1, Th17), the key drivers of RA pathology [28,29].
This process results in break in tolerance leading to expansion of pathogenic T cells in the peripheral
lymphoid organs.

The development of inflammatory arthritis in the joints involves the migration of activated
pathogenic T cells from the peripheral lymphoid tissues into the joint tissue (synovial tissue), which is
mediated primarily by a chemotactic process [15,27]. These T cells initiate joint-destructive activities by
secreting cytokines and other mediators described below. This creates an inflammatory environment
which attracts other cell types such as neutrophils, macrophages and fibroblasts to the local site.
Collectively, these cells together with various effector molecules (e.g., cytokines, prostaglandins,
proteolytic enzymes and other osteoclastogenic factors) induce joint inflammation and cartilage and
bone damage. The B cells contribute to the pathogenesis of RA, not only through antigen presentation
to the T cells, but also through the production of cytokines and autoantibodies, such as RF and ACPA,
which can further reinforce the inflammation induced by the T cells [15,27,30,31]. Similarly, the Th17
cells produce receptor activator of nuclear factor kappa-B ligand (RANKL), which along with other
soluble mediators produced by myeloid cells, facilitates osteoclastogenesis. These osteoclasts can cause
bone damage via secreting matrix-degrading enzymes such as matrix metalloproteinases (MMPs) and
cathepsin K.

RA is associated with increased production of citrullinated proteins/peptides, which is usually
attributed to smoke inhalation. Smoking causes irritation of the lungs and airways, in turn leading to
an increase in peptidyl arginine deiminase (PAD) 2 [3], which catalyzes the conversion of arginine to
citrulline in certain proteins. This increase in citrullinated proteins/peptides can cause an upregulation
of antibodies to citrullinated protein/peptide antigens (ACPA), and individuals with certain human
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leukocyte antigen (HLA) alleles (e.g., HLA-DRB1) are more prone to mount an immune response to
these modified antigens than others [4,5].

Figure 1. Immunopathogenesis of experimental autoimmune arthritis. Schematic representation
of the key pathways is shown: The presentation of an autoantigen to autoreactive T cells and
their differentiation into major T helper (Th) cell subsets under the influence of various cytokines;
the activation and secretion of pro-inflammatory cytokines by myeloid cells; the T-B cell collaboration
leading to autoantibody production by plasma cells; and the osteoimmune cross-talk leading to
osteoclast differentiation. These intricate pathways regulate autoimmune inflammation of the
synovial joint as shown by arrows (leading to activation/induction) and blunt ends (leading to
suppression/inhibition).

3. Animal Models of RA for Studying Disease Pathogenesis and Testing Therapeutic Agents

There are several different animal models used to study the disease process and test novel
therapeutics for RA. One of the most well-known models is the collagen-induced arthritis (CIA)
model. Here, DBA/1 mice are immunized with type II collagen (CII) emulsified in complete Freund’s
adjuvant (CFA). This initiates both a B and T cell response to CII, leading to arthritis induction [32,33].
Another commonly used model is the adjuvant-induced arthritis (AA) model [34,35]. In AA, Lewis
rats are immunized with heat-killed Mycobacterium tuberculosis H37Ra (Mtb) emulsified in mineral oil.
This immunization activates a T cell response to mycobacterial heat-shock protein 65 (Bhsp65), which in
turn leads to destruction of the joints [33,36–38]. A relatively newer transgenic mouse model to study
RA is the K/BxN mouse [39], which were generated by crossing the TCR-transgenic KRN mice with
non-obese diabetic (NOD) mice expressing the MHC class II molecule I-Ag7. The K/BxN mice develop
a severe and destructive form of arthritis, which is associated with high titers of antibodies recognizing
glucose-6-phosphate isomerase (GPI), making it a valuable serum transfer model of arthritis [33,40].
Several researchers also use the proteoglycan-induced arthritis (PGIA) model in BALB/c mice, which is
a T cell–dependent and autoantibody/B cell–driven disease [41]. Humanized mice are also used to
study arthritis [2,33,42]. These mice express the human form of RA-susceptible MHC, HLA-DR4
and/or HLA-DQ8. This allows the researchers to study arthritis in mice but correlate the pathology to
humans due to the human genetic background [2,33,42].
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4. Currently Used Drugs for Arthritis Therapy and Their Limitations

There are multiple drugs currently being utilized to treat RA patients. The most widely used
class of drugs is the non-steroidal anti-inflammatory drugs (NSAIDs) [43]. There are several different
drugs under this category, including Ibuprofen, Aspirin, and Naproxone. A majority of them target
and suppress prostaglandins (PGs) through inhibition of the cyclooxygenase (COX) enzymes [43].
Patients taking NSAIDs may experience a wide variety of symptoms including renal, hepatic,
and cardiovascular toxicity [43]. Certain COX-2-selective agents can cause myocardial infarction
(heart attack) and stroke [43]. The second major class of antirheumatic drugs is the disease-modifying
antirheumatic drugs (DMARDs), and they belong to two categories, chemical and biologic [44].
Methotrexate (MTX) is one of the gold standards of therapy for RA, and it is a chemical DMARD.
There is some evidence that MTX can suppress the production of proinflammatory cytokines [45,46]
as well as modulate the levels of specific MMPs [47,48]. Another proposition that has been corroborated
in animal models and humans is the augmentation of adenosine levels through the reduction
of adenosine deaminase in lymphocytes [49]. Adenosine exerts its anti-inflammatory properties
via inhibiting proinflammatroy cytokine production, attenuating neutrophil trafficking to sites of
inflammation, and suppressing Th17 cell differentiation, while stimulating Treg differentiation [50].
Adenosine binds to the A2A receptor, which is increased on the surface of lymphocytes in RA patients,
and exert its immunosuppressive properties [50]. While the MTX response rate in RA patients is
approximately 50% [51], the long-term use of this drug can lead to liver fibrosis, which in some cases
may require a liver transplant for its management [52–54].

The biologic DMARDs include monoclonal antibodies targeting tumor necrosis factor (TNF)-α
(anti-TNF-α) and IL-6 receptor (anti-IL6R), thereby inhibiting these two cytokines that are major players
in promoting RA pathogenesis. Anti-TNF-α is currently the standard of care for RA patients, and it is
widely used either alone or in combination with other drugs such as MTX [55,56]. Approximately
10–30% of patients do not respond to initial treatment with anti-TNF-α, and another 23–46% lose
responsiveness over time [57]. Moreover, due to the immunosuppressive effect of blocking TNF-α,
RA patients are at an increased risk of recurrent infections [58]. Anti-IL6R has been shown to be
efficacious in suppressing RA [59,60], and it can be useful in patients not responding to other forms of
treatment [61]. However, anti-IL6R has similar side-effects as anti-TNF-α [62].

Corticosteroids are another group of biologic DMARDs, which has been used for RA therapy for
the past several decades [63]. Corticosteroids suppress inflammation by binding to the glucocorticoid
receptor (GR), also known as NR3C1 (nuclear receptor subfamily 3 group C member 1), in turn
leading to the transcription of multiple genes that inhibit several inflammatory pathways. These genes
include glucocorticoid-induced leucine zipper protein (GILZ) and MAP kinase phosphatase-1 (MKP-1),
which suppress the nuclear factor kappa light chain enhancer of activated B cells (NF-κB) (and Activator
protein 1 (AP-1)) and p38 MAP kinase, respectively [64]. Moreover, corticosteroids can lead to
an epigenetic modification of histones, subsequently resulting in reduction in inflammation [64].
Corticosteroids have unwanted side effects, including osteoporosis, peptic ulcer, and increased rate
of infections [65,66].

5. The Use of Plant Natural Products for Arthritis Therapy

While the above-mentioned mainstream drugs are widely prescribed to patients, they have
unwanted side effects. Moreover, some of these drugs are quite expensive. Owing to these limitations,
an increasing number of patients have started to turn to natural products to relieve symptoms of RA
and related ailments [67], with over 36% of adults in the USA using complementary and alternative
(CAM) therapies [68]. Natural products have been studied extensively in multiple different ailments
such as cancer [69], infectious diseases [70], and autoimmunity [71–75]. However, difficulties in
evaluating the efficacy of these products as well as inadequate information about their mechanism of
action are among the reasons for skepticism from both the public and professional communities [76,77].
Therefore, defining the mechanism of action of natural products is a high priority, as also emphasized
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by National Center for Complementary and Integrative Health (NCCIH)/National Institutes of Health
(NIH), USA. A summary of significant validation of some of the common natural products in arthritis
therapy is given below.

Natural products can control arthritic inflammation through multiple pathways, for example,
inhibition of effector molecules (e.g., pro-inflammatory cytokines and chemokines), induction of
anti-inflammatory mediators (e.g., IL-4, IL-10), regulation of the Th17/Treg balance, and modulation of
the osteo-immune cross-talk [34,78–81]. These effects are in turn the outcome of the control of molecular
mediators of inflammation such as NF-κB (nuclear factor kappa-light-chain-enhancer of activated
B cells), MAPK (mitogen-activated protein kinase), and STAT3 (signal transducer and activator of
transcription 3) by the bioactive components of plant-derived or other natural products. Furthermore,
natural products can modulate the Th17/Treg balance by controlling the relative levels of key cytokines
(e.g., IL-1β, IL-6, and TGF-β (transforming growth factor-β)) and certain transcription factors such
as STAT3, RORγt (RAR-related orphan receptor gamma), IRF-4 (interferon Regulatory Factor 4),
and Foxp3 (forkhead box P3) [34,82]. Similarly, acting via certain cytokines (e.g., IL-17) and other
mediators such as RANKL, natural products can influence not only the T cell response, but also the
osteo-immune cross-talk and bone health [80,83–85]. In this regard, natural products possessing the
above properties can serve as potential therapeutic agents to treat RA either alone or in combination
with certain mainstream anti-arthritic drugs. However, such combination therapies need to be fully
assessed for their compatibility in regard to any unexpected drug interactions that might affect efficacy
and side effects of these therapeutic agents.

We have discussed below in more detail some of the well-studied natural products for arthritis
therapy. Most of the information is derived from testing in animal models, but where applicable,
results of clinical testing in patients are also summarized.

5.1. Tripterygium wilfordii Hook F

5.1.1. Tripterygium wilfordii Hook F (TwHF)

One of the most well-studied natural products for its therapeutic properties in RA, TwHF has
the capabilities to suppress numerous pro-inflammatory mediators. For example, TwHF extract
reduces in vitro production of prostaglandin E2 (PGE2) through the suppression of COX-2 [86,87].
In addition, TwHF inhibits the production of nitric oxide (NO) by targeting and attenuating the
transcription of the inducible nitric oxide synthase (iNOS) gene [86,88]. Moreover, in human synovial
fibroblasts, TwHF reduces the expression of MMP1 and MMP3, while augmenting tissue inhibitors
of metalloproteinases (TIMPs) that inhibit MMP1 and MMP2 [86,89]. Furthermore, TwHF blocks
the transcription of MMP3 and MMP13, thereby reducing their levels [86,90]. The transcription of
iNOS and COX2 is under the control of NF-κB, and TwHF has been shown to prevent NF-κB from
binding to DNA, inhibiting its activation [86,90]. In turn, this leads to reduced levels of NO and COX2.
Furthermore, TwHF can suppress the production of numerous proinflammatory cytokines (e.g., TNF-α,
IL-1β, IL-6, IL-8, and IFN-γ) from T cells and macrophages. The balance of the T cell subsets and
their differentiation is crucial for the development and propagation of RA [91]. It has been shown that
TwHF can suppress T/B cell proliferation and synovial fibroblast growth [92–94] as well as induce T
cell apoptosis [95].

Finally, the testing of TwHF in RA patients showed that it is an efficacious form of therapy
for RA both alone and in combination with conventional (mainstream) therapies such as MTX,
sulfasalazine (a chemical DMARD), or other DMARDs [96–103]. These included randomized, placebo
controlled trials as well. One study used local application of TwHF formulation, but the rest used
oral administration of TwHF. Different treatment regimen used in these studies can be summarized as
follows: (a) RA patients treated with TwHF alone compared with control group that received placebo,
or not [97]; (b) RA patients treated with TwHF compared with those treated with a DMARD (either MTX
or sulfasalazine) [96,99,100,103]; and (c) RA patients treated with a combination of TwHF and MTX
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compared with control group that received MTX alone [98,101,102]. Taken together, the results of these
studies, which also included meta-analysis, showed that TwHF alone was just as effective as either
MTX or sulfasalazine alone. However, the most efficacious outcome was with a combination of TwHF
with MTX. The safety profile of TwHF alone or in combination with a DMARD was comparable to
that of DMARD alone. While TwHF is generally safe for human consumption, patients in these trials
reported some side effects, the most common being gastrointestinal distress [103].

5.1.2. Triptolide

A bioactive component of TwHF, triptolide can induce T cell apoptosis and inhibit the
phosphorylation of STAT3 [104,105]. In addition, triptolide can attenuate the NF-κB activity and
several other pathways induced by TNF and TLR4 in RA [106–108]. Also, in CIA, triptolide can protect
against bone damage by targeting RANKL-mediated ERK/Akt signaling [106,108]. Triptolide can
also target and suppress the IL-6/STAT3/SOCS3 pathway in lamina propria mononuclear cells and
promote their apoptosis [106,109], as well as attenuate angiogenesis [110].

5.1.3. Celastrol

Another bioactive component of TwHF, celastrus, and some other members of celastraceae
family, celastrol has multiple anti-arthritic properties. Studies from our laboratory [34,79,80,84,111]
and others [78,111] have demonstrated that celastrol can reduce arthritis severity in the AA model
in Lewis rats [84]. Moreover, celastrol can suppress proinflammatory cytokine production as well as
skew the T cell balance to a regulatory phenotype in the target organ, the joints [34,79,84]. In addition,
celastrol can protect against bone erosion by targeting the RANKL pathway and deviating the
RANKL/osteoprotegerin ratio that aids in the inhibition of osteoclastic activity. In turn, this reduces
the osteoclast numbers and subsequent bone damage [80].

5.2. Green Tea

Green tea (Camellia sinensis) has several anti-inflammatory properties [112,113]. It has been
demonstrated that feeding green tea polyphenols to CIA mice prevented the onset and progression of
arthritis [114]. This was associated with marked reduction of COX-2, IFN-γ and TNF-α in the joints,
and of antibodies to CII in serum and arthritic joints. Similarly, feeding the green tea polyphenols
to AA rats significantly reduced arthritic scores [112]. Moreover, these rats had reduced IL-17 levels
and increased IL-10 levels in the draining lymph node cells (LNCs). Also, serum analysis showed
a significant reduction in anti-Bhsp65 antibodies compared to controls [112]. Another study in the
same model revealed that green tea had superior anti-arthritic capabilities compared to black tea.
Here, rats treated with green tea had reduced arthritic scores compared to both black tea-treated and
non-treated controls [113]. Proinflammatory cytokine (TNF-α and IL-1β) levels in the serum were
significantly reduced in the rats given green tea compared to non-treated controls and black tea-treated
rats [113]. Also, protein levels of C–C chemokine receptor type 5 (CCR5) in the joint were decreased in
rats given green tea [113].

One of the main bioactive molecules of green tea is epigallocatechin-3-gallate (EGCG) [115],
and it has been shown to target multiple inflammatory pathways. Using the rat AA model,
it was shown that EGCG can inhibit arthritis, which was associated with inhibition of IL-6 synthesis
as well as trans-signaling [116]. The latter effect was attributable to increased synthesis of soluble
gp130. EGCG and other catechins in green tea can interfere with IL-1β signaling and reduce the
levels of pro-inflammatory mediators IL-8 and IL-1β in synovial fibroblasts [117,118]. Further
analysis revealed that EGCG was able to effectively target and inhibit transforming growth factor
beta-activated kinase 1 (TAK-1) activity, subsequently reducing IL-8, IL-1β as well as MMP2 and
COX2 levels [117,118]. Moreover, EGCG was able to suppress p38 and NF-κB activity more effectively
than the other catechins [117]. Also, EGCG was shown to increase Nrf2 (nuclear factor, erythroid
2-like 2) and HO-1 (heme oxygenase-1) activities, subsequently upregulating the production of
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indoleamine-2,3-dioxygenase (IDO). IDO is able to suppress the differentiation of pathogenic T cell
subsets, while inducing Treg differentiation [119]. Another study demonstrated that EGCG can
also regulate and suppress Th17 cell production and inhibit osteoclastogenesis by inhibiting STAT3
signaling [120]. Moreover, MMP2 and MMP9 levels were reduced in osteoclasts that were treated
with EGCG compared to non-treated controls [121], which further shows the ability of EGCG to
inhibit bone erosion. Finally, there have been multiple studies detailing the effects of green tea
consumption in RA patients and reduction in disease activity score-28 (DAS28) as well as better pain
management. Moreover, green tea was shown to prevent RA more effectively when compared with
high fat beverages [122].

5.3. Curcumin

Curcumin possesses a wide variety of anti-inflammatory properties which make it a potent
anti-arthritic bioactive molecule. Curcumin is derived from turmeric (Curcuma longa), a plant
product that has been shown to attenuate inflammation [123–125]. A recent study using the AA
model in Lewis rats demonstrated that curcumin was as effective at treating arthritis as MTX [126].
Rats treated with curcumin showed attenuated disease and histopathology scores, as well as reduced
levels of pro-inflammatory cytokines (TNF-α and IL-1β) in the serum and synovial fluid compared
to controls [126]. Curcumin inhibits NF-κB activity, which, in turn, leads to the reduction in
proinflammatory cytokines as well as prevents TNF-α-induced adhesion of monocytes to endothelial
cells [73,127,128]. Curcumin also regulates the cyclooxygenase (COX) and lipoxygenase (LOX)
enzymes, leading to the suppression of various proinflammatory mediators, including MMP9 and
MMP13 [73,129–132], and subsequent inflammation [73,133]. Furthermore, curcumin has been
shown to suppress IL-1β signaling in articular chondrocytes [134] through the downregulation
of mitogen-activated protein kinase (MAPK), activator protein 1 (AP-1), and NF-κB pathways.
In turn, this leads to the reduction of MMP9 and MMP13 production [134]. Finally, curcumin
can reduce the osteoclastogenic potential of peripheral blood mononuclear cells (PBMCs) of RA
patients [135]. This was evident from the inhibition of expression of receptor activator of nuclear factor
κB (RANK), c-Fos and nuclear factor of activated T cells (NFATc1) following curcumin treatment [135].
Also suppressed were extracellular signal-regulated kinases 1 (ERK1) and ERK2, p38 and c-Jun
N-terminal kinase (JNK) [135].

5.4. Resveratrol

Resveratrol, a polyphenol, is found in red grape and other plant sources [136]. Resveratrol
can suppress arthritis in CIA mice [137,138]. The T cell profile of these mice showed a reduction
in the number of Th17 cells in the draining lymph node as well as decreased levels of circulating
pro-inflammatory cytokines, such as IL-17, and CII-specific antibodies [137,138]. Resveratrol also
has osteoprotective properties [139,140]. CIA mice treated with resveratrol showed a reduction in
bone erosion as well as cartilage damage as evidenced by Safranin-O and tartrate-resistant acid
phosphatase (TRAP) staining, in addition to radiographic imaging of the paws [140]. Moreover,
resveratrol treatment leads to the suppression of wingless-related integration site (Wnt) signaling,
an important pathway for bone remodeling and synovial inflammation [141], by targeting Wnt5a and
inhibiting its expression [139]. Intra-articular injection of resveratrol suppressed signs of inflammatory
arthritis in rabbits as evidenced by reduced histological scores [142]. Resveratrol is able to modulate the
MEK-ERK1/2, MAPK, AP-1 and NF-κB pathways in various tissues [143]. Furthermore, resveratrol
plays a role in regulating the aryl hydrocarbon receptor (AhR), which is known to affect several
immune-mediate pathways in RA [143–146]. A previous study has indicated that resveratrol can
ameliorate arthritis and synovial hyperplasia by inhibiting angiogenesis [147]. Resveratrol-treated
rats showed significantly attenuated articular cartilage degradation, and higher caspase-3 levels in
inflammatory cells compared to non-treated controls [147].

362



Int. J. Mol. Sci. 2018, 19, 2508

5.5. Other Natural Products

There are several other natural products besides those described above that possess
anti-inflammatory activities and are reported to be beneficial in the treatment of arthritis and some other
musculoskeletal disorders in patients and experimental models [75]. Some of these are summarized
in Table 1.

Table 1. Natural products with anti-inflammatory/anti-arthritic activity.

Plant Name Bioactive Compounds
Mediators of Inflammation

Targeted by the Natural Product
References

Boswellia serrata Boswellic acids Proinflammatory cytokines,
5-LOX [148,149]

Harpagophytum
procumbens Harpagoside, Harpagide COX-2, MAPK, NF-κB, NO [150,151]

Rosa canina Carotenoids, organic acids COX-1, COX-2 [152,153]

Uncaria tomentosa Mitraphylline Pro-inflammatory cytokines,
anti-oxidant, NF-κB [154,155]

Urtica dioica Flavonoid glycosides,
terpenoids NF-κB, PLA2 [156,157]

Zingiber officinale Zingerone, Gingerol COX-2, NF-κB [158,159]

Several grains,
vegetables, fruits Quercetin MAPK, NF-κB, PI3K/Akt, JAK3 [160,161]

LOX, lipoxygenase; NF-κB, nuclear factor-kappa B; PLA2, phospholipase A2; COX; cyclooxygenase; MAPK,
mitogen-activated protein kinase; NO, nitric oxide; PI3K, phosphatidylinositol-3-kinase; Akt, also known as PKB,
protein kinase B; JAK, janus kinase.

6. Nanoparticle-Based Delivery of Plant Natural Products and Other Drugs for Arthritis Therapy

A major challenge in the treatment of diseases using natural products is their poor absorption.
This results in loss of bioavailability and efficacy, and it requires consumption of a large amount of
the natural product to achieve the required therapeutic effects. This increase in dosage can lead to
unwanted toxicity [162–164]. Therefore, novel methods for delivering natural products are needed
to improve therapeutic efficacy as well as reduce toxicity. Nanotechnology is an attractive approach
in this regard [165,166]. Currently, there are many types of nanoparticles that have been approved
for clinical use, and these nanoparticles are being used for therapeutic and diagnostic purposes
(Figure 2) [167,168]. Encapsulating the bioactive natural products into nanoparticles can increase
their in vivo stability, extend their circulation time, and allow for their controlled and sustained
release [169,170]. Furthermore, with suitable modifications, nanoparticles can deliver drugs to
a particular target site, including inflamed tissues [171–174]. For this purpose the surface of the
nanoparticles can be modified with a peptide, an antibody, a protein, or a small molecule [172] to direct
them to the desired inflamed tissue or organ [170,175,176]. The most common types of nanoparticles
used for drug delivery for therapeutic purpose are micelles, lipid nanoparticles, liposomes, polymeric
nanoparticles and emulsions [177].
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Figure 2. Schematic representation of different types of nanoparticles for the delivery of natural
products. (A) Polymer nanoparticles encapsulating triptolide; (B) Liposomes loaded with triptolide;
(C) Nanoemulsions entrapping curcumin; (D) Micelles encapsulating curcumin; and (E) Lipid core
nanocapsules co-encapsulating resveratrol and curcumin.

6.1. Polymer Nanoparticles

Polymer Nanoparticles are biodegradable, biocompatible, minimally immunogenic, and suitable
for targeted delivery of therapeutic drugs [178]. For example, triptolide-loaded PGA (poly-γ-glutamic
acid) polymer nanoparticles (Figure 2A) were found to be more safe and efficacious compared to
free triptolide, when tested at similar dosage [179]. In that study, mice treated intravenously (i.v.)
with nanoparticle -triptolide showed increased survival rates and significantly reduced liver and
kidney toxicity, when compared with free triptolide-treated mice [179]. In another study, TNF-α
transgenic mice treated with nanoparticle-triptolide had a survival rate of 100% and no body weight
changes compared to the survival rate of 70% and 20% body weight loss, respectively in mice treated
with free triptolide [180]. However, the difference between the two groups in the bone volume of
astragalus (ankle bone) was not significant [180].

6.2. Liposomes

Liposomes are spherical-shaped nanovesicles that are extensively used as carriers for the delivery
of therapeutic drugs [181]. Liposomes can encapsulate both hydrophobic and hydrophilic drugs and
can release the entrapped drug at designated targets [182,183]. A study using triptolide-entrapped
liposomes (Figure 2B) in a rat model of CIA [184] showed slower release and a longer half-life in
plasma as well as decreased hepatic and digestive tract toxicity when compared to free triptolide.
Furthermore, there was a decrease in IL-1β and IL-6 levels in serum as well as reduced expression of
Flk-1, Flt-4, and HIF-1α in synovium of liposome-triptolide group when compared to arthritic control
group [184]. In a recent study, we have shown that liposomes encapsulating an immunomodulatory
cytokine IL-27 and displaying a joint-homing peptide [185] on their surface are more effective in
suppressing AA in rats compared with liposomes containing IL-27 but lacking the peptide on the cell
surface as well as free IL-27 [186]. We propose that IL-27 combined with a natural product such as
celastrol [186] might have an additive or synergistic protective effect against AA, and we plan to test
this in the near future.

6.3. Nanoemulsions

Nanoemulsions result from the dispersion of two immiscible liquids, typically water and oil,
and are stabilized using an appropriate surfactant [187]. In a study on AA [126], free curcumin was
administrated i.v., whereas the curcumin-nanoemulsion formulation (Figure 2C) was administrated
orally. The plasma concentration of curcumin was increased three-fold, whereas the levels of TNF-α and
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IL-1β in both synovial fluid and serum were reduced two-fold in the curcumin-nanoemulsion-treated
group compared to free curcumin-treated group [126].

6.4. Nanomicelles

Nanomicelles are self-assembling colloidal constructs composed of amphiphilic monomers
(Figure 2D). Their hydrophobic core can encapsulate hydrophobic drugs/natural products, whereas
the hydrophilic shell helps enhance the solubility of the drug. The surface of the nanomicelles is
suitable for conjugation with cell/tissue-targeting ligands [188,189]. Nanomicelles were shown to
improve the therapeutic efficacy of curcumin in CIA [190]. Curcumin-nanomicelles caused a significant
reduction in paw edema, whereas free curcumin failed to reduce the paw swelling. Moreover,
serum levels of IL-1β and vascular endothelial growth factor (VEGF) were significantly decreased in
curcumin-nanomicelles-treated rats compared to free curcumin-treated rats [190].

6.5. Lipid-Core Nanocapsules

Lipid-Core Nanocapsules are composed of triglycerides/grape seed oil and sorbitan monostearate
surrounded by a polymeric wall, which protects both the nanoparticle as well as the drug from
degradation, and it also helps control drug release (Figure 2E) [191,192]. In one study, resveratrol
and curcumin were co-encapsulated in lipid-core nanocapsules [137], and then administered
intraperitoneally (i.p.) to arthritic rats, followed by monitoring of arthritis severity. These nanocapsules
improved the edema-reducing activity of resveratrol and curcumin compared to their free counterparts,
and no toxic side-effects were reported.

7. Interplay between Dietary Products and the Host Microbiome for Maintenance of Health and
Disease Modulation

The human microbiota is composed of bacteria, fungi, and viruses, whose total population exceeds
that of the host cells, and whose metabolic contribution to our state of health is essential [193–195].
From here on, the prefix ‘micro’ will be used to refer exclusively to prokaryotic organisms.
The microbiome is an untapped source for identification of novel natural products for the treatment and
prevention of disease such as RA. The associations between certain taxa of microbes and RA have been
reported [196,197]. In addition, a variety of bioactive molecules produced by the human microbiome
can have significant effects on the immune system [198]. There are three general approaches to
harnessing the microbiome for RA prevention and treatment, namely the use of prebiotics, probiotics,
and microbial-derived xenobiotics. Prebiotics are certain dietary ingredients metabolized by the
microbiome to facilitate growth of beneficial bacteria in the gut, which in turn produce substances
that are optimal for the local microenvironment and health of the intestines. Probiotics consist of
living strains of beneficial bacteria. Microbial-derived xenobiotics are the molecules produced by the
action of the microbiome action, for example, metabolic degradation/alteration of the dietary products
consumed by the host and/or of the products released from the host’s cellular processes.

The best known examples of prebiotics are plant-derived fibers inulin and oligofructose. These are
present in several grains (e.g., wheat), fruits (e.g., bananas), and vegetables (e.g., onion and garlic).
These prebiotic fibers serve as a fuel for microbiota, which then produce substances that contribute to
the optimal health and function of intestinal cells. Another way for microbiota to influence immune
system is via production of xenobiotic metabolites. For example, Bifidobacterium spp., including
B. bifidum, convert dietary carbohydrates into butyrate. In addition to propionate and acetate,
these essential short-chain fatty acids (SCFAs) affect host cells by inhibiting histone-deacetylase
to promote anti-inflammatory responses [198]. Oral administration of SCFAs prior to induction of CIA
has been shown to reduce arthritis severity [199]. SCFAs were shown to inhibit osteoclastogenesis
in vitro, and to prevent bone loss in the CIA and K/BxN models of arthritis when administered
orally [200]. These studies illustrate the potential benefits of xenobiotic supplementation. It also
enforces the importance of a complex carbohydrate rich diet. In addition to SCFAs, unexplored
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microbial-derived ligands for the AhR could prove efficacious for RA treatment, as other ligands of
the AhR are either currently licensed for RA treatment or have been shown to alter disease in animal
models [145,201]. In the dairy-derived P. freudenreichii, beneficial metabolites produced could include
SCFAs as well as the metabolite 1,4-Dihydroxy-2-naphthoic acid (DHNA), a known AhR ligand.

8. Concluding Remarks

While current therapies are effective at mitigating RA, their prolonged use is associated with
unwanted side effects. It is clear that natural products can be effective forms of therapy for RA.
We described in detail four such natural products and their bioactive components, but there are many
more that have been shown to possess anti-inflammatory and anti-arthritic properties. One of the
major hurdles of using natural products for therapy is their poor bioavailability. In order to combat this
issue, researchers are turning to nanoparticle delivery of such products, and have reported successful
application of these approaches. Nanoparticles are designed for the delivery of drugs/biologics
to improve their pharmacological and therapeutic properties. They can protect the drug against
degradation and deliver the drug to a specific target. In consequence, lower dose of the drug is
required to achieve the desired efficacy. Thus, nanoparticles can ensure controlled release of drugs
and reduce their toxicity. Furthermore, natural products might also contain prebiotic components,
whose interaction with the host microbiome can have a significant impact on health and disease.
This is a new area of research that would further help optimize the selection of natural products for
therapy and define their mechanisms of action. Taken together, in the past couple decades, there has
been a gradual increase in the use of natural products for the maintenance of health and treatment
of arthritis and other diseases all over the world. It is hoped that in the near future, with additional
research efforts and controlled clinical testing, natural products will be more widely accepted and
used as therapeutics, either alone or as adjuncts to mainstream allopathic (Western) drugs, for RA and
other diseases.
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Abstract: Citrus fruits have been a commercially important crop for thousands of years. In addition,
Citrus essential oils are valuable in the perfume, food, and beverage industries, and have also
enjoyed use as aromatherapy and medicinal agents. This review summarizes the important biological
activities and safety considerations of the essential oils of sweet orange (Citrus sinensis), bitter
orange (Citrus aurantium), neroli (Citrus aurantium), orange petitgrain (Citrus aurantium), mandarin
(Citrus reticulata), lemon (Citrus limon), lime (Citrus aurantifolia), grapefruit (Citrus × paradisi),
bergamot (Citrus bergamia), Yuzu (Citrus junos), and kumquat (Citrus japonica).

Keywords: sweet orange; bitter orange; neroli; orange petitgrain; mandarin; lemon; lime; grapefruit;
bergamot; yuzu; kumquat

1. Introduction

The genus Citrus (Rutaceae) is one of the ancient, most traded, and most popular crops.
The earliest records of its cultivation date back to 2100 BC [1]. The origin of Citrus is still controversial;
however, it is believed to have originated from Southeast Asia [2]. Citrus is grown widely all over the
world for its numerous health benefits. Citrus fruits are consumed as a fresh fruit desert or used for
making juice and jam. They are an excellent source of vitamins, especially vitamin C. Processing Citrus
fruits results in a significant amount of waste (peels, seeds, and pulps), which accounts for 50% of
the fruit [3]. Citrus waste is a valuable source of d-limonene, flavonoids, carotenoids, dietary fibers,
soluble sugars, cellulose, hemicellulose, pectin, polyphenols, ascorbic acid, methane, and essential
oils [4–6]. Interestingly, the essential oil (EO) is the most vital by-product of Citrus processing. Citrus
EOs are broadly used as natural food additives in several food and beverage products [7] because they
have been classified as generally recognized as safe (GRAS) [8]. Furthermore, Citrus EOs are used as
natural preservatives due to their broad spectrum of biological activities including antimicrobial and
antioxidant effects [9]. The presence of terpenes, flavonoids, carotenes, and coumarins is thought to
be responsible for the strong anti-oxidative and antimicrobial activities [10–14]. Due to their pleasant
refreshing smell and rich aroma, Citrus EOs are also used in air-fresheners, household cleaning
products, perfumes, cosmetics, and medicines.

Because of their high economic importance, numerous studies have investigated the chemical
composition of the peel, leaf, and flower essential oils of different Citrus species. It is worth noting that
there is a great variation in the chemical composition of Citrus oils due to differences in origin, genetic
background, season, climate, age, ripening stage, method of extraction, etc. [15–19]. The key volatile
components are presented in Figure 1. Sweet orange, bitter orange, mandarin, and grapefruit EOs are
rich in monoterpenes with the major component being d-limonene (65.3–95.9%) (Table 1) [8]. The main
components in the essential oil of bitter orange leaf are linalyl acetate and linalool [16], while the flower
EO contained linalool as the major component, followed by d-limonene and linalyl acetate [20]. Some
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of the Citrus EOs are prepared by expression, which results in the presence of non-volatile components
(Figure 2) that can cause photosensitivity and skin irritation [8]. The percentages of these non-volatile
constituents in expressed oils are given in Table 2.
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OH
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Figure 1. Chemical structures of key volatile components in Citrus essential oils.
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Figure 2. Chemical structures of key non-volatile components in expressed Citrus essential oils.

The objective of this review is to summarize the reported biological activities and safety of
the essential oils of sweet orange (Citrus sinensis L.), bitter orange (Citrus aurantium L.), neroli
(Citrus aurantium L.), orange petitgrain (Citrus aurantium L.), mandarin (Citrus reticulata Blanco),
lemon (Citrus limon Osbeck), lime (Citrus aurantifolia), grapefruit (Citrus × paradisi Macfady), bergamot
(Citrus bergamia Risso & Poit), Yuzu (Citrus junos Sieb. ex Tanaka), and kumquat (Citrus japonica Thunb).
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2. Biological Properties

A summary of the biological activities of different Citrus essential oils is presented in Table 3.

Table 3. Biological activities of different Citrus essential oils.

Essential Oil Biological Activity Ref.

Sweet orange

Anticarcinogenic [28,29]
Relaxant [30]

Anxiolytic [31–33]
Pain relief [34]

Hepatocarcinogenesis suppressant [35]
Anti-tumor [36]
Antioxidant [37]

Food preservative [38]
Acne treatment (with sweet basil oil) [39]

Antibacterial [40–43]
Antifungal [10,44,45]

Anti-aflatoxigenic (at 500 ppm) [44]
Larvicidal [46,47]

Insecticidal [48–50]
Anthelmintic [51]

Growth promoter (in Tilapia) [52]

Bitter orange

Mild sedative, hypnotic, soothing, calming, and motor relaxant [53]
Sleep inducer [54]

Anxiolytic and antidepressant [53,55–58]
Pain relief [34,59]

Antiseizure and anticonvulsant agent [54]
Anti-spasmodic and sexual desire enhancer [59]

Gastroprotective and ulcer healing [60]
Digestive disorders treatment [53]

Hepatocarcinogenesis suppressant [35]
Antioxidant [53,61]

Nephroprotective [62]
Antibacterial [53,63–65]

Pimple and acne treatment [53]
Antifungal [15,53,66]

Fumigant and anti-cholinesterase [67]
Larvicidal [46]

Neroli

Sedative, soothing, calming, and motor relaxant [55,68]
Anxiolytic and antidepressant [53,57,69,70]

Antiseizure and anticonvulsant [71,72]
Central and peripheral antinociceptive effects [73]

Anti-inflammatory [73]
Menopausal symptoms relief [74]

Premenstrual syndrome (PMS) relief [75]
Sexual desire enhancer [59]

Endothelium- and smooth muscle-dependent vasodilator [76]
Hypotensive [77]
Antioxidant [20,78]

Anti-amnesic [72]
Antibacterial [53,79]
Antifungal [20,53,75,79]

Orange petitgrain
Antioxidant [78,80]
Antibacterial [81]
Antifungal [81]
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Table 3. Cont.

Essential Oil Biological Activity Ref.

Mandarin

Anti-proliferative [82]
Chemoprotective [82]

Antioxidant [83]
Antibacterial [83,84]
Antifungal [84–87]

Lemon

Stress relief [88,89]
Cytotoxic [28,90]

Chemoprotective [91]
Anti-obesity [92]
Antioxidant [93]

Neuroprotective [94,95]
Anti-anxiety [96]

Creativity and mood enhancer [97]
Analgesic [98]

Relief of nausea and vomiting of pregnancy [99]
Anti-spasmodic [89]

Attention level, concentration, cognitive performance, mood,
and memory enhancer [89,100]

Skin penetration enhancer [101]
Antibacterial [102,103]
Antifungal [10]

Insect repellent [104]
Miticidal [105]

Lime

Anti-obesity [106]
Spasmolytic agent [107,108]

Selective acetylcholinesterase and buytrylcholinesterase inhibitor [109]
Antioxidant [109]

Anti-inflammatory [110]
Flavoring agent [111,112]

Antibacterial [111,113]
Antifungal [111,113]
Insecticidal [114]
Phytotoxic [113]

Grapefruit

Anti-obesity [92,115–117]
Cravings and hunger reducer (mixed with patchouli oil) [116]

Body cleansing promoter [116]
Cytotoxic [28,90]

Antibacterial [118,119]
Antifungal [118–120]
Larvicidal [121–124]

Bergamot

Melanogenic component in suntan preparations [125,126]
Pain relief [127–129]

Peripheral antinociceptive [129,130]
Antiallodynic [127,131]

Wound healing [132]
Cytotoxic [125,133–135]

Anti-tumor [136]
Neuroprotective [137,138]

Sedative, calming, and soothing [139]
Anxiolytic [139,140]

Mood enhancer [141]
Antioxidant [109]
Antibacterial [142–144]
Antifungal [142,143,145]

Anti-dermatophyte [146,147]
Antimycoplasmal [148]
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Table 3. Cont.

Essential Oil Biological Activity Ref.

Yuzu

Anti-carcinogenic [149]
Anti-inflammatory [150]

Anti-anxiety [151]
Mood disturbance, tension-anxiety, anger-hostility, and fatigue reducer [152,153]

Mind and body health promoter [152]
Odor suppressant [154]

Anti-cancer [155]
Hypocholesterolemic [156]

Anti-diabetic [157]
Anti-obesity [158]

Platelet aggregation inhibitor [159]
Heart failure treatment [160]

Kumquat

Antiproliferative [161]
Antioxidant [161,162]
Antibacterial [163]
Antifungal [163]

2.1. Sweet Orange (Citrus sinensis L.) Essential Oil

Sweet orange EO showed anticarcinogenic potential via inducing apoptosis in human leukemia
(HL-60) cells [28] and human colon cancer cells [29], and inhibiting angiogenesis and metastasis [29].
Olfactory stimulation using orange EO induced physiological and psychological relaxation. Inhalation
of orange EO for 90 s caused a significant decrease in oxyhemoglobin concentration in the right
prefrontal cortex of the brain which increases comfortable, relaxed, and natural feelings [30]. The odor
of sweet orange decreases the symptoms of anxiety and improves the mood [31]. The oil showed
strong anxiolytic activity in Wistar rats [32]. When female dental patients were exposed to sweet
orange odor diffused in the waiting room prior to a dental procedure, they showed lower levels of
state-anxiety compared to control patients who were exposed to air only [33]. Sweet orange EO in
combination with ginger and accompanied by a massage was effective in alleviating moderate to
severe knee pain among the elderly in Hong Kong [34]. Moreover, sweet orange EO suppressed
pre-neoplastic hepatic lesions during N-nitrosodiethylamine (DEN)-induced hepatocarcinogenesis
in rats by restoring the normal phenotype and upregulating junctional complexes [35]. Injections
of orange EO in mice 24 h after subcutaneous injections with dibenzo-[α]-pyrene (DBP) reduced
the tumor incidence to less than 50% after 30 weeks [36]. In addition, the oil was reported to have
a good radical-scavenging activity [37], mainly due to the high d-limonene content [12,13]. It is
used in combination with thyme oil to improve the quality traits of marinated chicken meat [38].
Moreover, formulations based on orange and sweet basil oils were effective in treating acne [39].
Improvement of the acne condition was observed with 43–75% clearance of lesions. It should be noted
that there were some side effects, such as burning and redness that disappeared within a few minutes of
completing the application [39]. Sweet orange EO was reported to inhibit the growth of several bacteria
including Staphylococcus aureus, Listeria monocytogenes, Vibrio parahaemolyticus, Salmonella typhimurium,
Escherichia coli, and Pseudomonas aeruginosa [40–43], as well as several fungal species, such as Aspergillus
flavus, A. fumigatus, A. niger, A. terreus, Alternaria alternata, Cladosporium herbarum, Curvularia lunata,
Fusarium oxysporum, Helminthosporium oryzae, Penicillium chrysogenum, P. verrucosum, and Trichoderma
viride [10,44,45]. It also showed a good anti-aflatoxigenic effects (inhibited aflatoxin B1) at 500 ppm [44].
In addition, it has an intense larvicidal activity against the malaria vector, Anopheles labranchiae [46],
and the vector of yellow and dengue fever, Aedes aegypti [47]. Sweet orange EO is a potent fumigant
against house flies, cockroaches, and mosquitoes [48,49]. It can be used for controlling subterranean
termites [50]. It is also an effective anthelmintic agent against gastrointestinal nematodes; five times
more effective on Haemonchus contortus eggs than tea tree EO [51]. Moreover, sweet orange EO acted
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as a growth promoter, increased immunity, and improved disease resistance to Streptococcus iniae
in Tilapia [52].

2.2. Bitter Orange (Citrus aurantium L.) Essential Oil

Bitter orange EO is used as a mild sedative and hypnotic for its soothing, calming, and motor
relaxant effects [53]. It also enhances sleeping time and is used to treat insomnia [54]. Bitter orange odor
decreases the symptoms of anxiety, improves mood, and creates a sense of well-being [53]. It showed
strong anxiolytic activity in rodents without any motor impairment, even after 15 consecutive days
of treatment [55]. It increased social interactions for rats (time spent in active social interaction),
and increased exploration time in the open arms of the elevated plus-maze (EPM) [55]. It was also
effective in treating the symptoms of anxiety in patients with chronic myeloid leukemia prior to the
collection of medullary material [56]. It exerted its antianxiety effects by regulating serotonin (5-HT)
receptors in rats [57] and its antidepressant effects through the monoaminergic system in mice [58].
Furthermore, bitter orange EO was effective in reducing the severity of first-stage labor pain and
anxiety in primiparous women [59], as well as in alleviating moderate and severe knee pain [34]. Bitter
orange EO is used as a natural antiseizure and anticonvulsant agent. It has been used in treating
epilepsy and seizures [54]. It has been reported to have anti-spasmodic effect and to enhance sexual
desire [59]. Due to the presence of limonene, bitter orange EO possesses its gastroprotective and ulcer
healing actions through increasing the gastric production of mucus, which is useful as a secondary
intervention in the treatment of chronic inflammatory diseases [60]. It is used as a treatment for
digestive disorders such as slow digestion, constipation, flatulence, gastric problems, etc. [53]. Bitter
orange EO suppressed preneoplastic hepatic lesions during DEN-induced hepatocarcinogenesis in
rats by restoring the normal phenotype and upregulating junctional complexes [35]. Bitter orange EO
showed good radical-scavenging activity [53], largely due to the high d-limonene content [12,13] and its
microencapsulated form, which was effective in reducing oxidative stress in acute otitis media rats [61].
Due to its free radical-scavenging properties, bitter orange extract showed nephroprotective effects
against gentamicin-induced renal damage [62]. The antibacterial activity of bitter orange EO was
manifested by inhibiting the growth of Listeria innocua, Salmonella enterica, Escherichia coli, Pseudomonas
fluorescens, and Aeromonas hydrophila [53,63,64]. It was also effective in controlling multi-species
biofilms [65]. Due to its antimicrobial effects, bitter orange EO is used for treating colds, dull skin, flu,
gums and mouth, and chronic bronchitis, as well as a food preservative [53]. The diluted oil is used to
treat pimples and acne [53]. In addition, bitter orange EO inhibits the growth of Penicillium digitatum,
and P. italicum [15,53]. The oil was mentioned as a topical treatment for skin fungal infections like
ringworm, jock itch, and athlete’s foot [66]. Furthermore, bitter orange EO showed potent fumigant
and anti-cholinesterase activities against the silverleaf whitefly, Bemisia tabaci [67]. It was also effective
against the larvae of the malaria vector, Anopheles labranchiae [46].

2.3. Neroli (Citrus aurantium L.) Essential Oil

Neroli EO is used as a sedative for its soothing, calming, and motor relaxant effects by healthcare
centers in Puerto Rico, Guatemala, Mexico, Italy, Martinique, and Spain [55]. Neroli EO is effective
for cardiac palpitations resulting from shock or fear [68]. Similar to the fruit peel oil, the odor of
neroli decreases the symptoms of anxiety, improves mood, and creates a sense of well-being [53].
It was proven to be effective in reducing preoperative anxiety before minor operations [69]. Neroli EO
reduced the mean anxiety scores in postmenopausal women [70]. It exerted its antianxiety effects by
regulating 5-HT receptors in rats [57]. Neroli EO is used as a natural antiseizure and anticonvulsant
agent [71]. It has been used in treating insomnia, epilepsy, and seizures [72]. Neroli EO has central
and peripheral antinociceptive effects which support the ethnomedicinal claims of its use in the
management of pain and inflammation [73]. Neroli EO possesses significant anti-inflammatory activity
against acute and chronic inflammation [73]. Neroli EO is effective in reducing stress and improving
the endocrine system. Inhalation of neroli EO helps in relieving menopausal symptoms, reducing
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blood pressure, and increasing sexual desire in postmenopausal women [74]. It also decreased
the overall symptoms of premenstrual syndrome (PMS) in university students. It showed positive
effects on the mood, blood pressure, pain, inflammation, bloating, and indigestion in addition to
its anti-depressant effects [75]. Inhaling neroli odor enhances sexual desire [59]. Neroli EO is an
endothelium- and smooth-muscle-dependent vasodilator that can alleviate cardiovascular symptoms.
The endothelial component is mediated by the nitric oxide to soluble guanylyl cyclase pathway,
while the smooth muscle component involves inhibiting extracellular Ca2+ influx and store-operated
Ca2+ release mediated by the ryanodine receptor (RyR) signaling pathway [76]. Inhaling a mixture of
lavender, ylang-ylang, marjoram, and neroli (20:15:10:2) decreased systolic and diastolic blood pressure,
as well as the concentration of salivary cortisol in prehypertensive and hypertensive subjects [77].
These positive effects were immediate and continuous [77]. Furthermore, neroli EO is a strong
antioxidant. It showed a 100% singlet oxygen scavenging activity at all concentrations between
0.1 and 2% [20,78]. Interestingly, the C. aurantium flower extract showed anti-amnesic and repairing
effects on memory, learning impairments, and behavioral disorders induced by scopolamine, and
has the potential to treat Alzheimer’s disease [72]. Neroli EO inhibits the growth of several bacteria
including Bacillus subtilis, B. cereus, Staphylococcus aureus, S. epidermis, Enterococcus faecalis, Micrococcus
luteus, Listeria monocytogenes, Salmonella enteritidis, Escherichia coli, Pseudomonas aeruginosa, and Klebsiella
pneumonia [53,79], as well as several fungi including Aspergillus niger, A. flavus, A. nidulans, A. fumigatus,
Fusarium graminearum, F. oxysporum, F. culmorum, and Alternaria alternata [20,53,75,79].

2.4. Orange Petitgrain (Citrus aurantium L.) Essential Oil

Orange petitgrain EO showed a remarkable radical-scavenging activity, higher than the flower
oil (neroli) and fruit peel oil (bitter orange) from the same plant [78,80]. The potent antioxidant effect
could be attributed to the high d-limonene content [12,13]. It also inhibited the growth of Bacillus
subtilis, Staphylococcus aureus, Escherichia coli, Saccharomyces cerevisiae, Mucor ramannianus, and Fusarium
culmorum [81].

2.5. Mandarin (Citrus reticulata Blanco) Essential Oil

Citrus reticulata EO showed an anti-proliferative effect against human embryonic lung fibroblasts
(HELFs) and showed protective effects against bleomycin (BLM)-induced pulmonary fibrosis in rats.
The mechanism is thought to be through adjusting the unbalance of oxidation and antioxidation,
down-regulating the expressions of connective tissue growth factor (CTGF) and mRNA in lung
tissues, and reducing collagen deposition and fibrosis [82]. C. reticulata EO showed a moderate
radical scavenging activity [83] mainly due to the high d-limonene content [12]. Mandarin oil is
well known for its broad spectrum antibacterial and antifungal actions. It inhibits the growth of
several bacteria including Escherichia coli, Bacillus subtilis, Pseudomonas aeruginosa, and Staphylococcus
aureus [83,84], as well as several fungi including Penicillium italicum, P. digitatum, P. chrysogenum,
Aspergillus niger, A. flavus, Alternaria alternata, Rhizoctonia solani, Curvularia lunata, Fusarium oxysporum,
and Helminthosporium oryzae [84–87].

2.6. Lemon (Citrus limon Osbeck) Essential Oil

Lemon EO is a natural stress reliever. Inhaling lemon EO causes anti-stress effects through
modulating the 5-HT and dopamine (DA) activities in mice [88,89]. Lemon EO showed cytotoxic
effects against human prostate, lung, and breast cancer cells [90]. It also induced apoptosis in HL-60
cells due to the presence of citral, decanal, and octanal [28]. Oral administration of lemon EO
inhibited 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK)-induced neoplasia of the lungs
and forestomach of female mice [91]. Lemon EO causes activation of the sympathetic nerve activity
innervating the white adipose tissue (WAT), which increases lipolysis and results in the suppression
of body weight gain [92]. Lemon EO significantly reduces lipid peroxidation levels and nitrile
content, but increases reduced glutathione (GSH) levels, as well as superoxide dismutase, catalase,
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and glutathione peroxidase activities in mouse hippocampus [93]. The neuroprotective effect of lemon
EO is attributed to its remarkable radical-scavenging activity [94,95]. Prolonged exposure (for 2 weeks)
to lemon EO induces significant changes in neuronal circuits involved in anxiety and pain in rats [96].
Lemon EO improves creativity and mood, and is thought to affect heart rhythm [97]. The analgesic
effect of lemon EO is induced by dopamine-related activation of anterior cingulate cortex (ACC) and
the descending pain inhibitory system [98]. Inhalation of lemon EO reduces the intensity of nausea
and vomiting of pregnancy (NVP) by 33% [99]. It also showed anti-spasmodic activity [89]. Lemon
EO significantly enhanced attention level, concentration, cognitive performance, mood, and memory
of students during the learning process [100]. Rats exposed to lemon EO were able to find a target
point faster than a control group [89]. Lemon EO is a safe and effective penetration enhancer for
topical administration of lipid- and water-soluble vitamins which are critical issues for the protection of
anti-ageing formulations. It significantly enhances the trans-epidermal release of α-tocopherol (vitamin
E), retinyl acetate (vitamin A), pyridoxine (vitamin B6), and ascorbic acid (vitamin C) from topical
emulsions in reconstructed human epidermis [101]. In addition, lemon EO is a potent antibacterial
against Bacillus cereus, Mycobacterium smegmatis, Listeria monocytogenes, Lactobacillus curvatus, L. sakei,
Micrococcus luteus, Escherichia coli, Klebsiella pneumoniae, Pseudococcus aeruginosa, Proteus vulgaris,
Enterobacter gergoviae, E. ammnigenus, Staphylococcus aureus, S. carnosus, and S. xylosus [102,103],
and a strong antifungal against Aspergillus niger, A. flavus, Penicillium verrucosum, P. chrysogenum,
Kluyveromyces fragilis, Rhodotorula rubra, Candida albicans, Hanseniaspora guilliermondii, and Debaryomyces
hansenii [10]. Lemon EO has insect repellent effects against the malaria vector, Anopheles stephensi [104].
It also showed remarkable miticidal activity against Sarcoptes scabiei var. cuniculi, both in vitro and
in vivo. When lemon EO was tested at 20% and applied topically on the infected parts of rabbits once
a week for four successive weeks, the infected rabbits completely recovered after the second week of
treatment [105].

2.7. Key Lime (Citrus aurantifolia) Essential Oil

Lime EO has been used to relieve common cold, flu, asthma, arthritis, and bronchitis [111,164].
It could be useful in weight loss and the treatment of drug-induced obesity and related diseases.
It displayed a reduction in body weight and food consumption in ketotifen-induced obese mice [106].
It has been reported as a potent spasmolytic agent [107,108]. Lime EO could also be useful in
treating Alzheimer’s disease since it is a strong selective acetylcholinesterase and buytrylcholinesterase
inhibitor [109]. It has a remarkable radical-scavenging activity (IC50 = 19.6 μg/mL) [109] due to
the high d-limonene content [12,13]. Lime EO exhibited anti-inflammatory effects by reducing cell
migration, cytokine production, and protein extravasation induced by carrageenan [110]. Lime EO is
used as a flavoring agent in syrups and suspensions [111,112]. In addition, it is a potent antibacterial
against Escherichia coli, Listeria monocytogenes, Bacillus subtilis, Enterococcus durans, E. hirae, Staphylococcus
epidermidis, S. aureus, Enterobacter cloacae, Pseudomonas aeruginosa, Serratia marcescens, Shigella flexnerii,
Streptococcus faecalis, Citrobacter spp., Klebsiella pneumoniae, and Salmonella typhi [111,113]. It also inhibits
the growth of many fungi including Colletotrichum gloeosporioides, Rhizopus stolonifer, Aspergillus niger,
A. parasiticus, Rhizoctonia solani, Candida albicans, and C. parapsilosis [111,113]. Lime EO has insecticidal
activity (contact, fumigation, and feeding deterrent activities) against the maize weevil, Sitophilus
zeamais [114]. It showed phytotoxic activities against Avena fatua L., Echinochloa crus-galli (L.) Beauv,
Allium cepa L., and Phalaris minor Retz [113].

2.8. Grapefruit (Citrus × paradisi Macfady) Essential Oil

Because of its anti-obesity effects, grapefruit EO is called the “dieter’s friend” [116]. The fragrance
of grapefruit EO causes activation of the sympathetic nerve activity innervating the WAT,
which facilitates lipolysis, then results in a suppression of body weight gain [92,115]. It efficiently
inhibits adipogenesis via inhibiting the accumulation of triglycerides [117]. When mixed with patchouli
oil, grapefruit EO is known to lower cravings and hunger, which makes it a great tool to lose weight
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in a healthy way [116]. The bright, refreshing scent of grapefruit EO energizes and uplifts the senses.
Grapefruit EO promotes body cleansing and removal of toxins and excess fluids [116]. Grapefruit EO
was cytotoxic against human prostate and lung cancer cells [90]. It also induced apoptosis in HL-60
cells due to the presence of citral, decanal, and octanal [28]. Moreover, it showed a strong antibacterial
activity against Bacillus cereus, Enterococus faecalis, Escherichia coli, Klebsiella pneumoniae, Pseudococcus sp.,
Salmonella thyphimurium, Shigella flexneri, and Staphylococcus aureus [118,119], and a strong antifungal
activity against Aspergillus niger, Candida albicans, Cladosporium cucumerinum, Penicillium digitatum,
P. italicum, and P. chrysogenum [118–120]. Grapefruit EO was 95% lethal to eggs and larvae of Anastrepha
fraterculus and Ceratitis capitata [121]. It completely inhibited the viability of Aedes aegypti eggs exposed
at 400 ppm, and inhibits its larval development at 100 ppm [122]. Also, grapefruit EO is a potent
larvicide against Anopheles stephensi at 80 ppm [123]. It caused an 89.6% decrease of Eimeria-induced
coccidiosis contamination with 5 mg/kg for 30 days [124].

2.9. Bergamot (Citrus bergamia Risso & Poit) Essential Oil

Bergamot EO is widely used in the perfumery, pharmaceutical, cosmetic, and food industries [125].
It is used in suntan preparations due to the presence of bergapten, which is the active melanogenic
component [126]. Bergamot EO is used in complementary medicine to treat chronic nociceptive and
neuropathic pain via modulating sensitive perception of pain [127–129]. Intraplantar injection of
bergamot EO, linalool, and linalyl acetate showed a peripheral antinociception effect in the capsaicin
test mediated by a peripheral opioid mechanism [129,130]. A combination of a low dose of morphine
with inactive doses of bergamot oil or linalool was sufficient to induce antiallodynic effects in mice
via inhibiting spinal extracellular signal-regulated protein kinase (ERK) phosphorylation [127,131].
The oil is used to facilitate wound healing [132]. Bergamot EO was reported to be cytotoxic against
SH-SY5Y human neuroblastoma cells, suppressing their growth rate through a mechanism related to
both apoptotic and necrotic cell death [133,134]. Bergamottin and 5-geranyloxy-7-methoxycoumarin
were identified as the bioactive molecules responsible for the cytotoxic effect of bergamot EO [133].
Bergamot EO inhibited tumor formation by the carcinogen NDMA in vitro by more than 70% [136].
Bergamot oil and its d-Limonene were reported to modulate autophagic pathways in SH-SY5Y
cells [125]. Liposomal bergamot oil showed improved anticancer activity against SH-SY5Y cells
because of its higher stability and higher bioavailability [135]. In addition, it has been shown to
reduce neuronal damage caused in vitro by excitotoxic stimuli by preventing an injury-induced
decrease of phosphorylated protein kinase B (phospho-Akt) and phosphorylated glycogen synthase
kinase 3β (phospho-GSK-3β) levels [137,138]. Bergamot EO is used as a mild sedative that acts by
calming and soothing the nervous system [139]. In rodent experiments, the pleasant, refreshing
odor of bergamot decreased the symptoms of stress-induced anxiety and minimized behavior-related
depressive disorders in chronic stressed rats [139]. Inhalation of bergamot EO was reported to increase
the release of amino acid neurotransmitters (glutamate, gamma-aminobutyric acid (GABA), aspartate,
glycine, and taurine) in rat hippocampuses, both in vivo and in vitro, which suggested that the oil may
interfere with exocytosis [165]. Similar to diazepam, bergamot oil exerted anxiolytic-like behaviors
and attenuated hypothalamic-pituitary-adrenal (HPA) axis activity via reducing the corticosterone
response to acute stress caused by EPM [140]. A pilot study performed in the waiting room of a
mental health treatment center (Utah, USA) revealed that inhalation of bergamot EO for 15 minutes
improves positive feelings [141]. Furthermore, bergamot EO showed a good radical scavenging
activity evaluated by β-carotene bleaching test (IC50 = 42.6 μg/mL) [109] due to the high d-limonene
content [12,13]. Bergamot EO inhibits the growth of several bacteria including Escherichia coli,
Staphylococcus aureus, Bacillus cereus, Salmonella enterica, S. typhimurium, Pseudomonas putida, Arcobacter
butzleri, Enterococcus faecium, E. faecalis, and Listeria monocytogenes [142–144]. Several studies showed a
broad spectrum antifungal activity of bergamot EO against Hanseniaspora guilliermondii, Debaryomyces
hansenii, Kluyveromyces fragilis, Rhodotorula rubra, Candida albicans, Aspergillus niger, A. flavus, Penicillium
italicum, Fusarium solani, F. sporotrichioides, F. oxysporum, Curvularia lunata, Verticillium dahliae, Phomopsis
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sp., Phoma sp., and Myrothechium verrucaria [142,143,145]. It was also reported to have antifungal effects
against dermatophytes of the genera Trichophyton, Microsporum, and Epidermophyton [146]. It could be
used in the treatment of dermatophytosis in animals [147]. The mechanism underlying its antimicrobial
and antifungal effect is thought to be via increasing reactive oxygen species (ROS) production,
relevant to its action in human polymorphonuclear leukocytes [132]. Bergamot EO also showed
strong antimycoplasmal activity against Mycoplasma hominis, M. fermentans, and M. pneumoniae [148].

2.10. Yuzu or Yuja (Citrus junos Sieb. ex Tanaka) Essential Oil

Yuzu EO inhibited the formation of the carcinogen N-nitrosodimethylamine (NDMA) in
vegetables (by 22–59%) and saliva (by 24–62%) [149]. Yuzu EO is useful in treating bronchial asthma
due to its anti-inflammatory activities. It inhibits the production of cytokines and ROS, and reduces
eosinophil migration [150]. Yuzu odor was reported to decrease maternal anxiety for a sick child
receiving an infusion at a pediatric clinic [151]. A 10 min inhalation of the yuzu odor significantly
decreased the heart rate and increased the high frequency power of heart rate variability reflecting
parasympathetic nervous system activity, regardless of menstrual phase. Inhalation of the yuzu oil
decreased total mood disturbance, tension-anxiety, anger-hostility, and fatigue, which are common
premenstrual symptoms [152,153]. Yuzu odor promotes mind and body health in Japan [152]. It is also
used to suppress the odor of Niboshi soup stock [154]. Yuzu peel ethanol extract is useful in preventing
colitis and colorectal cancer through reducing cyclooxygenase-2 (COX-2) expression [155]. This extract
also showed hypocholesterolemic effect both in vitro and in vivo by reducing the weight gain, lipid
accumulation, liver fat content, liver weight, total cholesterol, and low-density lipoprotein (LDL)
cholesterol [156]. Yuzu extract was reported to exert anti-diabetic activity through increasing glucose
uptake in C2C12 myotubes by modulating the AMP-activated protein kinase (AMPK) and peroxisome
proliferator-activated receptor gamma (PPAR-γ) signaling pathways. It improved insulin resistance
(IR) in mice that were fed a high-fat diet [157]. Moreover, yuzu peel extract showed anti-obesity
effects in a zebrafish model via activating hepatic PPAR-α and adipocyte PPAR-γ pathways [158].
The methanol extract of yuzu could be beneficial for individuals at high risk of cardiovascular disease
because it inhibits platelet aggregation [159]. Yuzu extract could be useful in treating heart failure as it
prevents myocardial infarction (MI)-induced ventricular dysfunction and structural remodeling of
myocardium [160].

2.11. Kumquat (Citrus japonica Thunb) Essential Oil

Kumquat EO showed antiproliferative action against human prostate cancer (LNCaP) cells
via inducing apoptosis and inhibition of inflammation [161]. The oil also showed a considerable
radical-scavenging activity evaluated by a 2,2-diphenyl-1-picrylhydrazyl (DPPH) test [161,162] due
to the high d-limonene content [12,13]. Kumquat EO exhibits potent antibacterial effects against
Escherichia coli, Staphylococcus aureus, Bacillus cereus, Bacillus subtilis, Bacillus laterosporus, Salmonella
typhimurium, and Lactobacillus bulgaricus, as well as antifungal effects against Candida albicans [163].

3. Safety of Citrus Oils

Generally speaking, Citrus EOs are non-toxic, non-mutagenic, and non-carcinogenic [8]. They are
not hazardous in pregnancy and do not alter the maternal reproductive outcome [8,166]. Sweet orange,
bitter orange, neroli, petitgrain, lemon, lime (both distilled and expressed), bergamot, and grapefruit
oils have GRAS status [8]. However, there is a possible skin sensitization issue if old or oxidized oil
is used. The distilled oils are not phototoxic, while the expressed oils carry a low to moderate risk
of phototoxicity (Table 4) [167] due to the presence of furanocoumarins [168]. In case of applying
expressed EOs to the skin in a dose higher than the maximum dermal use level, it is recommended
to avoid exposure to sunlight for at least 12 h [8]. Neroli and yuzu oils are neither irritating nor
sensitizing [167]. Expressed sweet orange oil was neither irritating nor sensitizing to 25 volunteers
when tested at 8 and 100% [167], whereas it caused sensitivity to 0.13% of total dermatitis patients
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when tested at 2% [169]. Bitter orange EO was neither irritating nor sensitizing to 25 volunteers when
tested at 10% [167], while it caused sensitivity to 1.5% of total dermatitis patients when tested at
2% [169]. Lemon oil was neither irritating nor sensitizing to volunteers when tested at 10% [167],
and similar results were observed for distilled lime oil when tested at 15 and 100% [167]. No irritation
or sensitization data were found for the expressed lime oil. The high citral content of lime EO causes
potential toxic and myelotoxic effects [110]. Grapefruit oil was neither irritating nor sensitizing to
volunteers when tested at 10 and 100% [167]. Mandarin EO was neither irritating nor sensitizing
to 25 volunteers when tested at 5 and 8% [167]. The expressed bergamot oil was neither irritating
nor sensitizing to 25 volunteers when tested at 10% [167]. It caused no irritation when tested at
2% on 1200 dermatitis patients, with only two (0.17%) patients showing sensitivity reaction [170],
whereas when tested at 10% in 590 eczema patients, 0.5% of the patients had reactions [171]. Expressed
bergamot oil caused severe phototoxic effects in hairless mice and pigs using simulated sunlight,
and in humans using natural sunlight and may be photocarcinogenic [167]. When applied to mice,
then irradiated with UV light, bergamot oil showed a carcinogenic action due to the presence of
bergapten [172]. Chronic skin pigmentation (also known as berloque dermatitis, bergapten dermatitis,
or photophytodermatitis) can also develop. Increased exposure to UV light can lead to serious burns [8].
In the absence of UV light, bergamot oil is not carcinogenic and even low concentration sunscreens
can completely inhibit bergapten-enhanced phototumorigenesis [172]. No hazards found for the
furanocoumarin-free (FCF) or rectified bergamot oil. The rectified oil was not sensitizing when tested
at 30% on 25 volunteers [173].

Table 4. Phototoxicity risk, irritation of the undiluted oil, acute dermal LD50 in rabbits, acute oral LD50

in rats, and maximum dermal use level for different essential oils from Citrus species.

Acute Toxicity
Phototoxicity

Risk [167]
Irritation of Undiluted Oil [8]

Acute Dermal
LD50 in Rabbits

(g/kg) [167]

Acute Oral
LD50 in Rats
(g/kg) [167]

Maximum
Dermal Use

Level [8]

Sweet orange
EO Low risk Moderately irritating to rabbits

but not irritating to mice >5 >5 -

Bitter orange
EO low risk Moderately irritating to rabbits >10 >5 1.25%

Neroli EO Not phototoxic Not irritating >5 4.55 -

Petitgrain EO Not phototoxic Slightly irritating to rabbits, but
not irritating to mice or pigs <2 >5 -

Lemon EO
(distilled) Not phototoxic Moderately irritating to rabbits

and slightly irritating to mice >5 >5 20%

Lemon EO
(expressed) Low risk Not irritating >5 >5 2%

Lime EO
(distilled) Not phototoxic Slightly irritating to rabbits >5 >5 -

Lime EO
(expressed) moderate risk No data available >5 >5 0.7%

Grapefruit EO Low risk Slightly irritating to rabbits, but
not irritating to mice or pigs >5 >5 4%

Bergamot EO
(FCF) Not phototoxic Mildly irritating to rabbits >20 >10 0.4%

Bergamot EO
(expressed) Moderate risk Moderately irritating to rabbits - - -

Yuzu EO Not phototoxic Not irritating - - -

Mandarin Not phototoxic
Moderately irritating (produces
slight edema and erythema) to

rabbits, mice, and pigs
>5 >5 30%

To avoid oxidation of d-limonene, Citrus oils should be stored in a dark air-tight container and
placed at 4 ◦C [8]. The use of old or oxidized oils should be avoided. To avoid any possible adverse
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skin reactions, it is recommended to dilute Citrus oils with a carrier oil before topical use [174]. Also,
adding an antioxidant to preparations containing Citrus oils is recommended [8].

4. Bioactivity and Safety of Individual Key Components

4.1. d-Limonene

d-Limonene has been shown to possess antioxidant, anti-inflammatory [12], and anticarcinogenic [8]
effects. It is not acutely toxic, nephrotoxic, or carcinogenic, but the oxidized d-limonene may carry
some toxicity. Unoxidized d-limonene is listed as an allergen by the EU, and moderately allergenic
in Germany [8]. Unoxidized d-limonene was allergenic in 0.2% of dermatitis patients when tested at
2–3% [8]. No positive skin reactions were observed when testing the 98% pure d-limonene at 20% in
dermatitis patients [175]. Undiluted d-limonene was moderately irritating to rabbits [167]. d-Limonene
was irritating at concentrations of 70–80%, a weak irritant at 50%, and a non-irritant at concentrations
of 20–30%. The acute dermal LD50 of d-limonene was >5 g/kg in rabbits, while the acute oral LD50

was >5 g/kg in rats [167].

4.2. γ-Terpinene

γ-Terpinene is an antioxidant [176]. It is neither irritating nor sensitizing [167]. It possesses
minimal toxicity. Depending on concentration, it may be mutagenic or non-mutagenic [8]. The acute
dermal LD50 of γ-terpinene was >5 g/kg in rabbits, while the acute oral LD50 was 3.65 g/kg in
rats [167].

4.3. Linalool

Linalool is a sedative, an antidepressant, and an anticancer, antifungal, and pesticidal
EO [177–180]. It is neither toxic nor irritable to skin. It presents an extremely low risk of skin
sensitization [8]. No positive skin reactions were observed when testing the 97% pure linalool at 20%,
or to oxidized linalool tested at 1% in dermatitis and eczema patients [175,181]. Linalool does not cause
photo-irritation or photo-allergy because it does not absorb UV light in the range of 290–400 nm [182].
No fetal toxicity was observed [8]. No carcinogenic, mutagenic, or genotoxic activities were found [8].
The acute dermal LD50 was 5.61 g/kg in rabbits, while the acute oral LD50 was 2.79 g/kg in rats [183]
and 2.2–3.92 g/kg in mice [184]. High doses of linalool cause ataxia and narcosis [185].

4.4. Linalyl Acetate

Linalyl acetate has narcotic effects [177]. It is non-toxic, and is very minimally skin reactive [8].
When tested at 5–20%, no skin reaction was observed [186]. Similar to linalool, linalyl acetate
does not cause photo-irritation or photo-allergy because it does not absorb UV light in the range
of 290–400 nm [182]. It has no carcinogenic activity [8]. The acute dermal LD50 was higher than 5 g/kg
in rabbits, while the acute oral LD50 was 14.5 g/kg in rats and 13.5 g/kg in mice [184].

4.5. α-Terpineol

α-Terpineol has anticarcinogenic activity [187]. It is a non-irritant at 1–15%, and non-phototoxic [188].
It is not mutagenic or genotoxic. The acute dermal LD50 of the mixed isomer terpineol was >3 g/kg in
rabbits, while the acute oral LD50 was 4.3 g/kg in rats [167].

4.6. Geranyl Acetate

Geranyl acetate has anti-inflammatory [189], antifungal [189], and antimicrobial properties [190].
It is a very weak skin sensitizer [167]. It is neither toxic nor carcinogenic [8]. It was not mutagenic
in the Ames test [191], and had no genotoxic effect [192]. The acute oral LD50 of geranyl acetate is
6.33 g/kg in rats [183].
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4.7. Terpinolene

Terpinolene is an antioxidant [193]. It is neither irritating nor sensitizing at 20% [167]. Limited
data suggests minimal toxicity. The acute oral LD50 was 4.4 mL/kg in rats and mice [167]. Thresholds
of terpinolene skin sensitization are not known.

4.8. β-Pinene

β-Pinene showed antiproliferative and cytotoxic effects [19,194]. It is not mutagenic or
genotoxic [8]. It is generally a non-irritant and non-sensitizing. Undiluted β-pinene was moderately
irritating to rabbits [8]. β-pinene was irritating at concentrations of 70–80%, a weak irritant at 50%,
and a non-irritant at concentrations of 25–30% to dermatitis patients [195]. β-Pinene was classified as
a category B substance in Germany, meaning it is considered moderately allergenic [196]. The acute
dermal LD50 of β-pinene was >5 g/kg in rabbits, subcutaneous LD50 was 1.42 g/kg in mice, and the
acute oral LD50 was >5 g/kg in rats [167].

5. Conclusions

Citrus essential oils are well known for their flavor and fragrance properties, as well as numerous
aromatherapeutic and medicinal applications. With the exception of some phototoxicity of expressed
oils, they are generally safe to use with negligible toxicity to humans. These readily available essential
oils will undoubtedly continue to play important roles in the food and beverage industries, as well as
for medicinal, cosmetic, and “green” pest-control uses.
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Abbreviations

5-HT serotonin
ACC anterior cingulate cortex
AMPK AMP-activated protein kinase
BLM bleomycin
COX-2 cyclooxygenase-2
CTGF connective tissue growth factor
DA dopamine
DBP Dibenzo-[α]-pyrene
DENA N-nitrosodiethylamine
DPPH 2,2-diphenyl-1-picrylhydrazyl
EO essential oil
EPM elevated plus-maze
ERK extracellular signal-regulated protein kinase
FCF furanocoumarin-free
GABA gamma-aminobutyric acid
GRAS generally recognized as safe
GSH glutathione
HELFs human embryonic lung fibroblasts
HL-60 human leukemia cells
HPA hypothalamic-pituitary-adrenal
IC50 median inhibitory concentration
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IR insulin resistance
LD50 median lethal dose
LDL low-density lipoprotein
LNCaP human prostate acedocarcinoma cells
MI myocardial infarction
NDMA N-nitrosodimethylamine
NNK 4-(methylnitrosoamine)-1-(3-pyridyl)-1-butanone
NVP nausea and vomiting of pregnancy
phospho-Akt phosphorylated protein kinase B
phospho-GSK-3β phosphorylated glycogen synthase kinase 3 beta
PMS premenstrual syndrome
PPAR-γ peroxisome proliferator-activated receptor gamma
ppm parts per million
ROS reactive oxygen species
RyR ryanodine receptor
SH-SY5Y human neuroblasoma cells
WAT white adipose tissue
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of selected essential oils against fungi isolated from medicinal plant. Ind. Crop. Prod. 2014, 55, 116–122.
[CrossRef]

146. Sanguinetti, M.; Posteraro, B.; Romano, L.; Battaglia, F.; Lopizzo, T.; De Carolis, E.; Fadda, G. In vitro activity
of Citrus bergamia (bergamot) oil against clinical isolates of dermatophytes. J. Antimicrob. Chemother. 2007,
59, 305–308. [CrossRef] [PubMed]

147. El-Ashmawy, W.R.; Elsaeed, M.; Gebely, M. Randomized clinical trial on evaluation of the effect of bergamot
oil on treatment of ring worm infection in calves and cats. Int. J. Infect. Dis. 2016, 45, 312–313. [CrossRef]

148. Furneri, P.M.; Mondello, L.; Mandalari, G.; Paolino, D.; Dugo, P.; Garozzo, A.; Bisignano, G. In vitro
antimycoplasmal activity of Citrus bergamia essential oil and its major components. Eur. J. Med. Chem. 2012,
52, 66–69. [CrossRef] [PubMed]

149. Sawamura, M.; Wu, Y.; Fujiwara, C.; Urushibata, M. Inhibitory effect of yuzu essential oil on the formation
of N-nitrosodimethylamine in vegetables. J. Agric. Food Chem. 2005, 53, 4281–4287. [CrossRef] [PubMed]

150. Hirota, R.; Roger, N.N.; Nakamura, H.; Song, H.S.; Sawamura, M.; Suganuma, N. Anti-inflammatory effects
of limonene from yuzu (Citrus junos Tanaka) essential oil on eosinophils. J. Food Sci. 2010, 75, 20492298.
[CrossRef] [PubMed]

151. Ueki, S.; Niinomi, K.; Takashima, Y.; Kimura, R.; Komai, K.; Murakami, K.; Fujiwara, C. Effectiveness of
aromatherapy in decreasing maternal anxiety for a sick child undergoing infusion in a paediatric clinic.
Complement. Ther. Med. 2014, 22, 1019–1026. [CrossRef] [PubMed]

152. Matsumoto, T.; Kimura, T.; Hayashi, T. Aromatic effects of a Japanese citrus fruit-yuzu (Citrus junos Sieb.
ex Tanaka)-on psychoemotional states and autonomic nervous system activity during the menstrual cycle:
A single-blind randomized controlled crossover study. Biopsychosoc. Med. 2016, 10, 11. [CrossRef] [PubMed]

153. Matsumoto, T.; Kimura, T.; Hayashi, T. Does Japanese citrus fruit yuzu (Citrus junos Sieb. ex Tanaka) fragrance
have lavender-like therapeutic effects that alleviate premenstrual emotional symptoms? A single-blind
randomized crossover Study. J. Altern. Complement. Med. 2017, 23, 461–470. [CrossRef] [PubMed]

154. Kasahara, K.; Takahashi, E.; Nishibori, K. Suppressing effect of yuzu peel on the odor of Niboshi soup stock.
Bull. Jpn. Soc. Sci. Fish. 1993, 59, 673–675. [CrossRef]

399



Int. J. Mol. Sci. 2018, 19, 1966

155. Kim, S.H.; Shin, E.J.; Hur, H.J.; Park, J.H.; Sung, M.J.; Kwon, D.Y.; Hwang, J.T. Citrus junos Tanaka peel extract
attenuates experimental colitis and inhibits tumour growth in a mouse xenograft model. J. Funct. Foods 2014,
8, 301–308. [CrossRef]

156. Hwang, J.T.; Shin, E.J. Ethanol extract of Citrus junos Tanaka exerts hypocholesterolemic effect in mice fed a
high cholesterol diet. Atherosclerosis 2013, 241, e195. [CrossRef]

157. Kim, S.H.; Hur, H.J.; Yang, H.J.; Kim, H.J.; Kim, M.J.; Park, J.H.; Sung, M.J.; Kim, M.S.; Kwon, D.Y.; Hwang, J.T.
Citrus junos Tanaka peel extract exerts antidiabetic effects via AMPK and PPAR-γboth in vitro and in vivo in
mice fed a high-fat diet. Evid.-Based Complement. Altern. Med. 2013, 2013, 921012.

158. Zang, L.; Shimada, Y.; Kawajiri, J.; Tanaka, T.; Nishimura, N. Effects of yuzu (Citrus junos Siebold ex Tanaka)
peel on the diet-induced obesity in a zebrafish model. J. Funct. Foods 2014, 10, 499–510. [CrossRef]

159. Yu, H.Y.; Park, S.W.; Chung, I.M.; Jung, Y.S. Anti-platelet effects of yuzu extract and its component.
Food Chem. Toxicol. 2011, 49, 3018–3024. [CrossRef] [PubMed]

160. Yu, H.Y.; Ahn, J.H.; Park, S.W.; Jung, Y.-S. Preventive effect of yuzu and hesperidin on left ventricular
remodeling and dysfunction in rat permanent left anterior descending coronary artery occlusion model.
PLoS ONE 2015, 10, e110596. [CrossRef] [PubMed]

161. Jayaprakasha, G.; Murthy, K.C.; Demarais, R.; Patil, B. Inhibition of prostate cancer (LNCaP) cell proliferation
by volatile components from Nagami kumquats. Planta Med. 2012, 78, 974–980. [CrossRef] [PubMed]

162. Nouri, A.; Shafaghatlonbar, A. Chemical constituents and antioxidant activity of essential oil and organic
extract from the peel and kernel parts of Citrus japonica Thunb. (kumquat) from Iran. Nat. Prod. Res. 2016,
30, 1093–1097. [CrossRef] [PubMed]

163. Wang, Y.W.; Zeng, W.C.; Xu, P.Y.; Lan, Y.J.; Zhu, R.X.; Zhong, K.; Huang, Y.N.; Gao, H. Chemical composition
and antimicrobial activity of the essential oil of kumquat (Fortunella crassifolia Swingle) peel. Int. J. Mol. Sci.
2012, 13, 3382–3393. [CrossRef] [PubMed]

164. Md Othman, S.; Hassan, M.; Nahar, L.; Basar, N.; Jamil, S.; Sarker, S. Essential Oils from the Malaysian Citrus
(Rutaceae) medicinal plants. Medicines 2016, 3, 13. [CrossRef] [PubMed]

165. Morrone, L.A.; Rombolà, L.; Pelle, C.; Corasaniti, M.T.; Zappettini, S.; Paudice, P.; Bonanno, G.; Bagetta, G.
The essential oil of bergamot enhances the levels of amino acid neurotransmitters in the hippocampus of rat:
Implication of monoterpene hydrocarbons. Pharmacol. Res. 2007, 55, 255–262. [CrossRef] [PubMed]

166. Volpato, G.T.; Francia-Farje, L.A.D.; Damasceno, D.C.; Renata, V.O.; Clélia, A.H.-L.; Wilma, G.K. Effect of
essential oil from Citrus aurantium in maternal reproductive outcome and fetal anomaly frequency in rats.
An. Acad. Bras. Ciênc. 2015, 87, 407–415. [CrossRef] [PubMed]

167. Opdyke, D.L.J. Monographs on fragrance raw materials. Food Cosmet. Toxicol. 1974, 12, 807–1016. [CrossRef]
168. Naganuma, M.; Hirose, S.; Nakayama, Y.; Nakajima, K.; Someya, T. A study of the phototoxicity of lemon oil.

Arch. Dermatol. Res. 1985, 278, 31–36. [CrossRef] [PubMed]
169. Rudzki, E.; Grzywa, Z.; Bruo, W.S. Sensitivity to 35 essential oils. Contact Dermat. 1976, 2, 196–200. [CrossRef]
170. Santucci, B.; Cristaudo, A.; Cannistraci, C.; Picardo, M. Contact dermatitis to fragrances. Contact Dermat.

1987, 16, 93–95. [CrossRef]
171. Menenghini, C.L.; Rantuccio, F.; Lomuto, M. Additives, vehicles and active drugs of topical medicaments as

causes of delayed-type allergic dermatitis. Dermatologica 1971, 143, 137–147. [CrossRef] [PubMed]
172. Young, A.R.; Walker, S.L.; Kinley, J.S.; Plastow, S.R.; Averbeck, D.; Morlière, P.; Dubertret, L.

Phototumorigenesis studies of 5-methoxypsoralen in bergamot oil: Evaluation and modification of risk of
human use in an albino mouse skin model. J. Photochem. Photobiol. B 1990, 7, 231–250. [CrossRef]

173. Opdyke, D.L.S. Fragrance raw materials Monographs. Food Cosmet. Toxicol. 1973, 11, 873–874. [CrossRef]
174. Bouhlal, K.; Meynadier, J.; Peyron, J.L.; Meynadier, J.; Peyron, L.; Senaux, M.S. The cutaneous effects of the

common concretes and absolutes used in the perfume industry. In The Antimicrobial/Biological Activity of
Essential Oils; Lawrence, B.M., Ed.; Allured: Carol Stream, IL, USA, 2005; pp. 10–23.

175. Christensson, J.B.; Forsstrom, P.; Wennberg, A.M.; Karlberg, A.T. Air oxidation increases skin irritation from
fragrance terpenes. Contact Dermat. 2009, 60, 32–40. [CrossRef] [PubMed]

176. Li, G.X.; Liu, Z.Q. Unusual antioxidant behavior of alpha- and gamma-terpinene in protecting methyl
linoleate, DNA, and erythrocyte. J. Agric. Food Chem. 2009, 57, 3943–3948. [CrossRef] [PubMed]

177. Tisserand, R.; Balacs, T. Essential Oil Safety—A Guide for Health Care Professionals; Harcourt: Glasgow,
UK, 1999.

400



Int. J. Mol. Sci. 2018, 19, 1966

178. Cavanagh, H.M.A.; Wilkinson, J.M. Biological activities of lavender essential oil. Phyther. Res. 2002,
16, 301–308. [CrossRef] [PubMed]

179. Williamson, E.M.; Priestley, C.M.; Burgess, I.F. An investigation and comparison of the bioactivity of selected
essential oils on human lice and house dust mites. Fitoterapia 2007, 78, 521–525. [CrossRef] [PubMed]

180. Da Silva, J.K.R.; Maia, J.G.S.; Dosoky, N.S.; Setzer, W.N. Antioxidant, antimicrobial, and cytotoxic properties
of Aniba parviflora essential oils from the Amazon. Nat. Prod. Commun. 2016, 11, 1025–1028.

181. Matura, M.; Skold, M.; Borje, A.; Andersen, K.E.; Bruze, M.; Frosch, P.; Goossens, A.; Johansen, J.D.;
Svedman, C.; White, I.R.; et al. Selected oxidized fragrance terpenes are common contact allergens.
Contact Dermat. 2005, 52, 320–328. [CrossRef] [PubMed]

182. Bickers, D.; Calow, P.; Greim, H.; Hanifin, J.M.; Rogers, A.E.; Saurat, J.H.; Sipes, I.G.; Smith, R.L.; Tagami, H.
A toxicologic and dermatologic assessment of linalool and related esters when used as fragrance ingredients.
Food Chem. Toxicol. 2003, 41, 919–942. [CrossRef]

183. Jenner, P.M.; Hagan, E.C.; Taylor, J.M.; Cook, E.L.; Fitzhugh, O.G. Food flavorings and compounds of related
structure. I. acute oral toxicity. Food Cosmet. Toxicol. 1964, 2, 327–343. [CrossRef]

184. Letizia, C.S.; Cocchiara, J.; Lalko, J.; Api, A.M. Fragrance material review on linalool. Food Chem. Toxicol.
2003, 41, 943–964. [CrossRef]

185. Powers, K.A.; Beasley, V.R. Toxicolgical aspects of linalool: A review. Vet. Hum. Toxicol. 1985, 27, 484–486.
[PubMed]

186. Fujii, T.; Furukawa, S.; Suzuki, S. Studies on compounded perfumes for toilet goods. On the non-irritative
compounded perfumes for soaps. Yukagaku 1972, 21, 904–908.

187. Bicas, J.L.; Neri-Numa, I.A.; Ruiz, A.L.; De Carvalho, J.E.; Pastore, G.M. Evaluation of the antioxidant and
antiproliferative potential of bioflavors. Food Chem. Toxicol. 2011, 49, 1610–1615. [CrossRef] [PubMed]

188. Placzek, M.; Frömel, W.; Eberlein, B.; Gilbertz, K.P.; Przybilla, B. Evaluation of phototoxic properties of
fragrances. Acta Derm. Venereol. 2007, 87, 312–316. [CrossRef] [PubMed]

189. Gonçalves, M.J.; Cruz, M.T.; Tavares, A.C.; Cavaleiro, C.; Lopes, M.C.; Canhoto, J.; Salgueiro, L. Composition
and biological activity of the essential oil from Thapsia minor, a new source of geranyl acetate. Ind. Crop. Prod.
2012, 35, 166–171. [CrossRef]

190. Kakarla, S.; Ganjewala, D. Antimicrobial activity of essential oils of four lemongrass (Cymbopogon flexuosus
Steud) varieties. Med. Aromat. Plant Sci. Biotechnol. 2009, 3, 107–109.

191. Mortelmans, K.; Haworth, S.; Lawlor, T.; Speck, W.; Tainer, B.; Zeiger, E. Salmonella mutagenicity tests: II.
Results from the testing of 270 chemicals. Environ. Mutagen. 1986, 8, 1–119. [CrossRef] [PubMed]

192. Shelby, M.D.; Erexson, G.L.; Hook, G.J.; Tice, R.R. Evaluation of a three-exposure mouse bone marrow
micronucleus protocol: Results with 49 chemicals. Environ. Mol. Mutagen. 1993, 21, 160–179. [CrossRef]
[PubMed]

193. Kim, H.J.; Chen, F.; Wu, C.; Wang, X.; Chung, H.Y.; Jin, Z. Evaluation of antioxidant activity of Australian
tea tree (Melaleuca alternifolia) oil and its components. J. Agric. Food Chem. 2004, 52, 2849–2854. [CrossRef]
[PubMed]

194. Li, Y.L.; Yeung, C.M.; Chiu, L.C.; Cen, Y.Z.; Ooi, V.E. Chemical composition and antiproliferative activity
of essential oil from the leaves of a medicinal herb, Schefflera heptaphylla. Phytother. Res. 2009, 23, 140–142.
[CrossRef] [PubMed]

195. Pirila, V.; Siltanen, E.; Pirila, L. On the chemical nature of the eczematogenic agent in oil of turpentine. IV.
the primary irritant effect of terpenes. Dermatologica 1964, 128, 16–21. [CrossRef]

196. Schlede, E.; Aberer, W.; Fuchs, T.; Gerner, I.; Lessmann, H.; Maurer, T.; Rossbacher, R.; Stropp, G.; Wagner, E.;
Kayser, D. Chemical substances and contact allergy—244 substances ranked according to allergenic potency.
Toxicology 2003, 193, 219–259. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

401



 International Journal of 

Molecular Sciences

Review

Natural Products for Drug Discovery in the 21st
Century: Innovations for Novel Drug Discovery

Nicholas Ekow Thomford 1,2,† ID , Dimakatso Alice Senthebane 3,4, Arielle Rowe 3,

Daniella Munro 1, Palesa Seele 5, Alfred Maroyi 6 ID and Kevin Dzobo 3,4,*,† ID

1 Pharmacogenomics and Drug Metabolism Group, Division of Human Genetics, Department of Pathology
and Institute of Infectious Disease and Molecular Medicine, Faculty of Health Sciences, University of Cape
Town, Anzio Road, Observatory, Cape Town 7925, South Africa; nicholas.thomford@uct.ac.za (N.E.T.);
MNRDAN002@myuct.ac.za (D.M.)

2 School of Medical Sciences, University of Cape Coast, PMB, Cape Coast, Ghana
3 International Centre for Genetic Engineering and Biotechnology (ICGEB), Cape Town Component, Wernher

and Beit Building (South), University of Cape Town Medical Campus, Anzio Road, Observatory,
Cape Town 7925, South Africa; SNTDIM001@myuct.ac.za (D.A.S.); arielle.rowe@icgeb.org (A.R.)

4 Division of Medical Biochemistry and Institute of Infectious Disease and Molecular Medicine, Faculty of
Health Sciences, University of Cape Town, Anzio Road, Observatory, Cape Town 7925, South Africa

5 Division of Chemical and Systems Biology, Department of Integrative Biomedical Sciences, Faculty of Health
Sciences, University of Cape Town, Anzio Road, Observatory, Cape Town 7925, South Africa;
SLXPAL001@myuct.ac.za

6 Department of Botany, University of Fort Hare, Private Bag, Alice X1314, South Africa; amaroyi@ufh.ac.za
* Correspondence: kd.dzobo@uct.ac.za; Tel.: +27-21-404-7689; Fax: +27-21-406-6060
† These authors contributed equally to this work.

Received: 27 April 2018; Accepted: 18 May 2018; Published: 25 May 2018

Abstract: The therapeutic properties of plants have been recognised since time immemorial. Many
pathological conditions have been treated using plant-derived medicines. These medicines are used as
concoctions or concentrated plant extracts without isolation of active compounds. Modern medicine
however, requires the isolation and purification of one or two active compounds. There are however a lot
of global health challenges with diseases such as cancer, degenerative diseases, HIV/AIDS and diabetes,
of which modern medicine is struggling to provide cures. Many times the isolation of “active compound”
has made the compound ineffective. Drug discovery is a multidimensional problem requiring several
parameters of both natural and synthetic compounds such as safety, pharmacokinetics and efficacy to be
evaluated during drug candidate selection. The advent of latest technologies that enhance drug design
hypotheses such as Artificial Intelligence, the use of ‘organ-on chip’ and microfluidics technologies,
means that automation has become part of drug discovery. This has resulted in increased speed in drug
discovery and evaluation of the safety, pharmacokinetics and efficacy of candidate compounds whilst
allowing novel ways of drug design and synthesis based on natural compounds. Recent advances in
analytical and computational techniques have opened new avenues to process complex natural products
and to use their structures to derive new and innovative drugs. Indeed, we are in the era of computational
molecular design, as applied to natural products. Predictive computational softwares have contributed to
the discovery of molecular targets of natural products and their derivatives. In future the use of quantum
computing, computational softwares and databases in modelling molecular interactions and predicting
features and parameters needed for drug development, such as pharmacokinetic and pharmacodynamics,
will result in few false positive leads in drug development. This review discusses plant-based natural
product drug discovery and how innovative technologies play a role in next-generation drug discovery.

Keywords: natural products; drug design and development; innovation; automation; computational
softwares; bioinformatics; precision medicine; omics; global health
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1. Introduction

The scourge of communicable and non-communicable diseases and the challenges of finding drug
candidates that can treat these diseases with little or no side effects is a huge challenge. Despite the
development of drugs for treating and managing diseases such as HIV/AIDS, malaria, hypertension,
diabetes and cancer, these diseases continue to plague diverse populations worldwide with significant
associated-mortalities. There is need for innovative drug discovery strategies that skew from the
current “blockbuster” Pharma R&D strategies. Currently, a viable approach will be to revert to
“nature” for answers since it has worked for drug discovery in the past. Anticancer drugs such as Taxol
(Taxus brevifolia), Vinblastine (Catharanthus roseus) and antimalarial drugs such as quinine (Cinchona
spp.) and Artemisinin (Artemisia annua) were all discovered from natural products and are effective in
treating these diseases. In the face of global public health challenges, natural products research and
development (R&D) potentially plays a pivotal role in innovative drug discovery.

Plants are found in every habitable environment with most found on land. Faced with many
stresses and challenges, coupled with being sedentary, plants have developed many molecules to ward
off attacks from animals and environmental insults [1]. These same molecules give plants their ability
to give off fragrances, colours and indeed toxicity. Many historical findings report on early use of plants
for medicinal purposes [2]. The discovery of medicinal plants by early humans must have been a trial
and error exercise necessitated by the need to ease disease manifestations. Before the advent of writing
and recording of history, such knowledge was passed through generations through word of mouth.
Many plants were recorded in the early years of having medicinal properties and were used to treat
many pathological conditions [3–8]. Natural products from plants and animals have been the go-to
source of drugs especially for anticancer and antimicrobial agents [9–13]. Traditional medicine has been
overshadowed by modern medicine as the means of treatment for human diseases [14–16]. However,
the past few decades have seen an increase in the use of medicinal plants for health promotion
and treatment of diseases in many countries including developed countries [17–22]. Indeed, many
medicinal plant extracts are now used as prescription drugs in numerous developed countries such as
the UK, Germany, China and France [23,24].

About a quarter of all Food and Drug Administration (FDA) and/or the European Medical Agency
(EMA) approved drugs are plant based, with well-known drugs such as Paclitaxel and Morphine
having been isolated from plants (Figure 1) [25,26]. About a third of FDA-approved drugs over the
past 20 years are based on natural products or their derivatives [27,28]. The discovery of penicillin
from fungus led to the screening of many microorganisms for potential antibiotics [29]. Indeed,
drug discovery from natural products revolutionised medicine. These include tetracycline from
Streptomyces aureofaciens, artemisinin from Artemisia afra, doxorubicin from Streptomyces peucetius and
cyclosporine from Tolypocladium inflatum [27,29,30]. Traditionally, plant extracts are used as concoctions
made of combinations of different ingredients. Individually some of the ingredients do not have
therapeutic activities, but require their synergistic activities [31].

Current challenges to the use of natural products and difficulty in accepting their therapeutic
efficacy include: (1) lack of standardization procedures (2) lack of isolation of pure chemical products or
compounds (3) lack of elucidation of biological mechanisms and rarely undergoing so-called controlled
and (4) documented clinical trials according to “standards”. Historically, there is scientific evidence on
the therapeutic efficacy of natural products and as previously mentioned this led to development of
some blockbuster conventional medicines. Searching for new drug candidates from natural products
is often made difficult by the complexity of the molecular mixtures. The therapeutic activity of plant
extracts is usually because of the synergistic and simultaneous action of several chemicals [30,32].
Given the complex nature of many diseases including cancer and degenerative diseases, it is not
surprising that the reliance on single compound-based drug discovery has failed to provide effective
cures. Plant-based drug discovery therefore must start with a combinatorial approach when evaluating
candidate compounds. The advent of novel technologies including quantum computing, profiling
techniques, computational biology techniques, big data, microfluidics and artificial intelligence will
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enable scientists to use a combinatorial approach to harness the therapeutic properties of plant-based
natural products and simultaneously study their molecular effects in physiological conditions [33,34].

It is however possible that not all components of plant extracts have measurable effects. It has
been suggested that one way to improve screening and simplify extracts is through the removal
of possible interfering components such as polyphenolic tannins [35]. There are several reported
innovative strategies which can be used to achieve this and these include pre-fractionation and
extraction methods [36,37]. Indeed, these extraction strategies have resulted in higher hit leads during
drug discovery [12,38–40]. Innovative extraction technologies including semi-bionic extraction [41],
supercritical fluid extraction [42–44], microwave-assisted, ultrasonic-assisted and enzyme-assisted
extraction [45], molecular distillation methods [46,47] and membrane separation technology [48,49]
can be used to extract natural compounds efficiently from plants. These extractions strategies have
been shown to have similar simulation to traditional methods allowing the extraction process to get
most compounds from the natural product.

Figure 1. Two examples of successful stories of plant natural products that are being used in hospitals
and clinics for disease treatment. (A) Morphine is isolated from Papaver somniferum also called
opium poppy (B) Paclitaxel is isolated from Taxus brevifolia also called pacific yew. (Images credit:
https://en.wikipedia.org/wiki).

Technologies such as high-performance liquid chromatography, nuclear magnetic resonance
spectroscopy, mass spectrometry, microfluidics and computational algorithms have seen major
advances in the field of medicinal chemistry especially in the 20th century [50,51]. This has allowed
the determination of chemical components of plants and their utilisation in drug discovery. High
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throughput assays using bioreactors and microfluidics systems has led to many drug discoveries
using plant natural products. Some of these natural products include opium and morphine [52,53].
Several structural analogues of these compounds are used in clinics and hospitals today. Several new
plant-based compounds are emerging as promising anti-cancer remedies. In one of our studies we
investigated the anticancer activities of extracts from African lettuce (Launaea taraxacifolia), a plant
cultivated extensively in Africa, especially West Africa. L. taraxacifolia extract caused WHCO1 cell
cycle arrest at the G0/G1 phase by affecting differential expression of genes involved in cell cycle
regulation, presenting its potential beneficial effects [22]. The medicinal plant Brucea javanica (L.) Merr.
(Simaroubaceae) has been shown to have many properties and activities. Through both phytochemical
and biological investigations, it was shown that Brucea javanica (L.) Merr. contains many compounds
with medicinal properties. For example the seeds of Brucea javanica contain several compounds such
as quassinoids that show many biological properties, such as antitumour and antimalarial effects [54].
A well-known malarial drug Artemisinin is a natural product from Artemisia annua also known as Sweet
Wormwood [55,56]. Artemisinin and its structural derivatives are also used for diseases such as type I
diabetes and cancer [57–59]. High throughput screening assays face many challenges. For example,
the Rio Convention on Biodiversity is aimed at limiting the use of natural products and deals with
intellectual property rights. This has the effect of limiting access to natural products as there are fears
of extinction of natural species [29,60–65].

Current drug discovery strategies and modern medicine discard the use of whole plant extracts
and are driven by single compound-based medicine. Taking the whole plant or extracts with no
isolation of components as practised in traditional medicine, produces a better therapeutic effect than
individual compounds. This is important as most of the plant metabolites likely work in a synergistic
fashion or concurrently to give the plant extract its therapeutic effect. Research into the use of whole
plant extracts must be done as this will allow scientists to determine the molecular basis of the
therapeutic effect of the plant extracts. For example, anti-asthma herbal medicine made from extracts
from Ganoderma lucidum, Glycyrrhiza uralensis and Sophora flavescens alleviates bronchoconstriction
in an animal model whilst restoring cytokines balance, contributing to longer lasting anti-asthma
benefit after treatment [66]. The therapeutic effect only emanates from the synergistic effect of chemical
components of the three herbal ingredients [67,68]. The adoption of Good Manufacturing Practises has
allowed the increased use of plant-based medicines and many are now undergoing clinical trial for
FDA approval [69]. Skroza and colleagues showed that catechin and resveratrol have synergistic effects
as confirmed by different antioxidant assays [70]. The same study also showed the synergistic effects
of caffeic acid and resveratrol by the ferric reducing ability of plasma (FRAP) antioxidant assay [70].
Another study showed the synergistic effects of ethnomedicinal plants of the Apocynaceae family and
antibiotics against clinical isolates of Acinetobacter baumannii [71]. Several other studies showed the
synergistic effect of different plant extracts and conventional drugs including doxorubicin [72].

Innovative drug design from natural products is needed to combat global health challenges with
the assistance of technological innovation. Most importantly is the need for new and innovative
computational and analytical methods to identify chemical components of crude plant extracts in
order to identify compounds causing the desired therapeutic effect and optimize extraction to exclude
interfering components. Ultimately, more research should be focussing on combinatorial effects of
chemicals from plant extracts and not just single compounds. How these combinations affect genes
and proteins involved in many cellular processes must be investigated through available “-omics”
platforms. Developments in the field of microfluidics and computational analysis have allowed for the
designing and testing of plant extract chemicals in drug discovery. Technological advances, such as the
development of new analytical and bio-informatic techniques, will aid the design of new structures,
the synthesis of these new compounds and the biological testing of such compounds [73,74]. Natural
products, offer an endless source of compounds to help in the design of pharmacologically important
molecular products [75–77]. Below we discuss some of the major innovations currently taking place
in these areas. We focus on the need for the use of “-omics” technologies, automation and big data
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during drug design and testing to allow for the rapid production of drugs and computer aided drug
design from plant-based natural products.

2. Multidisciplinary Approach to Natural Products Drug Discovery Using
Innovative Technologies

Innovative drug discovery from natural products requires a multidisciplinary approach utilising
available and innovative technologies to package such natural product compounds for medical practice
and drug development (Figure 2). The successful use of such an approach will allow the development
of next-generation drugs to combat the ever-increasing health challenges of today and the future.

Figure 2. Innovative technologies for natural product drug discovery. Application of these technologies
can potentially lead to novel drug candidates from natural products.

Most medicinal extract components often work in a synergistic manner to elicit their therapeutic
effects so isolating individual components may be counter-productive. Innovative approaches are
needed to study and to harness such compounds that can effectively lead to innovative drugs.
In addition, a systems biology guided approach provides a different angle in natural products
pharma-sciences [78]. This transcends looking for a specific molecule with a specific target and
espousing the complete equilibrium of a physiological system undergoing synchronized mechanisms
on multiple molecular targets. A systems biology approach coupled with application of available
technologies such as genomics, transcriptomics, proteomics, metabolomics/metabonomics, automation
and computational strategies will potentially pave the way for innovative drug design leading to
better drug candidates. Molecular libraries of lead compounds from natural products R&D will serve
as sources of lead compounds/herbal tinctures for innovative drugs. In the application of innovative
technologies combined with systems biology, the focus should not be a reductionist approach of trying
to source a single active compound but to consider the synergistic effects of compounds. It is important
to emphasise that innovative drug discovery from natural products will require a non-reductionist
strategy to understand their complex mechanisms of action at the molecular level.

3. Natural Products Drug Discovery Research and Development and Omics (Genomics
Proteomics and Metabolomics/Metabonomics)

3.1. Genomics in Plant-Based Natural Products Identification and Biomarker Identification

The quality, precise identification and reliability in the plant species from which the natural
product is obtained and to which the therapeutic properties are ascribed is very critical for successful
innovative drug discovery. The use of a different or wrong plant species will likely affect the therapeutic
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properties due to different compounds and quantities that will be found in the species. Genomic
methods are important in establishing an accurate identification method for plants and natural product
species [78]. Genomic techniques such as DNA barcoding are established techniques that rely on
sequence diversity in short, standard DNA regions (400–800 bp) for species-level identification [79].
DNA barcoding utilising genomics will provide a more robust and precise identification compared to
traditional methods of morphological identification and local traditional (vernacular) names [80]. DNA
barcoding of natural products has been applied in biodiversity inventories [81] and authentication of
herbal products [82–84]. DNA barcoding was used in an integrative approach for identification of plant
species such as Amaranthus hybridus L. and crude drugs recorded in the Japanese pharmacopoeia using
ITS2 or psbA-trnH sequence amplification [80,85]. Genomic-based techniques represent an effective
platform for natural product identification but different parts of the same plant with similar sequences
may have different qualities, clinical utilities and indications due to the diverse conditions under
which they grow.

To show consistency in the species and pharmacological molecules from natural products,
bio-farming can be used to ensure consistency after the traditional species have been authenticated
through DNA barcoding [86]. Markers developed from species through genomic techniques can
be incorporated into DNA chips to provide an effective, high-throughput tool for genotyping and
also plant species authentication [78,87]. Gene expression using microarray analysis is an innovative
transcriptomic technology that allows a fast and effective analysis of many transcripts [78,88,89].
This transcriptomic analysis makes it possible to concurrently evaluate variations in multiple gene
expressions [90]. This represents a robust tool for elucidating the molecular mechanisms of therapeutic
natural products and biological networks underlying their pharmacological actions.

Besides its use in natural products identification, genomics can also be used in natural product or
compound targeting. Whole genome sequencing combined with transcriptomic analyses has allowed
the exploration of drug or compound targeting as never before. Transcription factor binding sites,
protein modifications, alterations of the DNA structure as well as methylation patterns can now be
analysed and measured at the genome level [91–96]. Several studies including our own have identified
deletions, insertions, copy number variations, splicing variants and translocations associated with
certain cancers, and in so doing identified new drug targets [97–102]. The development of novel and
unrivalled technologies, allowing genome-wide analysis, has enabled the unbiased discovery of drug
targets. These technologies together with the availability of huge databases of chemicals or compounds
have enabled the shortening of the time required for the whole process of drug discovery from drug
design all the way to clinical trials [103–109].

3.2. Proteomics in Natural Product Validation and Biomarker Identification

Complimentary to genomic and transcriptomic approaches to quality control and sample variation
is the use of proteomic platforms in describing the mechanism of action of many natural products.
Proteomic approaches to innovative drug discovery from natural products have the potential to
elucidate the protein expression, protein function, metabolic and biosynthetic pathways based
on therapeutic effects translating to consistency in quality and profile of the product [110,111].
Approaches such as mass-spectrometry utilising isotope tags and two-dimensional electrophoresis
will give insight into quantitative protein profiling which generates quantitative data on a scale
and sensitivity comparable to what is generated at the genomic level. Proteomics application has
been successfully used in identifying species of Chinese herbal medicine, Panax ginseng versus
Panax quinquefolium [112,113]. The therapeutic effects of natural products can be elucidated using
proteomics and imaging techniques to successfully study the metabolism of natural products and their
compounds [114,115]. Proteomics is an effective way to elucidate multi-target effects of complex natural
product preparations as well as the discovery of multiple compounds and fractions, characterisation
of natural products and ultimately a molecular diagnostic platform [78,116].
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For natural products to be used as drugs it is crucial that their target proteins be identified.
Several methods including affinity chromatography have been in use to identify target proteins with
relative success. The advent of technologies allowing for target protein identification without the
modification of the natural product has resulted in natural products with increased activity. Such
methods include cellular thermal shift assay which is based on the stabilisation of target protein when
it binds to its ligand, thermal proteome profiling a method based on the stability of target proteins at
high temperatures, bioinformatic-based analysis of connectivity and drug affinity responsive target
stability. Due to their many structures and complexity, natural products do show a wide range of
biological activities. This is probably due to their abilities to bind to several ligands. Every potential
drug will have to be tested for side effects and this is due to its off-target effects. Complex natural
compounds with potential target proteins will have to be evaluated properly to identify all its potential
target proteins. One of the most utilised methods to identify target proteins and their biological
activities is affinity chromatography [117–123]. This method is a pull-down method in which the
natural product is immobilized on a physical solid support [124]. The identification of bound proteins
is done using mass spectrometry. Modification of natural products however, can lead to reduced or
loss of activity. The development of novel and innovative approaches, devoid of any modification, is
paramount for the success of target identification [125,126]. Of late, several methods have been able to
identify target proteins using label-free natural products. These new and improved methods measure
the responses of natural product-target protein complex to proteomic and thermal treatment [127–129].
Using this new approach, it is possible to identify several target proteins for an individual natural
product using proteomic analysis [13,130].

Methods for Target Identification of Label-Free Natural Products

Drug affinity responsive target stability (DARTS) is one of the direct methods used to identify
target proteins using label free natural products [124]. This methods takes advantage of the changes in
stability of a natural product-bound protein versus an unbound protein when subjected to proteolytic
treatment [130]. This method has been used to validate several target proteins for compounds such as
resveratrol and rapamycin [129,131]. It is however difficult to use DARTS to identify low abundance
protein targets in cell lysates [132]. Another method that takes advantage of ligand-induced changes
to target proteins is stability of proteins from rates of oxidation (SPROX) [124,133,134]. This method
measures the irreversible oxidation of methionine residues on target proteins [124]. A mixture of
candidate drug compound and proteins is incubated with an oxidising agent and guanidinium
hydrochloride in order to oxidise methionine. Generated peptides are then analysed through mass
spectrometry to evaluate selective methionine oxidation. Analyses of oxidised and non-oxidised
methionine-containing peptides versus the guanidinium hydrochloride concentration reveal that
proteins bound to ligands show a larger transition midpoint shift than control samples [13,135–137].
Indeed, several target proteins of compounds such as resveratrol and cyclophilin A were verified
using SPROX [133,137,138]. This method however requires highly concentrated proteins for analysis.
Modifications of the SPROX method, named stable isotope labelling with amino acids in cell
culture (SILAC)-based SPROX is an improvement of the original method and has the advantage of
covering more target proteins [130,139–144]. This method is limited to only identifying of methionine
containing proteins.

Cellular Thermal Shift Assay (CETSA) is a recently introduced method based on stabilisation
of a target protein by binding to its ligand [145–147]. Cell lysates and intact cells are treated with
the candidate drug compound and heated to several temperatures and target protein is separated
from destabilised protein and analysed by Western blot analysis. Shifts or changes in melting curves
are detected when ligand–target interactions are plotted against temperature. This method has been
useful in identifying target proteins of many anti-cancer therapeutic agents such as raltitrexed and
methotrexate [145]. The advantage of this method is the obvious use of intact cells with no need for
treatments or preparations. Due to the use of Western blot step it can be very selective. Some target
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proteins with unfolded binding sites, however, may not be detected. In addition, due to non-specificity
of some antibodies used in Western blot step, off-target proteins may also be identified as false positives.
Thermal Proteome Profiling (TPP) is an advanced modification of the CETSA method. This method
identifies target proteins displaying thermal stability at high temperatures induced by ligand binding
and the use of mass spectrometry to measure ligand–target protein interaction at cellular level [148–150].
This method uses isobaric mass tagging in for high resolution mass spectrometry. Most expressed
soluble proteins will show melting curves resulting in the identification of both target and off-target
proteins [13,127,148,151,152]. By identifying off-targets TPP can be used to study possible side effects
of candidate drug compounds [150]. This method is very costly and is labour intensive.

Small interfering RNA and short hairpin RNA are obvious choices for target gene manipulation
to functionally validate target protein and natural product interactions [153,154]. By knocking down
target protein using interfering RNA it is possible to study off-target effects of candidate compounds.
Recently clustered regularly interspaced short palindromic repeats-Cas9 (CRISPR-Cas9) genome
editing approaches have been used to overcome off-target effects of candidate compounds and
to delineate how many natural compounds work [155,156]. CRISPR-Cas9 based genome editing
combined with high throughput sequencing and computer-based mutation analysis, referred to as
DrugTargetSeqR, has been used to study drug resistance and for validation of several anti-cancer
therapeutic agents [157–159].

3.3. Metabolomics and Metabonomics Approach to Natural Products Drug Discovery

Untargeted metabolomics and metabonomics approaches of discovering compounds of
therapeutic interest from natural products have the potential to lead to innovative drugs for global
health. Metabolomic profiling of natural products seeks to identify and quantify the complete set of
its characteristic metabolites [160,161] while metabonomics broadly aims to evaluate the global and
dynamic metabolic response of living systems to biological stimuli or genetic manipulation [162–165].
Drug discovery has traditionally focussed on metabolomics to identify metabolites but recently,
the term metabonomics (although used interchangeably) has been reviewed to incorporate a systems
biology guided approach to study the functions and perturbations of a biological system following
a pharmacological effect. This elucidates a complete biological mechanism of both the natural product
and its effect on a living system (Figure 3).

Figure 3. Exploiting the properties of plant extracts in the development of novel medicines inspired by
compounds found in medicinal plant extracts.
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Metabolomic profiling of natural products using technologies such as ultra-performance high
performance liquid chromatography–quadruple TOF MS (UPLC–MS) has enabled identification of
compounds that confer therapeutic properties on herbs such as Newbouldia laevis, Cassia abbreviata,
Hyptis suaveolens and Panax herbs [166–168]. As a quality control measure and to show consistency in
species usage, metabolomics has been used in identification of processed Panax species (Panax ginseng
and Panax quinquefolius) using Nuclear Magnetic Resonance (NMR) based metabolomics, UPLC–QTOF
MS and multivariate statistical analysis [169]. Metabonomics approach to profiling natural products
for drug discovery has been hailed as a critical phenotyping tool. The systems biology approach of this
technique positions the profiling of natural products in an all-inclusive manner in terms of metabolite
and biology systems effect (Figure 3). Metabolomic and metabonomics profiling using NMR, MS and
UPLC can potentially elucidate the pharmacodynamic, pharmacokinetic and toxicological value of
natural products.

3.4. Big Data in Drug Development for Natural Product Drug Development and Precision Medicine

Omics analysis, like genomics, transcriptomics, proteomics, metabolomics and metabolomics,
results in a generation of a complex multivariate dataset that requires computational and chemometric
tools for interpretation. The use of computational platforms such as bioinformatics and multivariate
statistical tools, will allow the application of omics multidata to elucidate pathophysiological effects,
target specificity and molecular effects, as well as elucidate the pharmacodynamic, pharmacokinetic
and toxicological characterisation of natural products and their compounds. Applications used during
the drug discovery process such as docking and virtual screening can make use of novel machine
learning algorithms such as deep learning. Machine learning methods can be used for virtual screening
of thousands of compounds allowing the utilisation of data from high throughput screening [170,171].

Computer-based screening of candidate compounds for drug discovery makes use of big databases
especially to identify compounds of similar activity. Similarity in structure is equated to similarity
in biological activity, with results not always supporting this idea. Knowledge of the chemical
structure of candidate compounds together with knowledge about the target protein is utilised to
study possible interactions between the two. Transcriptomic data, used as gene signature, can
be used to compare differences and similarities in response to candidate compounds [172–176].
For example, the connectivity map allows scientists to associate disease-associated gene signatures
with drug signatures resulting in the identification of drugs that can potentially reverse the disease
gene signature [177–181]. Generating a lot of data can have the consequence of losing the ability to
understand its meaning. Big data must be useful and put into action. For big data to be useful during
drug discovery it must be summarised into a little actionable information [182–184]. There are several
data sources used for drug identification. These include ChemBank, PubChem, ChEMBL, DrugBank,
UniProt, STITCH and the NIH Small Molecule Repository [185–188].

Connectivity Map (CMap) is a bioinformatic application that allows the study of diseases at the
molecular level with the help of computers [189–191]. Established by the Broad Institute, the CMap is
a collection of transcriptional data of many compounds-treated human cells [172–175,192]. The CMap
associates gene expression signatures with compounds, genes and disease response allowing for
its utilisation to show connections between compounds with the same modes of action and same
physiological processes [172–174,192]. The CMap also allows associations to be made between diseases
and drugs. The same pattern-matching analysis can be used for natural products, gene expression and
diseases [173–176].

Using electronic databases of chemicals and protein targets and clinical data such as patient
to patient variations in response to treatment, several strategies are being employed to reduce the
cost of drug development and to increase the speed at which drugs are developed [193]. There are
obvious challenges to the efficient development of drugs and these include the lack of models that can
recapitulate the human body properly in terms of response to candidate compounds, the heterogeneity
of individuals in terms of their response to candidate compounds and the inability to analyse biological
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processes properly during testing of candidate compounds [194–196]. Despite a heavy investment
in research and development, most candidate compounds show weakened efficacy as the stages
of drug development move towards clinical trials [197–201]. This strategy whereby information is
collected without applying a hypothesis or any bias, analysed and then used to come up with new and
innovative ideas is called Big Data [202–206]. Big data is now integrated with compound chemical
structures, protein structures, compound toxicity and clinical trials and this has led to the development
of complex algorithms needed for such analysis [207,208].

One major challenge with the use of big data-driven drug discovery is the relative low presence
of similar somatic alterations in cancer patients enrolled in a study. This is caused by tumour
heterogeneity, a chief cause of chemoresistance and drug treatment failure. A challenge to scientists
using big data to inform drug development and testing is how to integrate a lot of information into
a meaningful and manageable unit. For “omics” data to be meaningful and to revolutionise clinical
medicine, clinical phenotype data has to be integrated with genomic, transcriptomic, proteomic and
epigenomic data [33,193,209].

4. Automating Natural Product Drug Discovery

Automation is usually associated with negative feelings, with many people associating automation
with loss of jobs and unfounded consequences such as robots taking over the world. In terms of drugs
discovery automation, however, it has been used successfully to speed-up the process. Indeed many
pharmaceutical companies already have high-throughput assays robustly used in the drug discovery
process [210]. The design of most synthetic compounds is aided by computers using various softwares,
as well as the synthesis of the compounds. Examples of softwares used during drug design include
ADAM and EVE, used in target and hit finding [211,212]. New softwares and devices are being
made to reduce problematic false positives an also to reduce material consumption during compound
design, synthesis and biological testing [213]. For example, integrated microfluidics systems, with the
ability to handle liquids and heat necessary for during-synthesis analyses and purification, are being
designed by laboratories and pharmaceutical companies, for compound screening and synthesis of
compounds [214,215]. This has allowed testing of several hypotheses within days. Even more advanced
technologies through the use of artificial intelligence (AI) and ‘organ-on-chip’ technologies are now
fully integrated in the drug discovery process, aiding scientists during drug design and optimisation of
the drug discovery process [213,216–219]. All these technologies have allowed the reduction of human
mistakes and bias commonly made during drug design and optimisation, reduction in the amount of
candidate compound needed for the testing, have reduced the time needed for testing of candidate
compounds to days and allowed the recapitulation of disease biology more effectively than in vitro
assays [220,221]. Many times, innovation and technological advances have raised false hopes and
never lived up to expectations. Automation and innovation in drug discovery must be fast, but also
sustainable in the long run [33,222].

Several factors are taken into consideration during compound or molecule design. These
include absorption, distribution, metabolism, excretion and toxicity (ADMET) properties and the
final biological activity of the products. Thus, the optimisation of the drug discovery process is
multidimensional. In the end, a balance has to be achieved in order to get the best in terms of
compound activity and properties [213]. Automation will allow scientists to make the best decision
regarding the best compound design with relevant biological activity whilst at the same time having
desirable ADMET properties. Several concepts such as the diversity-oriented synthesis (DOS) and
biology-oriented synthesis (BIOS) have been developed over the past few years to aid compound
design and increasing compound collections with new chemical structures and constituents [223–228].
An even advanced concept is the function-oriented synthesis which seeks to mimic the function
of a promising compound in order to get simple scaffolds and make their synthesis easier and
simple [213,229,230]. Several automated compound generators that use deep learning techniques
have been made and have allowed automated analysis of generated compounds to obtain even better
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designs of compounds with desired properties and biological activity [216,217,231,232]. Although
deep learning models are used mainly to predict drug-target interactions and in the generation
of new molecules, these models are also useful to predict ADMET properties of novel candidate
drugs [233,234]. Several deep learning models have also been used to predict the binding affinity for
candidate compounds during drug discovery [234]. Several compounds based on the imidazopyridine
scaffold have been synthesised using automated computer-assisted de novo design resulting in
the discovery of many ligands for G protein-coupled receptors antagonists [213,235,236]. It is
also possible to use a virtual library enumeration parallel to target panel prediction to design
a compound library and building block selection. Using integration of computational activity
prediction and microfluidics-assisted synthesis enabled scientists to identify ligands with different
binding profiles [236–239]. Thus, microfluidics synthesis and computer-aided target prediction can be
used to generate bioactivity-focussed compound libraries rapidly and efficiently [235].

An important part of automation of compound synthesis is the availability and use of building
blocks and chemical reactions that can result in diverse by-products. The use of small volumes
of the starting compounds and compact synthesis coupled with in-line purification and analyses
ultimately led to the development of novel machines to synthesise complex structures recapitulating the
biosynthesis of most natural compounds [240–242]. Importantly, 3D printing can allow for the building
of different microfluidic devices with several sophisticated and specialised algorithms to monitor
product synthesis. 3D printing is very important for microfluidics platforms as most microfluidics
systems are custom made for a specific function. Some of the latest approaches using automated robotic
synthesis are remotely controlled making it even more efficient [243,244]. Some automated compound
synthesis approaches are very versatile with only a small set of building blocks being needed to
generate a diverse group of by-products [245]. Microfluidics based synthesis of compounds allows the
continuous synthesis of compounds and not batch-wise. Cytochrome P450-catalysed drug oxidation
can now be simulated meaning that in future on-chip chemotransformations of compounds can replace
in vitro metabolite identification [246,247]. Microfluidics synthesis of compounds, coupled with
in-process analysis and purification, is revolutionising drug discovery automation [248]. Besides the
obvious avoidance of human exposure to chemicals and dangerous solutions, microfluidics also allows
the use of minimum amounts of compounds and reagents [249–251]. Given that most animal models
are very poor predictors of human response to drugs and biological testing, microfluidic systems
can aid in recapitulating human- and species-specific functions by incorporating organoid-based
approaches. This allows for the generation of physiological relevant environments within the
microfluidic devices and these can be stable over some time [252,253]. Several systems incorporating
cancer cells or 3D cancer models have been developed and allow for the recapitulation of human
tumours and their microenvironments [254–256]. Several constraints do exist for continuous flow
systems such as microfluidics synthesis of compounds. The synthesis and eventual deposition of
reactive reagents and by-products brings about the danger of fluidic surfaces instability as some of the
reagents and solutions used in compound synthesis are incompatible with the microfluidic systems.
In addition, clogging of channels of the microfluidic system is a major problem.

Several integrated microfluidics-assisted synthesise and test platforms are now available
combining the reagent and compound selection and can adapt based on materials available for
the subsequent steps during synthesis and testing of compounds. Several computational tools and
networks (containing millions of reactions and pathways for compound synthesis) used for automated
compound synthesis have been developed and aid in finding the optimal and innovative route to
compound synthesis [257–260]. Drug design with the help of artificial intelligence is a requirement
to have a sustainable drug discovery process [261–264]. Hypothesis generation if done by machines
can result in the designing of compounds using several criteria at the same time. Such criteria can
be biological activity, side-effects and synthesizability. Machine-guided hypothesis or generation of
compound structures is also much faster and can generate different designs at the same time. Artificial
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intelligence is therefore an enabling technology, aiding the scientist in pattern recognition and can be
optimised to do pattern recognition [265–267].

5. Computer-Aided Drug Design from Natural Products

Synthetic compounds with structures inspired by natural products can help solve many global
health challenges while in many instances some of the new synthetic compounds would have been
discarded as not suitable for drug designs. The so called “rule of three” and “rule of five” criteria often
used for decision making with regard to drug leads is too strict and some of the new designs would have
been failed [268–272]. In fact, many of the guidelines used during drug designing show human bias and
therefore are limited in their scope and effectiveness, especially when applied to natural products [269–
272]. Many therapeutic synthetic compounds have been developed using computer-aided designs
and these include several anticancer agents [273–276]. The Scaffold Hunter software for example was
used to simplify complex natural products to generate virtual fragments of small chemically attractive
molecules [277]. The simple molecules visualised by such computational software must retain the
same biological activity as the mother compound. Indeed, this method was already used to identify
inhibitors and activators of pyruvate kinase [278]. However, it is also possible that natural-product
derived simple molecules will exhibit weaker activities than the parent compound [275,276]. The PASS
software has been used to predict the biological activities of simple structures or chemical structures
obtained from the mother compound with considerable success [279,280]. The PASS software has
predicted the anti-tumour activities of several marine alkaloids [278–280].

Indeed several individual compounds from St John’s wort were also predicted rightly to have
cytochrome P450 modulating effects [278]. Several computational softwares, databases and web servers
have been developed that can predict compound-target associations. Most if not all of these softwares
use the similarity of new compound to known drugs to infer target and normal ligand–receptor
docking. In the absence of any similarity between new compound and any known drug, the SPIDER
software can compare computed features between natural products and new compound to predict the
target of the new compound [281,282]. The identification of G-protein coupled receptor ligands was one
of the success stories of the SPIDER software [282]. The use of computational drug design and target
prediction is now tangible and will continue to influence drug development in the near future. However
only previously studied targets or proteins can be predicted. Computer based quantitative structure
activity approaches can be employed in natural product drug discovery to explain the molecular
basis of their therapeutic values and to predict possible derivatives that would improve activity [283].
The positive aspect of computer-based drug designs is that it guides optimization of lead compounds
as to whether to increase their affinity or pharmacodynamic and pharmacokinetic properties.

New systems are being developed in order to detect candidate or lead compound toxicity at
early stages of drug discovery [284–287]. Strategies employing in silico methods can be used to
detect drug toxicity early on along the drug discovery process. Such approaches if combined with
in vitro and in vivo biological testing can drastically decrease the time and cost of drug discovery and
improve safety evaluation. Quantitative structure–activity relationship models aim to understand the
relationship between the structure of a compound and its toxicity [288–291]. To understand the possible
accumulation of the drug and its metabolism properties such as adsorption, distribution, metabolism
and excretion must be evaluated [292–295]. To compound the issue of candidate compound toxicity,
one has to consider environmental toxicity. So, during drug discovery the potential risk of having
a drug in the environment must be addressed. These candidate compounds or lead compounds may
have toxic effects on other animals.

The advent of advanced technologies has allowed scientists to discover the magnitude of tumour
heterogeneity and the different patients’ responses to treatment [296–299]. Drug discovery however is
based on the “one drug-one target” strategy. It is a fact that combination therapy is the gold standard
nowadays. Thus, drug design must take a combinatorial approach, where two or more drugs either
target the same pathway or act synergistically to achieve a cure. Conventional chemotherapeutic agents
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may be combined with targeted therapies such as kinase inhibitors [300–304]. Now, a few approaches
for computer-based screening for combinatorial drug design and treatment are under development.

6. Natural Products and Precision Medicine

The past few years have seen genomics informing drug discovery but overall the clinical efficacy
of the resultant drugs has been poor. This is largely due to the complex nature of diseases. Advances
in technological and analytical tools used in genomics now allow for the rapid identification and
interpretation of genetic differences driving patient specific features of disease (Figure 4) [33,222].
Precision medicine would then target these specific features to obtain a cure. At the heart of the
Human Genome project lies the need to understand how genetics impacts disease and vice versa.
For oncologists and cancer scientists, how genetics can transform drug discovery has generated a lot of
excitement. The rapid development of many new techniques now allows the analysis of patients’ and
healthy individuals genomes (Figure 4). Importantly it is possible to link a patient’s genome and clinical
presentation [305]. Investigations of whether specific proteins are drug targets culminated in many
drugs in use today. Over time however, productivity in terms of drugs produced declined as there
were no more definite new drug targets. The “gene to screen” approach was based on the realisation
that genes expressed within a cell are the main contributor to the overall cellular phenotype [306,307].
Genome-wide association studies (GWAS) is a cost-effective and unbiased way of genotyping and
comparison of genomic variations between patients with disease and healthy individuals. GWAS
has led to the identification of genetic determinants of diseases and underlying mechanisms driving
disease development.

Figure 4. Precision therapies in oncology can be designed to only affect cancer cells. Biomarkers can be
identified through next generation sequencing, gene expression profiling and proteomics. Drivers and
regulators of important pathways involved in cancer cell proliferation, survival and chemoresistance
can be identified. Only with this knowledge can the development of novel drugs be achieved.

7. Conclusions

The low success rate of drug discovery requires a paradigm shift for innovative drug development
strategies. Innovative drug discovery starts by deriving inspiration from natural products for effective
treatment of disease conditions. The relevance of natural products in providing innovative drugs to find
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solutions to communicable and non-communicable diseases cannot be over-emphasized. Technological
advances have made it possible to understand the profiles of these complex natural products with
the potential to discover new drugs for use. An impressive number of blockbuster drugs have been
isolated or synthesized from natural product lead compounds. This positions natural product drug
discovery as a very successful strategy for the development of novel therapeutic drugs. In this era
of advancing scientific technology, innovative drug discovery from natural products will potentially
increase the success rate of new therapeutic moieties. Natural product drug discovery stands as a major
contributor to solving global health challenges and achieving sustainable development goals on health.
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Abstract: The oleoresin of Copaifera trees has been widely used as a traditional medicine in Neotropical
regions for thousands of years and remains a popular treatment for a variety of ailments. The copaiba
resins are generally composed of a volatile oil made up largely of sesquiterpene hydrocarbons, such as
β-caryophyllene, α-copaene, β-elemene, α-humulene, and germacrene D. In addition, the oleoresin
is also made up of several biologically active diterpene acids, including copalic acid, kaurenoic acid,
alepterolic acid, and polyalthic acid. This review presents a summary of the ecology and distribution
of Copaifera species, the traditional uses, the biological activities, and the phytochemistry of copaiba
oleoresins. In addition, several biomolecular targets relevant to the bioactivities have been implicated
by molecular docking methods.
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1. Introduction to the Genus Copaifera

The copaiba trees belong to the genus Copaifera, family Fabaceae, and subfamily Caesalpinoideae.
The genus was described the first time by Marcgraf and Piso in 1638, who employed the name “Copaiba”
without designating the species [1]. In 1760, Nicolaus Joseph Von Jacquin described the species Copaiva
officinalis in the work Enumeratio Systematica Plantarum [2]. Afterwards, in the year 1764, Carl von Linnaeus
did a more detailed study of the genus in the work Species Plantarum, in which he described the type
species Copaifera officinalis (Jacq.) L. [3]. There are more than 70 Copaifera species distributed throughout
the world, with widespread occurrence in Central and South America; there are also four species found
in Africa and one species found on the island of Borneo, situated in the Pacific Ocean [4]. Brazil is the
country with the greatest biodiversity of Copaifera with 26 species and 8 varieties [5].

The vernacular name copaíba probably originated from the Tupi-Guarani and alludes to the names
used by indigenous peoples, copaíva and copahu (kupa’iwa and kupa’u, respectively), which refers to
the tree exudate, in reference to the oil stored in its interior [6]. Sixteenth-century records produced
by chroniclers during the Brazilian colonization report the widespread use of copaiba oil among the
natives as anti-inflammatory and healing agents, and also for esoteric purposes, such as aphrodisiac
and contraceptive [4,6,7]. This natural product is known and valued to the present day, mainly in the
Amazon region, where the rural population has little access to industrialized pharmaceutical products
and public health care [6,8].

The copaiba trees have shrub or arboreal habits, can reach up to 40 m height and 4 m diameter
at breast height (dbh), have slow growth, and can live up to 400 years [6]. Their cylindrical trunks
contain intercellular secretory channels arranged in bands of marginal axial parenchyma, the lumen
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from secretory cells is formed schizogenously, and the oleoresin is synthesized in parenchyma cells of
the canal. The species have alternate leaves, which are pinnate with 2–12 pairs of leaflets (opposite,
alternate, or subopposite), usually glabrous, and may have translucent points and glands at the
base of the marginal vein; they have small and interpetiolar stipules and are generally deciduous.
The inflorescences are alternate panicles and the flower buds are protected by small bracts; they
have small flowers, numerous and sessile, which are monoclamids with a tetramer chalice that forms
short tubes and contains internally hirsute sepals. The androecium holds 10 free stamens, glabrous
fillets, and oblong and rimose anther; and the gynoecium presents a sessile ovary with two elongate
ovules, filiform style, and globular and papillary stigma. The fruits are bivalved, dehiscent, laterally
compressed, and monospermic. The seed is a pendulum, oblong-globose, covered by abundant white
or yellow aril, and lacking endosperm [1,9–11].

Although the Copaifera genus has been extensively studied taxonomically, there are still difficulties in
identifying some species, mainly due to their intricate floral morphology and absence of reproductive
structures in the samples studied. With regard to the Amazonian species, the scarcity of field information
and illustrations of specimens comprise the main limitations for botanical descriptions of the group.
These taxonomic problems have restricted the advance of chemical and pharmacological research,
limited the industrial and rational uses of resin oils and wood, and have also hampered the development
of projects, plans for sustainable management, and conservation of commercially targeted species [9,12].

The main economic contributions of Copaifera species have been wood and oleoresins.
Among Copaifera species that are used in the production of oleoresins, C. reticulata is the most
frequent, representing 70% of the production [6]. Copaiba oleoresin is one of the most important
renewable natural remedies for the indigenous people from the Amazon region and its use is widely
diffused due its various pharmacological properties [13]. The oleoresin is a transparent, colored liquid
with variable viscosity, and is constituted by a nonvolatile fraction composed of diterpenes and a
volatile fraction composed of sesquiterpenes [14,15]. Its chemical profile may vary according to species,
seasonal and climatic characteristics of the environment, soil type and composition, and rainfall index.
Biotic pressures, such as insect predation and pathogen infection, also cause differences in oleoresin
composition [16,17]. The extraction of copaiba oil is done through the perforation of the trunk with a
punch, and the resin is collected with the help of a polyvinyl chloride (PVC) pipe, through which the
oil flows and is then stored. This practice is mainly done by plant extraction; therefore, the product of
several trees is often mixed, resulting in an additional obstacle to the botanical identity of the copaiba
trees. In addition, the lack of parameters to characterize the oil and to perform quality control of the
botanical drug also constitutes an obstacle for the registration and exportation of herbal products
containing copaiba [18,19].

2. Ecology and Distribution of Copaifera

The genus Copaifera is native to tropical regions of Latin America, an area of great species
diversity [1]. Distributed widely in the Americas, stretching from Mexico to northern Argentina,
the genus also occurs in West Africa and Asia [20]. The greatest richness of species occurs in Brazil,
where they are distributed from the north to the south of the country. The most common species are
C. multijuga Hayne, which is found in the Amazonas, Pará and Rondônia states; C. reticulata Ducke
that occurs in Amapá, Pará and Roraima;, and C. langsdorffii Desf., which can occur from the northern
to southern regions of Brazil [5]. Other species have more restricted distribution, such as C. guyanensis
Desf. (Amazonas), C. majorina Dwyer (Bahia), C. cearensis Huber ex Ducke (Ceará, Bahia, Piauí and
Rio de Janeiro), C. elliptica Mart. (Goias and Mato Grosso), C. paupera (Herzog) Dwyer (Acre), and C.
lucens Dwyer (Bahia, Espírito Santo, Minas Gerais, Rio de Janeiro, São Paulo) [5]. Although many
species of Copaifera have wide occurrence within the Brazilian territory, and may occur in different
phytogeographic domains (e.g., C. langsdorffii), some feature endemism, such as C. trapezifolia Hayne,
which occurs in an extremely disturbed region of the Atlantic rainforest, of which only 11.6% of the
natural vegetation cover remains [21]. Thus, morphological, physiological, and ecological studies are
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highly relevant for the preservation of species and their natural environment [11]. A study conducted
in the Minas Gerais state on the geographical distribution and environmental characteristics of arboreal
species showed that C. langsdorffii has wide occurrence throughout the whole state, where latosol type
soil predominates, but additionally has a preference for ustic soils (62%) [22].

In relation to the ecological group, copaíba are classified as long-living, late secondary, and
climax tree species, demanding of light but tolerant to shade [23]. They are considered generalists
because they are adapted to a wide variety of environments. They can occur in floodplains, riparian
forest, and streams of the Amazon basin and the forests of the Cerrado in the center of Brazil [24]. C.
langsdorffii, for example, has great ecological plasticity, occurring in several biomes, such as Cerrado,
Atlantic Forest, Caatinga, and Amazon rainforest [23]. Copaifera species have great plasticity in relation
to edaphic conditions; they occur in areas with fertile soil and well-drained soil and in areas with very
poor acidic soils, such as Cerrado fields. They grow well on sandy and clayey soils and generally
occupy the forest canopy [25,26].

Phenological studies on Copaifera are important for the rational use of the species and for the
preparation of management plans [27]. The reproduction of copaibas occurs from the fifth year of
growth after planting in a climax forest ecosystem [6]. C. multijuga, commonly found in the Amazon,
blooms in the rainy season—between the months of December–April—and fructifies between April
and July [27]. Blooming of C. reticulata occurs from January to March, with fruiting from March
to August, lasting into October [26,28]. C. langsdorffii, observed in the Tijuca Forest, Rio de Janeiro,
blooms between March and April and fructifies between August and September. Another survey
carried out near Campinas, São Paulo state, showed that flowering of C. langsdorffii occurs in the
middle of the rainy season (December–February), with development of fruit during the dry season
(April–September) [29,30]. The phenophases of C. officinalis were monitored in the municipality of
Boa Vista (Roraima state, Brazil), and showed that the flowering of the species occurs between the
months of September and November and the fruiting from November to March. Depending on the
stage of fruit ripening, the dehiscence can begin in January, in which the seeds enveloped by the aril
are exposed, allowing for their dispersal [28].

Copaifera is a hermaphrodite plant of mixed reproduction with a predominance of allogamy.
The trees are generally bee pollinated (melittophily), and Apis mellifera and Trigona spp. are its main
pollinating agents [25]. C. langsdorffii has high fecundity, producing large quantity of fruits in a short
period of time. Its seeds have low nutritional value, mainly composed of carbohydrates, but can attract
a wide variety of animals with a general diet [30]. The dispersion of the copaiba seeds occurs mainly
in zoocoric and barocoric forms [27,28]. Some vertebrates, such as birds and mammals, have been
observed visiting the fruits of Copaifera [31]. Its seeds have morphological characteristics that fit the
ornithocoria syndrome, mainly because they are black with colored, fleshy arils, which, after being
swallowed, can be regurgitated intact and remain viable for germination [32]. A study revealed that
10 species of Passeriformes, such as Ramphastos toco, Cyanocorax cristatellus, and Turdus rufiventris,
visited the fruits of C. langsdorffii. Likewise, monkeys of the species Eriodes arachnoides and Cebus paella
also eat the fruits of C. langsdorffii [31]. Copaiba seeds may also present hydrocoric dispersion due to
their frequent occurrence near waterways [25]. Copaiba seeds are of conventional behavior and may be
conserved in the long term ex situ, with dormancy due to the deposition of coumarin in the tegument,
and its germination is of the epigene type [25]. A tree can produce from 2 to 3 kg of seeds [33].

The population density of copaiba trees in an area is usually very low. It is possible to find only
one tree every 5 ha, but they may occur in densities of one to two trees per hectare. The production
of oleoresin by species is fairly variable and can be influenced by genetic differences among species,
habitat, soil, and intensity of exploitation [34]. The production of oleoresin per tree ranges from 100
mL to 60 L per year. In addition, not all trees produce oil [24]. Therefore, detailed investigations
regarding extraction methods and equipment that do not harm the plant, correlation of genetic data to
botanical identification of species, floristic inventory of copaiba populations, and ecological studies on
its ecosystems are indispensable for the sustainable and rational use of this resource [35,36].
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3. Traditional Uses of Copaifera

3.1. Medicinal Uses

In Pará state (Amazon region, Brazil), people of all ages and social classes consider copaiba one of
the most important natural remedies from the Amazon region. Several parts and preparations of the
plant are used in folk medicine [24]. The oleoresin or bark decoction is used as an anti-inflammatory
and contraceptive by native people from the Brazilian Amazon. The topical application of oil on the
skin serves to heal wounds. It is used in massages on the head to cure paralysis, pains, and convulsions.
In Amapá state, it is recommended to soak a cotton ball in oil and place on tumors, ulcers, or hives.
The daily intake of two drops of oil mixed with one tablespoon of honey is indicated for inflammation,
syphilis, bronchitis, and cough [6,37,38]. In Venezuela, the oil is used to prepare a patch that is applied
to heal ulcers and wounds, and the decoction of the bark in the form of a bath is used to combat
rheumatism, to wash infected wounds such as dog bites, and to use as an anti-tetanus [37,38]. A
tea from the seeds is also used as a purgative and for treatment of asthma. In northern Brazil, the
practice of “embrocation” (applying oil directly to the throat) is common to treat throat infections [39].
In Belém, the “garrafada”—an infusion of the bark sold in bottles—is currently used as a substitute for
the oleoresin due to the difficulty in obtaining the oil in the city [38].

Copaiba has a wide range of ethnopharmacological indications, including for the treatment of:
cystitis, urinary incontinence, gonorrhea, and syphilis; respiratory ailments, including bronchitis,
strep throat, hemoptysis, pneumonia, and sinusitis; infections in the skin and mucosa, such as
dermatitis, eczema, psoriasis, and wounds; ulcers and lesions of the uterus; leishmaniasis and
leucorrhea; anemia; headaches; and snake bites. It is also used for its aphrodisiac, stimulant,
anti-inflammatory, antiseptic, anti-tetanus, antirheumatic, antiherpetic, anthelminthic, anticancer,
antitumor (prostate tumors), and antiparalytic properties [4,6,26,38,40]. Copaifera species are used by
people of Igarapé Miri (Pará state) for healing wounds [41].

Studies have shown that the ingestion of high doses of copaiba oil can cause adverse side effects,
such as gastrointestinal irritation, sialorrhea, and central nervous system depression. A dose of
10 g may cause symptoms of intolerance, nausea, vomiting, colic and diarrhea, and exanthema.
Prolonged use may cause kidney damage and topical reactions in susceptible individuals [39,42]. Thus,
the advance in pharmacological and quality control studies of copaiba formulations sold at herbal
markets is indispensable for the safe use of this plant drug.

3.2. Human Nutrition

Copaiba oil was approved in the United States as a food additive and is used in small amounts as
a flavoring agent in foods and beverages [43].

3.3. Cosmetic Uses

The species of Copaifera are intensively pursued for inclusion in the cosmetics market due to
their therapeutic properties and fragrant value of their oils [44]. Copaiba oil is currently used in the
cosmetic industry as a fixative for perfumes and perfuming soaps [38]. As an emollient, bactericidal,
and anti-inflammatory agent, copaiba oil is used in the production of soaps, lotions, creams and
moisturizers, bath foams, shampoos, and hair conditioners [6,24]. In addition, it aids in the treatment
of dandruff and acne [38,45]. Despite its fragrant value, little information regarding its odorant
potential is available in the literature [44].

3.4. Fuel

As a renewable source of hydrocarbons, the use of copaiba oil as an ecologically clean fuel has
been evaluated. Experimental plantations were started in the early 1980s near Manaus, Brazil to test its
viability as an alternative energy source to fossil fuels [7]. For potential use as fuel, a combination with
diesel oil in a ratio of 9:1 (diesel oil to copaiba) has been recommended [6]. Various reports indicate
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that the liquid can be poured directly into the fuel tank of a diesel-powered car and the vehicle will run
normally, with a bluish exhaust smoke being the only noticeable difference [46]. Traditionally, the oil is
used in lamps as fuel for lighting [24].

3.5. Wood

The copaiba trees are considered hardwoods with high demand due to their properties of strength,
as well as insect and xylophagous fungi repellency. The wood is saturated with oil and resin and
has been used in both shipbuilding and civil construction, especially in the manufacture of steam
caves, pool cues, and decorative and furniture coverings. It is also used in the preparation of lumbers,
rafters, door and window frames, and boards in general, including for agricultural implements,
general carpentry, flooring furniture, coatings, lamination, plywood sheets. The wood has a high
content of lignin and is very good for the production of alcohol and charcoal. C. langsdorffii has
traditionally been exploited extensively for charcoal in the Cariri Region, south of Ceará [24,47].

3.6. Veterinary Uses

In southern Pará state, farmers have used copaiba oil to prevent foot-and-mouth infection in cattle.
The oil is poured on the floor next to the salt lick so that when cattle approach to eat salt, they step in
oil soaking their feet [24]. When wounded, some animals lick and rub their bodies in the oil that flows
from the trees [24].

3.7. Other Uses

Hunters often hunt under the copaiba tree during fruiting because the seeds and oil attract
animals [24]. The oleoresin is used in the photographic industry to improve image clarity in areas of
low contrast and resolution. The resin has also been used in paper making, as an additive for butadiene
in the production of synthetic rubber, as a source of a chiral substrate in the synthesis of biomarkers of
sediment and oil residues, and as fixative in the manufacture of varnish, perfume, and paints used in
the painting of porcelain, fabrics, and for dying cotton yarn [6,24,38].

4. Essential Oil Chemistry of Copaifera

The major components of the essential oils from Copaifera species are summarized in Table 1.
In general, copaiba oils derived from Copaifera oleoresins are rich in sesquiterpene hydrocarbons
and often dominated by β-caryophyllene [15]. Some copaiba oils, however, also show significant
concentrations of diterpene acids, which are generally analyzed as their methyl esters [15]. A perusal of
internet sources of copaiba oil suggests that the most important commercial sources of copaiba oil are
C. langsdorffii, C. officinalis, and C. reticulata, and the most prized copaiba oils are rich in β-caryophyllene.
The oleoresin essential oils from these three Copaifera species can have as much as 33% (C. langsdorffii),
87% (C. officinalis), and 68% (C. reticulata) β-caryophyllene (see Table 1).
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Table 1. Major components of the essential oils of Copaifera species.

Copaifera spp. EO Source Major Components (>5%) Ref.

C. cearensis Huber ex Ducke oleoresin

α-copaene (8.2%),
β-caryophyllene (19.7%),
δ-cadinene (7.2%),
β-bisabolol (8.2%),
hardwickiic acid (6.2%),
clorechinic acid (11.3%)

[13]

C. cearensis Huber ex Ducke oleoresin
α-copaene (8.2%),
β-caryophyllene (19.7%),
hardwickiic acid (6.2%)

[48]

C. duckei Dwyer oleoresin

β-caryophyllene (0.7–6.2%),
trans-α-bergamotene (3.4–7.9%),
β-selinene (5.5–7.3%),
β-bisabolene (8.9–12.1%),
kaur-16-en-19-oic acid (19.8–24.5%),
polyalthic acid (17.1–27.7%),
hardwickiic acid (0–24.3%)

[8]

C. duckei Dwyer oleoresin

β-elemene (8.3–9.4%),
β-caryophyllene (13.0–15.5%),
trans-α-bergamotene (8.3–10.6%),
β-selinene (13.8–15.4%),
α-selinene (8.8–9.9%),
β-bisabolene (15.7–17.6%)

[49]

C. duckei Dwyer oleoresin

β-caryophyllene (25.1–50.2%),
trans-α-bergamotene (6.4–12.0%),
(E)-β-farnesene (2.9–5.8%),
β-selinene (1.8–6.7%),
β-bisabolene (5.2–33.6%)

[49]

C. guianensis Desf. oleoresin

trans-α-bergamotene (7.2%),
caryophyllene oxide (19.1%),
kaur-16-en-19-oic acid (17.5%),
polyalthic acid (10.6%),
hardwickiic acid (11.0%)

[8]

C. langsdorffii Desf. oleoresin

β-caryophyllene (32.8%),
kaurenoic acid (44.3%),
copalic acid (5.6%),
hardwickiic acid (8.2%)

[48]

C. langsdorffii Desf. oleoresin

cyclosativene (5.0%),
β-elemene (5.1%),
β-caryophyllene (5.5%),
trans-α-bergamotene (48.4%),
β-selinene (5.0%),
α-himachalene (11.2%)

[50]

C. langsdorffii Desf. oleoresin

α-copaene (5.8%),
γ-muurolene (22.7%),
eremophilone (6.8%),
kaurene (6.8%),
methyl oleate (26.5%)

[51]

C. langsdorffii Desf. oleoresin

β-elemene (8.0%),
β-caryophyllene (31.4%),
trans-α-bergamotene (10.2%),
γ-muurolene (16.1%)

[52]

C. langsdorffii Desf. oleoresin

β-caryophyllene (1.1–9.0%),
germacrene D (4.0–18.0%),
bicyclogermacrene (1.5–5.7%),
spathulenol (12.6–35.7%),
caryophyllene oxide (7.4–16.6%),
α-cadinol (3.2–7.9%)

[53]

C. langsdorffii Desf. pericarp

α-copaene (3.2–14.4%),
β-elemene (0–11.1%),
β-caryophyllene (2.7–10.5%),
germacrene D (1.9–10.7%),
bicyclogermacrene (0–6.3%),
spathulenol (2.2–16.2%),
caryophyllene oxide (4.0–5.1%),
iso-spathulenol (5.6–21.6%)

[54]
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Table 1. Cont.

Copaifera spp. EO Source Major Components (>5%) Ref.

C. langsdorffii Desf. leaf

α-copaene (1.8–6.9%),
β-elemene (0–8.4%),
β-caryophyllene (5.7–17.5%),
germacrene D (0–17.3%),
bicyclogermacrene (0–11.5%),
δ-cadinene (1.6–6.1%),
spathulenol (3.8–12.4%),
caryophyllene oxide (0–15.6%),
α-muurolol (4.8–6.2%),
α-cadinol (4.9–6.8%)

[54]

C. langsdorffii Desf. leaf

β-caryophyllene (10.1–16.8%),
germacrene D (9.1–45.2%),
bicyclogermacrene (4.8–21.1%),
spathulenol (4.9–29.4%),
caryophyllene oxide (3.8–18.8%)

[55]

C. langsdorffii Desf. seed

coumarin (0–12.6%),
spathulenol (19.4–38.9%),
caryophyllene oxide (0–21.8%),
humulene epoxide II (0–5.1%),
iso-spathulenol (6.9–25.8%),
τ-muurolol (1.3–5.0%),
α-cadinol (2.0–10.4%)

[54]

C. langsdorffii Desf. stem

β-caryophyllene (2.4–13.9%),
germacrene D (0–19.1%),
bicyclogermacrene (0–8.0%),
δ-cadinene (0–5.7%),
spathulenol (3.6–13.7%),
caryophyllene oxide (4.9–13.3%),
iso-spathulenol (0–7.9%),
τ-muurolol (3.4–7.9%),
α-cadinol (4.9–11.5%)

[54]

C. lucens Dwyer oleoresin polyalthic acid (69.8%),
copalic acid (11.1%) [48]

C. martii Hayne oleoresin

α-copaene (36.4–51.2%),
β-elemene (4.1–6.2%),
allo-aromadendrene (4.2–5.0%),
δ-cadinene (13.7–17.2%)

[56]

C. martii Hayne oleoresin

β-bisabolene (10.7%),
zingiberene (7.2%),
kaurenoic acid (7.9%),
kovalenic acid (29.0%)

[48]

C. multijuga Hayne oleoresin

α-copaene (2.1–5.2%),
β-caryophyllene (42.9–60.3%),
trans-β-bergamotene (2.0–7.0%),
caryophyllene oxide (tr–8.8%),
copalic acid (1.9–11.0%),
3-acetoxycopalic acid (0.8–6.2%)

[8]

C. multijuga Hayne oleoresin
β-caryophyllene (57.5%),
α-humulene (8.3%),
copalic acid (6.2%)

[57]

C. multijuga Hayne oleoresin
β-caryophyllene (57.5%),
α-humulene (8.3%),
copalic acid (6.2%)

[13]

C. multijuga Hayne oleoresin

β-caryophyllene (60.2%),
trans-α-bergamotene (6.4%),
α-humulene (8.6%),
copalic acid (9.5%)

[44]

C. multijuga Hayne oleoresin β-caryophyllene (57.5%),
copalic acid (6.2%) [48]

C. multijuga Hayne oleoresin

α-copaene (18.8%),
β-caryophyllene (36.0%),
trans-α-bergamotene (7.0%),
β-bisabolene (8.5%),
δ-cadinene (6.1%)

[58]

C. multijuga Hayne oleoresin

α-copaene (2.0–15.0%),
β-caryophyllene (5.1–64.0%),
α-humulene (0–8.9%),
germacrene D (0–16.7%),
δ-cadinene (0–5.4%),
caryophyllene oxide (0.2–31.5%),
copalic acid (1.7–7.1%)

[17]
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Table 1. Cont.

Copaifera spp. EO Source Major Components (>5%) Ref.

C. multijuga Hayne oleoresin
β-caryophyllene (57.1%),
α-humulene (10.2%),
β-sesquiphellandrene (9.9%)

[59]

C. multijuga Hayne oleoresin

α-copaene (2.5–14.9%),
β-caryophyllene (10.6–62.7%),
α-humulene (2.4–8.7%),
germacrene D (0–18.9%),
caryophyllene oxide (0.2–32.5%),
copalic acid (1.1–5.2%)

[60]

C. multijuga Hayne oleoresin

α-copaene (5.0%),
β-gurjunene (5.3%),
β-caryophyllene (29.6%),
α-humulene (5.7%),
caryophyllene alcohol (5.8%),
caryophyllene oxide (13.0%)

[61]

C. multijuga Hayne oleoresin
β-caryophyllene (58.4%),
α-humulene (8.4%),
copalic acid (6.3%)

[61]

C. officinalis (Jacq.) L. oleoresin
β-caryophyllene (8.5%),
copalic acid (13.9%),
hardwickiic acid (30.7%)

[48]

C. officinalis (Jacq.) L. oleoresin

β-caryophyllene (24.9%),
allo-aromadendrene (7.5%),
germacrene B (5.1%),
β-bisabolene (6.3%),
δ-cadinene (15.3%),
α-cadinene (5.6%)

[62]

C. officinalis (Jacq.) L. oleoresin
β-caryophyllene (62.7%),
trans-α-bergamotene (7.6%),
α-humulene (8.1%)

Setzer a

C. officinalis (Jacq.) L. oleoresin β-caryophyllene (87.3%) Setzer b

C. paupera (Herzog) Dwyer oleoresin

β-bisabolene (20.2%),
zingiberene (19.4%),
kaurenoic acid (13.3%),
copalic acid (6.1%)

[48]

C. paupera (Herzog) Dwyer oleoresin

α-cubebene (5.5%),
α-copaene (42.5%),
β-caryophyllene (14.1%),
δ-cadinene (10.4%)

[63]

C. piresii Ducke oleoresin
α-copaene (45.5%),
β-caryophyllene (10.3%),
δ-cadinene (13.7%)

[63]

C. publflora Benth. oleoresin

β-caryophyllene (65.9%),
α-humulene (7.3%),
β-selinene (10.2%),
α-selinene (5.5%)

[63]

C. reticulata Ducke oleoresin
β-caryophyllene (40.9%),
α-humulene (6.0%),
germacrene D (5.0%)

[13]

C. reticulata Ducke oleoresin (Pará) β-caryophyllene (40.9%) [48]

C. reticulata Ducke oleoresin (Acre)

α-copaene (25.1%),
β-caryophyllene (13.1%),
copalic acid (7.7%),
kaurenoic acid (7.5%),
hardwickiic acid (6.9%)

[48]

C. reticulata Ducke oleoresin

β-elemene (0.5–5.6%),
β-caryophyllene (1.4–68.0%),
trans-α-bergamotene (2.4–29.6%),
α-humulene (1.1–9.7%),
β-selinene (0–20.6%),
α-selinene (0–13.2%),
β-bisabolene (3.7–42.4%),
caryophyllene oxide (0.1–15.2%)

[64]
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Table 1. Cont.

Copaifera spp. EO Source Major Components (>5%) Ref.

C. reticulata Ducke oleoresin

β-elemene (0–6.0%),
β-caryophyllene (0–43.4%),
trans-α-bergamotene (12.0–32.8%),
α-guaiene (0–9.5%),
α-humulene (0–7.0%),
β-selinene (0–17.1%),
α-selinene (0–10.4%),
trans-β-guaiene (0–5.8%),
β-bisabolene (24.2–50.3%)

[65]

C. reticulata Ducke oleoresin

β-caryophyllene (25.1–50.2%),
trans-α-bergamotene (6.4–12.0%),
α-humulene (4.1–5.8%),
β-selinene (1.8–6.7%),
β-bisabolene (5.2–17.4%)

[66]

C. reticulata Ducke oleoresin

β-caryophyllene (37.3%),
trans-α-bergamotene (9.0%),
α-humulene (5.4%),
β-bisabolene (14.5%)

[67]

C. reticulata Ducke oleoresin

β-caryophyllene (7.7%),
trans-α-bergamotene (22.0%),
β-selinene (12.2%),
α-selinene (11.4%),
β-bisabolene (24.9%)

[68]

C. trapezifolia Hayne leaf

β-caryophyllene (33.5%),
α-humulene (6.2%),
germacrene D (11.0%),
spathulenol (7.6%)

[69]

a Unpublished analysis of a commercial essential oil from New Directions Aromatics (Sydney, Australia).
b Unpublished analysis of a commercial essential oil from Améo Essential Oils/Zija International (Lehi, Utah).

5. Nonvolatile Chemistry of Copaifera

The oleoresins of several Copaifera species have been shown to be rich sources of clerodane,
kaurane, and labdane triterpenoids (Figures 1–3, Table 2). In particular, C. langsdorffii resin is composed
of biologically active copalic acid [70,71] and kaurenoic acid [72–74]. C. multijuga [74] and C. paupera [75]
resins are also good sources of copalic acid.
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Figure 1. Clerodane diterpenoids found in Copaifera species.
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Figure 2. Kaurane diterpenoids found in Copaifera species.
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Figure 3. Labdane diterpenoids found in Copaifera species.
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Table 2. Nonvolatile components isolated and/or identified from Copaifera species.

Copaifera spp. Plant Part Compounds Isolated and/or Identified Ref.

C. cearensis Huber ex Ducke oleoresin
epuric acid, cativic acid, copalic acid, kolavenic acid,
crolechinic acid, hardwickiic acid, haplociliatic acid,
labdanolic acid, patagonic acid.

[76]

C. guianensis Desf. oleoresin methyl copalate [74]

C. langsdorffii Desf. oleoresin
copalic acid, kaurenoic acid, acetoxycopalic acid
(=3α-alepterolic acid acetate), ent-agathic acid,
hydroxycopalic acid (=3α-alepterolic acid)

[71]

C. langsdorffii Desf. oleoresin

copalic acid, acetoxycopalic acid (=3α-alepterolic acid
acetate), 3-hydroxy-14,15-dinorlabd-8(17)-en-13-one,
ent-agathic acid, hydroxycopalic acid
(=3α-alepterolic acid)

[70]

C. langsdorffii Desf. oleoresin kaurenoic acid [72]

C. langsdorffii Desf. oleoresin kaurenoic acid [73]

C. langsdorffii Desf. oleoresin kaurenoic acid [74]

C. langsdorffii Desf. oleoresin
sclareol, manool, copalic acid, acetoxycopalic acid
(=3α-alepterolic acid acetate), hydroxycopalic acid
(=3α-alepterolic acid), ent-agathic acid

[77]

C. langsdorffii Desf. leaves kaurenoic acid, quercitrin, afzelin [78]

C. langsdorffii Desf. leaves
rutin, quercetin-3-O-α-L-rhamnopyranoside,
kaempferol-3-O-α-L-rhamnopyranoside, quercetin,
kaempferol

[79]

C. langsdorffii Desf. fruit gallic acid, epicatechin gallate, catechin, epicatechin,
isoquercitrin [80]

C. langsdorffii Desf. leaves kaurenoic acid, quercitrin, afzelin, eupatorin, galloyl
quinic acid, gallic acid 4-O-glucoside [81]

C. multijuga Hayne oleoresin
copalic acid, 3-hydroxycopalic acid
(=3α-alepterolic acid), 3-acetoxycopalic acid
(=3α-alepterolic acid acetate)

[74]

C. paupera (Herzog) Dwyer oleoresin

copalic acid, methyl copalate, agathic acid 15-methyl ester,
agathic acid 15,19-dimethyl ester, ent-polyalthic acid, methyl
ent-polyalthate, ent-pinifolic acid, methyl 3β-hydroxy-labda

[75]-8(17),13-dien-15-ate, methyl 18-hydroxy-copaiferolate,
14,15-bisnorlabd-8(17)-en-13-one, ent-kaurenic acid,
16β-kauran-19-oic acid, 3-methyl-5-(2,2,6-trimethyl-
6-hydroxycyclohexyl)- pentanoic acid, pauperol

C. reticulata Ducke oleoresin 3β-alepterolic acid, 3β-alepterolic acid acetate,
3β-hydroxylabdan-8(17)-en-15-oic acid, ent-agathic acid [82]

6. Biological Activities of Copaifera

Copaifera oleoresins have shown remarkable biological activities, many of which have been
attributed to diterpenoid acids (see Table 3). Generally, Copaifera oleoresins and their diterpenoid
constituents have shown antibacterial, anti-inflammatory, antileishmanial, antiproliferative,
antitrypanosomal, and wound-healing activities.
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6.1. Antiparasitic Activity of Copaiba

Several Copaifera oleoresin oils have shown in vitro antiparasitic activity against Leishmania
amazonensis promastigotes, including C. cearensis, C. langsdorffii, C. lucens, C. martii, C. multijuga,
C. officinalis, C. paupera, and C. reticulata [48]. The resin oil of C. martii showed in vivo antileishmanial
activity in a mouse model [97] and C. reticulata resin oil showed activity against L. amazonensis axenic
amastigotes (IC50 = 15.0 μg/mL) and intracellular amastigotes (IC50 = 20 μg/mL) [109]. Diterpenoids
isolated from C. officinalis—agathic acid, alepterolic acid, kaurenoic acid, methyl copalate, pinifolic acid,
and ent-polyalthic acid—showed antileishmanial activity against L. amazonensis promastigotes [104].

Copaifera oleoresins and diterpene acids have also shown antitrypanosomal activities. C. duckei
and C. reticulata resins showed in vitro activity against T. evansi trypomastigotes [86]. The diterpene
acids—agathic acid, copalic acid, alepterolic acid, kaurenoic acid, methyl copalate, pinifolic acid,
and ent-polyalthic acid—all showed antitrypanosomal activity against T. cruzi, including in the
epimastigote, trypomastigote, and amastigote forms of the protozoan [111].

A number of parasitic protozoal proteins have been identified as potential targets for antiparasitic
chemotherapy [113]. In conjunction with this review, we have examined the potential parasitic targets
of Copaifera diterpenoids using molecular docking. It is currently not known what biomolecular
targets from Leishmania or Trypanosoma may be responsible for the antiprotozoal activities of
copaiba. The Copaifera diterpenoids (Figures 1–3) were screened, in silico, against Leishmania drug
targets [114–116] and Trypanosoma cruzi protein targets [117] using Molegro Virtual Docker v. 6.0.1 as
previously described [114–117]. The docking energies are summarized in Tables 4 and 5.

The Leishmania protein target with the best overall docking properties with Copaifera
diterpenoids was L. major dihydroorotate dehydrogenase (average Edock = −109.2 kJ/mol).
These docking energies were better than the docking energy for the normal substrate,
dihydroorotate (Edock = −72.1 kJ/mol) and comparable to the co-crystallized ligand for this
protein, nitroorotate (Edock = −104.2 kJ/mol). Docking energies for Copaifera diterpenoids
with TcDHODH (average −92.5 kJ/mol) were also better than the normal substrate
(dihydroorotate, Edock = −64.2 kJ/mol), but worse than the synthetic TcDHODH inhibitor,
5-[2-(5-carboxynaphthalen-2-yl)ethyl]-2,6-dioxo-1,2,3,6-tetrahydro-pyrimidine-4-carboxylic acid
(TT2-2-199, Edock = −140.7 kJ/mol). Similarly, Copaifera diterpenoids docked with L. donovani
DHODH (average Edock = −89.9 kJ/mol) better than dihydroorotate (Edock = −60.9 kJ/mol).
Based on these docking energies, protozoal dihydroorotate dehydrogenases are likely targets for
Copaifera diterpenoids.

Leishmania major methionyl-tRNA synthetase was another Leishmania protein target with good
docking energies. Although the docking energies with this protein were excellent (average
Edock = −106.9 kJ/mol), they are much poorer than the docking energy of the normal substrate,
methionyl adenylate (Edock = −168.1 kJ/mol). Similarly, the T. cruzi target protein with the best
docking was UDP-galactose mutase (average Edock = −104.5 kJ/mol), but the normal substrate
and co-crystallized ligand, uridine diphosphate (UDP), had a much superior docking energy
(Edock = −232.8 kJ/mol). Likewise, L. major UDP-glucose pyrophosphorylase showed an average
docking energy of −99.9 kJ/mol, which was much worse than UDP itself (Edock = −145.9 kJ/mol).
The diterpenoids showed good docking to T. cruzi spermidine synthase, with an average docking
energy of −96.8 kJ/mol; however, these are much worse than the docking energy of the co-crystallized
ligand, S-adenosyl methionine, with a docking energy of −133.0 kJ/mol. Thus, although they exhibited
good docking properties, it is unlikely that Copaifera diterpenoids can compete with the normal
substrate ligands for these proteins.

448



Int. J. Mol. Sci. 2018, 19, 1511

T
a

b
le

4
.

M
ol

D
oc

k
do

ck
in

g
en

er
gi

es
(k

J/
m

ol
)o

fC
op

ai
fe

ra
di

te
rp

en
oi

ds
w

it
h

Le
is

hm
an

ia
pr

ot
ei

n
ta

rg
et

s.

Le
is

hm
an

ia
T

a
rg

e
ts

P
D

B
a

E d
o

ck
(a

v
e

)
E d

o
ck

(m
in

)
B

e
st

-D
o

ck
in

g
D

it
e

rp
e

n
o

id
L

ig
a

n
d

C
at

he
ps

in
B

(L
do

nC
at

B)
ho

m
ol

og
y

−8
4.

6
−1

00
.6

3α
-A

le
pt

er
ol

ic
ac

id
ac

et
at

e
C

at
he

ps
in

B
(L

m
aj

C
at

B)
ho

m
ol

og
y

−8
0.

8
−9

3.
7

7α
-A

ce
to

xy
ha

rd
w

ic
ki

ic
ac

id
C

yc
lo

ph
ili

n
A

(L
do

nC
yp

A
)

3E
O

V
−8

3.
3

−1
02

.6
en

t-
Pi

ni
fo

lic
ac

id
D

eo
xy

ur
id

in
e

tr
ip

ho
sp

ha
te

nu
cl

eo
ti

do
hy

dr
ol

as
e

(L
m

aj
dU

TP
as

e)
2Y

A
Y

−8
5.

3
−1

03
.8

19
-O

-A
ce

ty
l-

1,
2-

de
hy

dr
ok

au
tr

iw
ai

c
ac

id
D

ih
yd

ro
or

ot
at

e
de

hy
dr

og
en

as
e

(L
do

nD
H

O
D

H
)

3G
Y

E
−8

9.
9

−1
02

.7
7α

-A
ce

to
xy

ha
rd

w
ic

ki
ic

ac
id

D
ih

yd
ro

or
ot

at
e

de
hy

dr
og

en
as

e
(L

m
aj

D
H

O
D

H
)

3M
H

U
−1

09
.2

−1
26

.7
7α

-A
ce

to
xy

ha
rd

w
ic

ki
ic

ac
id

G
lu

co
se

-6
-p

ho
sp

ha
te

is
om

er
as

e
(L

m
ex

G
PI

)
1Q

50
−7

3.
0

−8
5.

3
19

-O
-A

ce
ty

l-
1,

2-
de

hy
dr

ok
au

tr
iw

ai
c

ac
id

G
ly

ce
ra

ld
eh

yd
e-

3-
ph

os
ph

at
e

de
hy

dr
og

en
as

e
(L

m
ex

G
A

PD
H

)
1A

7K
−7

4.
2

−8
3.

0
19

-O
-A

ce
ty

l-
1,

2-
de

hy
dr

ok
au

tr
iw

ai
c

ac
id

G
ly

ce
ro

l-
3-

ph
os

ph
at

e
de

hy
dr

og
en

as
e

(L
m

ex
G

PD
H

)
1N

1E
−1

00
.4

−1
14

.3
3α

-A
le

pt
er

ol
ic

ac
id

ac
et

at
e

M
et

hi
on

yl
-t

R
N

A
sy

nt
he

ta
se

(L
m

aj
M

et
R

S)
3K

FL
−1

06
.9

−1
23

.0
3α

-A
le

pt
er

ol
ic

ac
id

ac
et

at
e

N
ic

ot
in

am
id

as
e

(L
in

fP
nC

1)
3R

2J
−6

1.
3

−7
5.

9
3β

-A
le

pt
er

ol
ic

ac
id

N
-M

yr
is

to
yl

tr
an

sf
er

as
e

(L
m

aj
N

M
T)

4A
30

−9
2.

3
−1

04
.0

19
-O

-A
ce

ty
l-

1,
2-

de
hy

dr
ok

au
tr

iw
ai

c
ac

id
N

uc
le

os
id

e
di

ph
os

ph
at

e
ki

na
se

b
(L

m
aj

N
D

K
b)

3N
G

S
−8

3.
9

−1
05

.8
7α

-A
ce

to
xy

ha
rd

w
ic

ki
ic

ac
id

N
uc

le
os

id
e

hy
dr

ol
as

e
(L

m
aj

N
H

)
1E

Z
R

−8
0.

5
−9

0.
5

7-
A

ce
ty

lb
ac

ch
ot

ri
cu

ne
at

in
D

O
lig

op
ep

ti
da

se
B

(L
m

aj
O

PB
)

2X
E4

−9
7.

8
−1

06
.1

7α
-A

ce
to

xy
ha

rd
w

ic
ki

ic
ac

id
Ph

os
ph

od
ie

st
er

as
e

B1
(L

m
aj

PD
EB

1)
2R

8Q
−8

9.
5

−1
05

.8
3β

-A
le

pt
er

ol
ic

ac
id

ac
et

at
e

Ph
os

ph
om

an
nu

m
ut

as
e

(L
m

ex
PM

M
)

2I
55

−9
4.

2
−1

17
.5

19
-O

-A
ce

ty
l-

1,
2-

de
hy

dr
ok

au
tr

iw
ai

c
ac

id
Pt

er
id

in
e

re
du

ct
as

e
1

(L
m

aj
PT

R
1)

1E
7W

−9
3.

8
−1

10
.7

C
op

ai
fe

ro
lic

ac
id

Py
ru

va
te

ki
na

se
(L

m
ex

PY
K

)
1P

K
L

−1
03

.4
−1

13
.5

7α
-A

ce
to

xy
ha

rd
w

ic
ki

ic
ac

id
St

er
ol

14
α

-d
em

et
hy

la
se

(L
in

fC
Y

P5
1)

3L
4D

−9
0.

2
−1

11
.3

19
-O

-A
ce

ty
l-

1,
2-

de
hy

dr
ok

au
tr

iw
ai

c
ac

id
Th

io
l-

de
pe

nd
en

tr
ed

uc
ta

se
I(

Li
nf

TD
R

1)
4A

G
S

−7
8.

7
−8

8.
8

19
-O

-A
ce

ty
l-

1,
2-

de
hy

dr
ok

au
tr

iw
ai

c
ac

id
Tr

io
se

ph
os

ph
at

e
is

om
er

as
e

(L
m

ex
TI

M
)

2V
X

N
−9

0.
7

−1
01

.5
3α

-A
le

pt
er

ol
ic

ac
id

ac
et

at
e

Tr
yp

an
ot

hi
on

e
re

du
ct

as
e

(L
in

fT
R

)
4A

PN
−9

2.
5

−1
09

.0
19

-O
-A

ce
ty

l-
1,

2-
de

hy
dr

ok
au

tr
iw

ai
c

ac
id

Ty
ro

sy
l-

tR
N

A
sy

nt
he

ta
se

(L
m

aj
Ty

rR
S)

3P
0J

−9
2.

4
−1

02
.9

Pa
ta

go
ni

c
ac

id
U

ri
di

ne
di

ph
os

ph
at

e-
gl

uc
os

e
py

ro
ph

os
ph

or
yl

as
e

(L
m

aj
U

G
Pa

se
)

2O
EG

−9
9.

9
−1

13
.9

Pa
ta

go
ni

c
ac

id
a

PD
B

=
Pr

ot
ei

n
D

at
a

Ba
nk

.

449



Int. J. Mol. Sci. 2018, 19, 1511

T
a

b
le

5
.

M
ol

D
oc

k
do

ck
in

g
en

er
gi

es
(k

J/
m

ol
)o

fC
op

ai
fe

ra
di

te
rp

en
oi

ds
w

it
h

Tr
yp

an
os

om
a

cr
uz

ip
ro

te
in

ta
rg

et
s.

Tr
yp

an
os

om
a

cr
uz

iT
a

rg
e

ts
P

D
B

E d
o

ck
(a

v
e

)
E d

o
ck

(m
in

)
B

e
st

-D
o

ck
in

g
D

it
e

rp
e

n
o

id
L

ig
a

n
d

C
ru

za
in

3I
U

T
−8

0.
2

−9
2.

6
Pa

ta
go

ni
c

ac
id

C
yc

lo
ph

ili
n

(T
cC

yp
19

)
1X

Q
7

−7
8.

9
−9

2.
0

3β
-A

le
pt

er
ol

ic
ac

id
ac

et
at

e
D

eo
xy

ur
id

in
e

tr
ip

ho
sp

ha
ta

se
(T

cU
TP

as
e)

1O
G

K
−8

3.
4

−1
01

.0
3β

-A
le

pt
er

ol
ic

ac
id

ac
et

at
e

D
ih

yd
ro

fo
la

te
re

du
ct

as
e—

th
ym

id
yl

at
e

sy
nt

ha
se

(T
cD

H
FR

-T
S)

3I
R

N
−9

3.
2

−1
10

.7
7α

-A
ce

to
xy

ha
rd

w
ic

ki
ic

ac
id

D
ih

yd
ro

or
ot

at
e

de
hy

dr
og

en
as

e
(T

cD
H

O
D

H
)

3W
6Y

−9
2.

5
−1

09
.7

7α
-A

ce
to

xy
ha

rd
w

ic
ki

ic
ac

id
Fa

rn
es

yl
di

ph
os

ph
at

e
sy

nt
ha

se
(T

cF
PP

S)
3I

C
Z

−9
6.

2
−1

09
.8

7α
-A

ce
to

xy
ha

rd
w

ic
ki

ic
ac

id
G

ly
ce

ra
ld

eh
yd

e-
3-

ph
os

ph
at

e
de

hy
dr

og
en

as
e

(T
cG

A
PD

H
)

1Q
X

S
−7

0.
3

−8
5.

3
C

op
ai

fe
ro

lic
ac

id
H

yp
ox

an
th

in
e

ph
os

ph
or

ib
os

yl
tr

an
sf

er
as

e
(T

cH
PR

T)
1P

19
−8

2.
1

−9
4.

4
7α

-H
yd

ro
xy

ha
rd

w
ic

ki
ic

ac
id

N
uc

le
os

id
e

di
ph

os
ph

at
e

ki
na

se
B

(T
cN

D
K

b)
3P

RV
−7

1.
6

−8
8.

4
C

ro
le

ch
in

ic
ac

id
O

ld
ye

llo
w

en
zy

m
e

(=
Pr

os
ta

gl
an

di
n

F2
α

sy
nt

ha
se

)(
Tc

PG
FS

)
3A

TY
−8

5.
6

−9
7.

3
Pa

ta
go

ni
c

ac
id

Pt
er

id
in

e
re

du
ct

as
e

2
(T

cP
TR

2)
1M

X
H

−9
6.

8
−1

18
.4

(+
)-

H
ar

dw
ic

ki
ic

ac
id

Py
ru

va
te

ki
na

se
(T

cP
Y

K
)

3Q
V

9
−8

0.
3

−8
7.

4
(−

)-
H

ar
dw

ic
ki

ic
ac

id
Sp

er
m

id
in

e
sy

nt
ha

se
(T

cS
pd

Sy
n)

3B
W

C
−9

6.
8

−1
06

.8
19

-O
-A

ce
ty

l-
1,

2-
de

hy
dr

ok
au

tr
iw

ai
c

ac
id

St
er

ol
14
α

-d
em

et
hy

la
se

(T
cC

Y
P5

1)
3K

LO
−8

9.
5

−1
01

.8
19

-O
-A

ce
ty

l-
1,

2-
de

hy
dr

ok
au

tr
iw

ai
c

ac
id

Tr
io

se
ph

os
ph

at
e

is
om

er
as

e
(T

cT
IM

)
1S

U
X

−8
8.

2
−1

00
.7

en
t-

Po
ly

al
th

ic
ac

id
Tr

yp
an

ot
hi

on
e

re
du

ct
as

e
(T

cT
R

)
1B

Z
L

−8
1.

9
−9

5.
8

C
op

ai
fe

ro
lic

ac
id

U
D

P-
ga

la
ct

os
e

m
ut

as
e

(T
cU

G
M

)
4D

SH
−1

04
.5

−1
15

.7
C

op
ai

fe
ro

lic
ac

id

450



Int. J. Mol. Sci. 2018, 19, 1511

Copaifera diterpenoids showed excellent docking to L. mexicana pyruvate kinase (average
Edock = −103.4 kJ/mol), much better than the normal substrate, phosphoenolpyruvate
(Edock = −59.8 kJ/mol). Docking energies with T. cruzi pyruvate kinase were not as impressive
(average −80.3 kJ/mol), but still better than phosphoenolpyruvate (Edock = −48.6 kJ/mol) and
comparable to the TcPYK inhibitor, ponceau S (Edock = −83.6 kJ/mol). Parasite pyruvate kinases can
be expected to be target proteins for Copaifera diterpenoids.

Protozoal triosephosphate isomerases (LmexTIM and TcTIM) are expected to be targeted
by Copaifera diterpenoids. The average docking energy with LmexTIM (−90.7 kJ/mol) was
much better than either the normal substrate (dihydroxyacetone phosphate, Edock = −52.4 kJ/mol)
or the co-crystallized ligand, phosphoglycolohydroxamic acid (Edock = −61.1 kJ/mol).
Likewise, docking energies with TcTIM (average −88.2 kJ/mol) were better than the
dihydroxyacetone phosphate (Edock = −59.7 kJ/mol) and comparable to the TcTIM inhibitor,
3-(2-benzothiazolylthio)-1-propanesulfonic acid (Edock = −85.5 kJ/mol).

Both L. major pteridine reductase and T. cruzi pteridine reductase had docking properties
with Copaifera diterpenoids with comparable energies (average Edock = −93.8 and −96.8 kJ/mol,
respectively) with the normal substrate dihydrobiopterin (Edock = −96.9 and −100.1 kJ/mol,
respectively). Thus, Copaifera diterpenoids may compete with dihydrobiopterin for pteridine reductase.

Sterols are the normal substrates for sterol 14α-demethylase (CYP51), and triterpenoids are
expected to also target this protein as inhibitors [118]. Nevertheless, Copaifera diterpenoids showed
docking energies that may compete with normal sterols for these protein targets. L. infantum CYP51
had an average docking energy with the diterpenoids of −90.2 kJ/mol, which was generally not as
good as a normal sterol substrate (obtusifoliol, Edock = −104.4 kJ/mol), but comparable to the known
LinfCYP51 inhibitor fluconazole (Edock = −87.5 kJ/mol). Likewise, T. cruzi CYP51 had an average
diterpenoid docking energy of −89.5 kJ/mol, but substrate (obtusifoliol) docking of −105.6 kJ/mol,
and fluconazole docking energy of −90.9 kJ/mol.

Copaifera diterpenoids generally showed weak docking energies against the parasite cysteine
proteases, L. donovani cathepsin B, L. major cathepsin B, or cruzain. This docking behavior of
diterpenoids with Leishmania cathepsin B [114] and cruzain [117] was previously observed. Leishmania
donovani and T. cruzi cyclophilins also showed weak docking energies.

Although Copaifera diterpenoids showed only weak docking to parasite glyceraldehyde-3-phosphate
dehydrogenases, they may still target these proteins. LmexGAPDH had an average Edock of
−73.0 kJ/mol and TcGAPDH had an average Edock of −70.3 kJ/mol, but these docking energies are
better than the docking energies of the normal substrate, glyceraldehyde-3-phosphate (Edock = −58.9
and −52.6 kJ/mol, respectively).

Additional Leishmania proteins expected to be targeted by Copaifera diterpenoids include
glycerol-3-phosphate dehydrogenase, which showed excellent docking energies (average
−100.4 kJ/mol) to LmexGPDH, better than the normal substrate, glycerol-3-phosphate
(Edock = −62.5 kJ/mol). Also targeted with a weak docking energy are: glucose-6-phosphate isomerase
(Lmex GPI Edock average = −73.0 kJ/mol), though better than the docking energy of the normal
substrate (glucose-6-phosphate, Edock = −62.0 kJ/mol); and phosphomannomutase (LmexPMM Edock
average = −94.2 kJ/mol), which is better compared to the normal substrate (mannose-6-phosphate,
Edock = −72.5 kJ/mol).

Additional T. cruzi protein targets may be dihydrofolate reductase—thymidylate synthase
(TcDHFR–TS), which showed an average docking energy with Copaifera diterpenoids of −93.2 kJ/mol,
comparable to the docking energy of the normal substrate (dihydrofolate, −99.3 kJ/mol), as well
as the TcDHFR–TS inhibitor cycloguanil (Edock = −83.1 kJ/mol); farnesyl diphosphate synthase
(TcFPPS), with docking energies that averaged −96.2 kJ/mol, which is comparable to the docking
energy of the normal substrate, isopentenyl diphosphate (Edock = −98.9 kJ/mol); and hypoxanthine
phosphoribosyltransferase (TcHPRT), having an average Edock = −82.1 kJ/mol, compared to the
normal substrate, hypoxanthine, with Edock of −65.9 kJ/mol.
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6.2. Antibacterial Activity of Copaiba

Copaiba oleoresin has shown antibacterial activity against several strains, in particular,
Gram-positive Bacillus subtilis and Staphylococcus aureus with minimum inhibitory concentration
(MIC) values of 5 μg/mL for both organisms [110]. Copalic acid, isolated from C. langsdorffii, showed
excellent antibacterial activity against Bacillus cereus (MIC 8.0 μg/mL), B. subtilis (MIC 5.0 μg/mL),
Kocuria rhizophila (MIC 5.0 μg/mL), Streptococcus pyogenes (MIC 3.0 μg/mL), S. pneumoniae (MIC
3.0 μg/mL), S. agalactiae (MIC 2.0 μg/mL), S. dysgalactiae (MIC 1.0 μg/mL), S. epidermidis (MIC
0.5 μg/mL) [71], S. salivarius (MIC 2.0 μg/mL), S. mutans (MIC 3.0 μg/mL), S. mitis (MIC 5.0 μg/mL),
S. sobrinus (MIC 3.0 μg/mL), and S. sanguinis (MIC 6.0 μg/mL) [70]. Likewise, kaurenoic acid
showed remarkable activity against S. pyogenes (MIC 5.0 μg/mL), S. pneumoniae (MIC 5.0 μg/mL), S.
dysgalactiae (MIC 8.0 μg/mL) [71], S. epidermidis (MIC 4–5 μg/mL), B. subtilis (MIC 3.1–6.3 μg/mL), and
S. aureus (MIC 8–10 μg/mL) [75]. 3α-Alepterolic acid acetate (acetoxycopalic acid) showed moderate
antibacterial activity against cariogenic Streptococcus bacteria, with MIC values ranging from 12.0 to
60.0 μg/mL [70]. ent-Polyalthic acid also showed moderate antibacterial activity against B. subtilis
(MIC 20–30 μg/mL), S. aureus (MIC 40–50 μg/mL), and S. epidermidis (MIC 40 μg/mL) [75].

In order to provide some insight into the mechanisms of activity, a virtual screening of
copaiba diterpenoids has been carried out against several bacterial protein targets, including
peptide deformylase, DNA gyrase, topoisomerase IV, UDP-galactopyranose mutase, protein tyrosine
phosphatase, cytochrome P450 CYP 121, and nicotinamide adenine dinucleotide (NAD+)-dependent
DNA ligase [119] (see Table 6). The best bacterial target for copalic acid was Mycobacterium tuberculosis
DNA gyrase B (PDB 3ZKD) with a docking energy (Edock) of −105.7 kJ/mol. The protein with
the best docking energy with kaurenoic acid was S. pneumoniae peptide deformylase (PDB 2AIE,
Edock = −89.7 kJ/mol). 3α-Alepterolic acid acetate was the best docking ligand to Escherichia coli
topoisomerase IV (PDB 1S16) and M. tuberculosis DNAGyrB (PDB 3ZKD) with docking energies of
−118.8 and −118.3 kJ/mol, respectively. 3β-Alepterolic acid acetate also showed excellent docking
to these two proteins with docking energies of −117.1 and −117.3 kJ/mol, respectively. The best
bacterial target for ent-polyalthic acid was M. tuberculosis protein tyrosine phosphatase (PDB 2OZ5,
Edock = −107.2 kJ/mol). The copaiba diterpenoid ligand with the best docking properties was
7α-acetoxyhardwickiic acid with S. aureus peptide deformylase (PDB 3U7M, Edock = −120.6 kJ/mol).

6.3. Antiproliferative Activity of Copaiba

Copaiba oleoresins have exhibited both in vitro and in vivo antiproliferative activities (Table 3).
Copaifera reticulata oleoresin, for example, has shown in vitro cytotoxic activity against GM07492-A
human lung fibroblast cells with an IC50 of 51.85 μg/mL [68]. The oleoresin of C. multijuga
has shown in vitro cytotoxic activity against B16F10 murine melanoma cells with an IC50 of 457
μg/mL [57]. Furthermore, in a mouse model of lung metastasis and tumor growth, oral administration
of C. multijuga oleoresin reduced tumor growth, tumor mass, and number of lung nodules after
inoculation of B16F10 tumor cells [57]. Likewise, C. multijuga oleoresin, in doses varying between 100
and 200 mg/kg, showed antineoplastic properties against Ehrlich ascetic tumors and solid tumors in
an in vivo mouse model [98]. On the other hand, C. officinalis oleoresin actually stimulated growth of
Walker 256 carcinoma by 70% in an in vivo rat model [101].

Diterpenoids isolated from Copaifera species have shown cytotoxic activities (Table 3). Copalic acid,
isolated from C. langsdorffii, showed in vitro cytotoxicity on MO59J human glioblastoma cells and HeLa
human cervical adenocarcinoma cells with IC50 of 68.3 and 44.0 μg/mL, respectively [71]. Kaurenoic
acid has demonstrated cytotoxicity against several human tumor cell lines, including CEM leukemia,
MCF-7 breast tumor, HCT-8 colon tumor [73], AGP01 gastric tumor, and SF-295 glioblastoma [74].
Growth inhibition of AGP01 and SF-295 cells was also demonstrated by 3β-alepterolic acid and
3β-alepterolic acid acetate [73]. Methyl copalate showed remarkable cytotoxic activity on P-388 murine
lymphoma (IC50 = 2.5 μg/mL), A-549 human lung carcinoma (IC50 = 5 μg/mL), HT-29 human colon
carcinoma (IC50 = 5 μg/mL), and MEL-28 human melanoma (IC50 = 10 μg/mL) cells [75].
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Molecular docking (Molegro Virtual Docker, Aarhus, Denmark) has been carried out with Copaifera
diterpenoids on cancer molecular targets, including androgen receptor, aromatase, caseine kinase
II, cyclin-dependent kinases 2, 4, and 6, cyclooxygenase 2, DNA (cytosine-5)-methyltransferase-1
and -3A, epidermal growth factor receptor, estrogen receptor α, estrogen receptor β, heat shock
protein 90, insulin-like growth factor 1 receptor, 5-lipoxygenase, mitogen-activated protein kinase
1, NF-κB, p90 ribosomal protein S6 kinase, P-glycoprotein, phosphatidylinositol-4,5-bisphosphate
3-kinase, topoisomerase I, topoisomerase IIα, topoisomerase IIβ, tubulin, and vascular endothelial
growth factor receptor (Table 7). The best overall cancer targets for the copaiba diterpenoids were
human DNA (cytosine-5)-methyltransferase-1 (HsDNMT1), human estrogen receptor β (HsERβ),
and human mitogen-activated protein kinase 1 (HsMEK1), with average MolDock docking energies of
−102.7, −99.2, and −101.5 kJ/mol, respectively. DNA (cytosine-5)-methyltransferase-1 (DNMT1) is
the enzyme responsible for DNA methylation of carbon-5 of cytosine within CpG dinucleotides [120].
The enzyme is required for embryonic development [121], but is overexpressed in lung, liver, colorectal,
gastric, breast, and lung tumors [122]. Thus, DNMT1 has emerged as an attractive target for cancer
chemotherapy [123,124]. The mitogen-activated protein kinase (MAPK) signaling cascade is one
of the most important pathways involved in cellular proliferation and differentiation [125] and,
therefore, inhibition of components of this pathway, such as MEK1, can potentially target tumors that
depend on MAPK signaling [126]. Agonism of estrogen receptor α (ERα) stimulates proliferation of
breast, uterus, and prostate tissues, whereas ERβ agonism inhibits proliferation of these tissues [127].
Thus, compounds that can selectively bind and activate ERβ, but not ERα, could represent effective
antitumor agents for treatment of prostate and breast cancer [128]. Copalic acid and methyl copalate
both targeted HsMEK1, with docking energies of −108.2 and −111.0 kJ/mol, respectively, while
3β-alepterolic acid and 3β-alepterolic acid acetate showed excellent docking with HsDNMT1 (Edock
= −107.2 and −121.7 kJ/mol, respectively). Kaurenoic acid was a relatively weakly docking ligand
but did show selective docking to aromatase (Edock = −93.7 kJ/mol). The best-docking ligand was
patagonic acid, which had a docking energy of −121.8 kJ/mol with HsDNMT1.

6.4. Anti-Inflammatory Activity of Copaiba

Inflammation is the biological response of body tissues to detrimental stimuli, such as pathogenic
microorganisms, chemical or physical irritants, or injury. Inflammation is manifested by redness,
swelling, heat, and sometimes pain. While acute inflammation is a normal part of the healing
process, chronic inflammation often plays a role in chronic diseases such as osteoarthritis, lupus,
and inflammatory bowel disease, and can be problematic. Several copaiba oleoresins have
shown anti-inflammatory activity, including C. cearensis [13], C. duckei [84], C. langsdorffii [50,91],
C. multijuga [13,58,61,100], C. officinalis [62], and C. reticulata [13] (Table 3).

The immune response is a complex cascade of interacting cytokines and reactions, and
there are several biomolecular targets important in treating chronic inflammation. We have
carried out virtual screening of copaiba diterpenoids against soluble epoxide hydrolase (EPHX2),
fibroblast collagenase, phospholipase A2 (PLA2), 5-lipoxygenase, inducible nitric oxide synthase,
phosphoinositide 3-kinase, interleukin-1 receptor-associated kinase 4, glutathione S-transferase ω-1,
cyclooxygenase-1, cyclooxygenase-2, c-Jun N-terminal kinase, nuclear factor κ-light-chain-enhancer of
activated B cells (NF-κB), inhibitor of κB kinase β, NF-κB essential modulator, lipid binding protein
MD-2, myeloperoxidase, p38 mitogen-activated protein kinase, peroxisome proliferator-activated
receptor γ, and cAMP-specific 3′,5′-cyclic phosphodiesterase 4D (Table 8). The overall best target
proteins were murine soluble epoxide hydrolase and murine phospholipase A2, with average docking
energies of −108.3 and −100.0 kJ/mol. Secretory phospholipase A2 and cytosolic phospholipase
A2 are both targets for anti-inflammatory drug development [129]. Soluble epoxide hydrolase has
been identified as a molecular target not only for inflammatory diseases, but also as a target for
neurodegenerative diseases and for treatment of pain [130]. Thus, targeting EPHX2 and/or PLA2 by
copaiba diterpenoids may explain the anti-inflammatory activities of copaiba oleoresins.
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7. Computational Methods—Molecular Docking

Molecular docking analyses were carried out using Molegro Virtual Docker (v. 6.0.1, Molegro
ApS, Aarhus, Denmark) against known bacterial [119], Leishmania [114–116], Trypanosoma cruzi [117], and
cancer-relevant and inflammation-relevant protein targets [131], as previously described [114–117,119,132].

8. Conclusions

The oleoresins from Copaifera species (copaiba) have been used by native peoples of the Amazon
region for thousands of years. These materials have shown remarkable biological activities, including
antibacterial, antiparasitic, antineoplastic, and anti-inflammatory activities. Copaiba resins have
been distilled to give essential oils that are largely composed of sesquiterpenoids, particularly
β-caryophyllene. The resins are also composed of diterpene acids, which are responsible for many of
the observed biological activities. Molecular docking of copaiba diterpene acids with documented
protein targets has revealed potential mechanisms of activity for these bioactive constituents.
Future research to validate the molecular mechanisms of copaiba diterpenoids is encouraged.
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Abstract: Malaria, as a major global health problem, continues to affect a large number of people
each year, especially those in developing countries. Effective drug discovery is still one of the main
efforts to control malaria. As natural products are still considered as a key source for discovery
and development of therapeutic agents, we have evaluated more than 2000 plant extracts against
Plasmodium falciparum. As a result, we discovered dozens of plant leads that displayed antimalarial
activity. Our phytochemical study of some of these plant extracts led to the identification of several
potent antimalarial compounds. The prior comprehensive review article entitled “Antimalarial
activity of plant metabolites” by Schwikkard and Van Heerden (2002) reported structures of
plant-derived compounds with antiplasmodial activity and covered literature up to the year 2000.
As a continuation of this effort, the present review covers the antimalarial compounds isolated from
plants, including marine plants, reported in the literature from 2001 to the end of 2017. During the
span of the last 17 years, 175 antiplasmodial compounds were discovered from plants. These active
compounds are organized in our review article according to their plant families. In addition, we also
include ethnobotanical information of the antimalarial plants discussed.

Keywords: anti-malaria activity; plants; natural products; ethnopharmacology; Plasmodium parasites

1. Introduction

Malaria is still considered as a major global health problem, affecting a large population of the
world. According to World Health Organization (WHO), there were about 216 million malaria cases
globally and 445,000 deaths in 2016. Most of the cases and the deaths occurred in the WHO African
region and affected primarily children and pregnant women [1].

P. falciparum, P. vivax, P. ovale, P. malariae and P. knowlesi are the five Plasmodium species that cause
malaia disease in humans. P. falciparum is the deadliest strain that causes malaria and this form of
parasite predominates in Africa [2,3]. Humans get infected with malaria parasites through the bites of
female anopheline mosquitoes [4]. The Plasmodium parasites travel through blood and become mature
and reproduce in the liver, leading to malaria disease. The common symptoms of malaria are fever
and headache, and in severe cases, malaria causes death [5].

Currently, there is no commercially available malaria vaccine, though efforts to develop vaccines
are still ongoing. The most promising vaccine candidate is RTS, S/AS01, which is in clinical trials for
treatment of malaria caused by P. falciparum [1]. Several medications are available to prevent malaria
for travellers in malaria-endemic countries, and a number of drugs are available for treatment of those
who have the disease [6].
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In 1820, French scientists Pelletier and Caventou discovered quinine (I) as the first antimalarial
drug, which was originally isolated from the barks of Cinchona species (Rubiaceae) (Figure 1). Cinchona
plants are used as folk medicines in South America by Peruvian Indians, and they were introduced to
Europe in the 1700s [7]. Quinine is commercially obtained by solvent extraction from wild-growing
Cinchona species in South America, or the plants cultivated in Indonesia [8].

Chloroquine (II) and its derivative 4-aminoquinoline were developed in the 1940s. They are
widely used as antimalarial drugs, even today. The effectiveness of the drugs, however, has declined
rapidly since the 1960s, which was due to the development of drug resistance by P. falciparum strains,
leading to a significant malaria-associated death rate [9]. Mefloquine (III), is a 4-quinolinemethanol
derivative obtained via total synthesis. It was introduced as a new antimalarial drug in 1985. The drug
can be used to treat mild or moderate malaria but should not be used to treat severe malaria [10].

Figure 1. Antimalarial drugs developed from plants.

The current antimalarial drug of choice is artemisinin (Qinghaosu, IV), which was originally
obtained from the leaves of Qinghao [Artemisia annua L. (Asteraceae)] in the 1970s. The compound is
clinically effective against chloroquine-resistant malaria strains [11]. The plant Qinghao has been used
as a traditional medicine in China for the treatment of fever of malaria origin for about 2000 years [12].
A large number of artemisinin analogs have also been synthesized. The best known among these
derivatives are artemether, arteether (artemotil), artesunate and artenimol (β-dihydroartemisinin,
DHA) [13]. Artemisinin and its semi-synthetic derivatives have shown better efficacy than quinine for
both children and adults patients [14].

Although the anti-parasitic mechanism of action of artemisinin is still in question [15],
the endoperoxide bridge is regarded as the key functional group responsible for eliciting free
radical-mediated parasite killing mechanisms. According to one school of thought, Plasmodium
parasites live and reproduce in the host by ingesting red blood cell hemoglobin. This results in
an accumulation of heme Fe2+ in the parasite. Fe2+ firstly interacts and cleaves the peroxide bridge of
artemisinin to form highly reactive free radicals, which in turn cause a series of parasite molecular
events and eventually kill the parasites [16]. The most used artemisinin derivative today is the prodrug,
dihydroartemisinin (V), which is metabolized into the pharmacologically active artimisinin (IV) in the
body [17]. Artesunate was investigated as a potential inhibitor of the essential P. falciparum exported
protein 1 (EXP1), a membrane glutathione S-transferase [18].

Clinically, it is unwise to use artemisinin as the lone therapy due to the potential risk of the
parasites to develop resistance to this drug. Indeed, artemisinin drug resistance has been already
detected in some Southern Asian countries: Lao People’s Democratic Republic, Cambodia, Thailand,
Myanmar and Viet Nam [1]. This risk has led to the withdrawal of artemisinin monotherapy from
clinical applications.

At present, the use of artemisinins in combination with other drugs, known as artemisinin-based
combination therapy (ACT), is the most effective to treat malarial disease caused by P. falciparum
infection. Five currently available ACTs are artemether in combination with lumefantrine, and four
other forms based on artesunate in combination with amodiaquine (two formulations), mefloquine
and sulfadoxine+pyrimethamine [1]. Unfortunately, resistance has already been detected to both
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artemisinin and artesunate components of the multiple ACTs, as well as the non-artemisinin-based
combination comprising atovaquone and proguanil. The current availbale antimalarial drugs are listed
in Table 1 [1,19,20].

Table 1. Available antimalarial drugs.

Chemical Class Generic Names Chemical Class Generic Names

4-Aminoquinolines
chloroquine

Antibiotics
azythromycin

amodiaquine clindamycin
piperaquine doxycycline

8-Aminoquinoline primaquine

Artemisinin-based combination
therapy (ACT)

artemether-lumefantrine
bulaquine artesunate

Arylamino-alcohols

quinine artesunate/sulfadoxine/pyrimethamine
quinidine artesunate/sulfadoxine-pyrimethamine/primaquine

mefloquine artesunate/amodiaquine
halofantrine artesunate/mefloquine
lumefantrine artesunate/pyronaridine

Biguanides proguanil chloroquine/primaquine
chlorproguanil dihydroartemisinin/piperaquine

Glycosylamines

pyrimethamine

Antibiotics-antimalarial drug
combination

doxycyclin/quinine
proguanil doxycycline/artesunate

cycloguanil doxycyclin/mefloquine
chlorproguanil clindamycin/quinine

chlorcycloguanil clindamycin/artesunate

Naphthoquinone atovaquone clindamycin/mefloquine

Sesquiterpene
lactones

artemisinin

Other combination therapy

sulfadoxine/pyrimethamine
arteether bulaquine/chloroquine

artemether dapsone/chlorproguanil
artesunate atovaquone/proguanil

dihydroartemisinin

Sulfonamides/Sulfones
sulfadoxine

sulfalene
dapsone

In the search for drug candidates, the initial step is the employment of appropriate bioassays to
evaluate the antiplasmodial activity of a candidate. Several strains of P. falciparum have been used
for this purpose in the past. The strains of P. falciparum that are sensitive and resistant to chloroquine
are frequently used for antimalarial drug discovery programs. D6, D10, 3D7, TM4 and PoW are
chloroquine-sensitive strains, whereas, W2, FCR-3, FcB1 and Dd2 represent chloroquine-resistant
strains, and K1 is a multidrug resistant strain.

The need to discover effective and non-drug resistant antimalarial drugs is urgent as Plasmodium
strains have already developed resistance to all of today’s available drugs including artemisinin. In that
regard, it should be noted that natural products have proven to be a valuable source for the discovery
of novel antimalarial therapeutic agents since the discovery of the first antimalarial drug in 1800s [20].
We, thus, pursued this approach in the search for new antimalarial potential drug leads.

In our antimalarial drug discovery program, we have evaluated more than 2000 plant extracts
against D6 and W2 strains of P. falciparum. Dozens of these plants displayed antimalarial activity.
Several of these plant leads were investigated further to uncover their antimalarial constituents.
Phytochemical separation of these plant leads guided by bioassays led to the identification of
ten new and 13 known active compounds [21]. Some of these compounds demonstrated potent
antimalarial activity [22–29]. For example, polysyphorin (1) and rhaphidecurperoxin (2), isolated from
Rhaphidophora decursiva (Araceae), showed antimalarial activities of 1.5 and 1.4 μM against the W2
clones of P. falciparum, respectively (Figure 2) [22]. Two trichothecenes, roridin E (3) from R. decursiva
(Araceae) and verrucarin L acetate (4) from Ficus fistulosa (Moraceae), were found to potently inhibit
the parasite growth with IC50 values in the sub-nano molar range [24].
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Figure 2. Compounds from R. decursiva and F. fitulosa.

De-replication to avoid duplication of previous efforts is an essential step in drug discovery
protocols. To that end, we conducted a thorough review of the published literature on natural products
possessing antimalarial activity. Previously, a literature review by Schwikkard and Van Heerden [30],
covered plant-derived antiplasmodial active natural compounds up to the year 2000. The compounds
were organized according to the origins of their corresponding plant families. The current review seeks
to supplement the review of Schwikkard and Van Heerden. Compounds with antimalarial activity will
also be organized according to their plant family of origin (Table 2). Literature published between 2001
and 2017 have been covered. In addition, we also included the ethnobotanic information of plants that
have been used as folk medicines for the treatment of malarial disease (Table 3).
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2. Plant-derived Antimalarial Compounds

2.1. Annonaceae–Asteraceae Families

2.1.1. Annonaceae Family

Annonaceae is a family of flowering plants consisting of about 2400 species. Two plants
in this family have been phytochemically investigated for their antiplasmodial and cytotoxic
activities. From the leaves of Friesodielsia discolor, Prawat et al. isolated two new flavonoids,
3′-formyl-2′,4′-dihydroxy-6′-methoxychalcone (5), 8-formyl-7-hydroxy-5-methoxyflava-none (6), and
the known tectochrysin (7) (Figure 3) [31]. They displayed antiplasmodial activity against the K1
multidrug resistant strain of P. falciparum with IC50 values of 9.2, 9.3 and 7.8 μM, respectively. However,
these compounds also exhibited cytotoxicity against the cancer cell lines KB and MCF-7, with the IC50

values ranging from 13.9–34.5 μM.

Figure 3. Compounds from Annonaceae plants.

According to Mueller et al. [32], 5-hydroxy-6-methoxyonychine (8), an alkaloid obtained from the
roots of the Australian tree plant Mitrephora diversifolia, showed IC50 values of 9.9 and 11.4 μM against
the 3D7 and Dd2 clones of P. falciparum, respectively.

Miliusacunines A (9) and B (10) were identified from an acetone extract of the leaves and twigs of
Miliusa cuneatas [33]. Compound 9 demonstrated inhibitory activity against the TM4 malarial strain
(IC50 19.3 μM), and compound 10 displayed activity against the K1 malarial strain (IC50 10.8 μM).
Both isolates showed no toxicity to the Vero cells at the elevated concentrations.

2.1.2. Araceae Family

Zhang et al. [22,23] performed extensive research on Rhaphidophora decursiva, a vine growing in
Vietnam. The MeOH extract of the plant leaves and stems showed antimalarial activity against both
D6 and W2 clones with no apparent cytotoxicity at a concentration of 20 μg/mL. Seven compounds
were identified from the stems and leaves of the plant through a bioassay-guided separation (Figure 4).
Polysyphorin (1) and rhaphidecurperoxin (2) were among the most active compounds, which
demonstrated antimalarial activity with IC50 values of 1.4–1.8 μM against the D6 and W2 strains
and cytotoxicity with ED50 values of 8.3–13.1 μM against KB cells (Figure 2). Rhaphidecursinols A
(11) and B (12), grandisin (13), epigrandisin (14) and decursivine (15) also showed activities against
P. falciparum (D6 and W2) with IC50 values of 3.4–12.9 μM and cytotoxicity of ED50 values of 23.9–37.0
μM against KB cells with an exception of compound 14, which showed no antimalarial activity against
D6 strain at 23 μM.
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Figure 4. Compounds from an Araceae plant.

According to the further investigation of Zhang et al. [24], a potent but toxic trichothecene
compound, roridin E (3), was identified from the same plant extract (Figure 2). The investigators
determined that the compound was able to inhibit parasite growth with IC50 values in the
sub-nano molar range. However, roridin E was also very cytotoxic against KB cells. Interestingly,
these researchers reported another trichothecene compound (4) from a plant in a different family, and
the compound showed equally potent antimalarial activities as that of roridin E, but with much less
cytotoxicity (see Section 2.8.3).

2.1.3. Asclepiadaceae Family

Libman et al. reported the antimalarial bioassay-directed separation of Gongronema napalense,
leading to the identification of a new steroidal glycoside, gongroneside A (16) (Figure 5) [25].
The compound showed inhibitory activity against the D6 and W2 clones with IC50 values of 1.6
and 1.4 μM, respectively. Gongroneside A showed no cytotoxicity against KB cells at a concentration
of 13.7 μM.

 
Figure 5. Compound from an Asclepiadaceae plant.
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2.1.4. Asteraceae Family

Apigenin 7-O-glucoside (17) and luteolin 7-O-glucoside (18), two flavonoid glycosides obtained
from the aerial parts of Achillea millefolium, showed antiplasmodial activities against D10 and W2
strains with IC50 values in the range of 15.3–62.5 μM [34] (Figure 6).

Figure 6. Compounds from Asteraceae plants.

2-Isopropenyl-6-acetyl-8-methoxy-1,3-benzodioxin-4-one (19), isolated from the whole plants of
the Korean folk medicine Carpesium divaricatum, was reported to show antimalarial activity [35,93]
(Figure 6). The compound exhibited activity against D10 with an IC50 value of 2.3 μM.

Microglossa pyrifolia, a medicinal plant used against malaria in Ghana, was tested against both
PoW and Dd2 strains of P. falciparum by Köhler et al. [36]. Two diterpenes, E-phytol (20) (IC50: 8.5 μM
(PoW); 11.5 μM (Dd2)), and 6E-geranylgeraniol-19-oic acid (21) (IC50: 12.9 μM (PoW); 15.6 μM (Dd2))
were shown to be the most active compounds in their test system (Figure 6).

A Plasmodium berghei-infected mouse model was used to evaluate the antimalarial activity
of the 80% methanol extract of the roots of the traditionally used antimalarial plant Echinops
hoehnelii. The methanol extract could suppress the parasite growth by 68.5% at a dose of
200mg/kg. No acute oral toxicity was observed in the animal study, indicating the safety
use of the plant extract. Further phytochemical separation of the plant led to the isolation
of two acetylenicthiophenes, 5-(penta-1,3-diynyl)-2-(3,4-dihydroxybut-1-ynyl)-thiophene (22) and
5-(penta-1,3-diynyl)-2-(3-chloro-4-acetoxy-but-1-yn)-thiophene (23), which displayed significant
growth suppression of the Plasmodium parasite by 50.2% and 32.7% at 100 mg/kg, respectively [37]
(Figure 6).

2.2. Buxaceae Family

Cai et al. identified several new antimalarial compounds from Buxus sempervirens [38], the native
and introduced plant species in the United States. The traditionally used plants have received scant
attention as potential source materials for drug discovery research as compared to the botanical
materials from tropical and semitropical areas of the world. The eight lupane triterpenes (24–31),
isolated from the Buxus plant (Figure 7), were evaluated for their activity against multi-drug-resistant
malaria parasites (HB3, IC50 0.5–3.0 μM) and counterscreened against HeLa cells (IC50 7 μM for 24;
>20 μM for 25–31). Strikingly, 23-O-(trans)-feruloyl-23-hydroxybetulin (26) displayed antimalarial
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activity at a concentration that was 75-fold more selective to the drug-resistant parasite strain than to
HeLa cells.

 

Figure 7. Compounds from a Buxaceae plant.

2.3. Cecropiaceae–Cucurbitaceae Families

2.3.1. Cecropiaceae Family

Cecropia pachystachya is a medicinal plant, which has been used in Brazil. The ethanol extracts
of the different parts of the plants were evaluated for their activity against P. falciparum in vitro and
P. berghei in vivo [39]. The parasitemia of malaria-infected mice was reduced by 35–66% with treatment
of the ethanol extracts of the wood, root, and leaf materials in comparison with the non-treated
control group. The plant root extracts were further analyzed and fractionated to provide subfractions,
which were also active in an in vivo study. Two compounds, β-sitosterol (32) and tormentic acid
(33), were identified from the subfractions (Figure 8). Both compounds showed plasmodial inhibitory
activity. However, only tormentic acid (33) demonstrated inhibitory activity against P. falciparum
chloroquine-resistant parasites (W2) (IC50 19.0–25.2 μM).
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Figure 8. Compounds from a Cecropiaceae plant.

2.3.2. Chloranthaceae Family

Yue et al. [40] recently reported the isolation of 32 antimalarial lindenane-type sesquiterpenoids
(34–65) from several plants in Chloranthaceae family with IC50 values lower than 11.4 μM against
P. falciparum strain Dd2. The 12 new sesquiterpenoid dimers fortunilides A−L (34–45), along with
7 known isolates (46–51 and 53) were isolated from C. fortune. Compounds 52, 54, 58, 59 and 60–64
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were obtained from C. serratus and C. spicatus, and compounds 55–57 were separated from Sarcandra
glabra. Compound 65 was originated from C. multisachys. Among these isolates, fortunilide A (34),
sarglabolide J (47) and chlorajaponilide C (52) exhibited low nanomolar activities with IC50 values
of 5.2, 7.2 and 1.1 nM, respectively, and their selectivity index values toward mammalian cells were
greater than 500 (Figure 9).

 

Figure 9. Compounds from Chloranthaceae plants.
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2.3.3. Chrysobalanaceae Family

From the Petroleum ether/CH2Cl2 extracts of the stems of Parinari capensis, three kaurene
diterpene lactones, 10, 13-dihydroxy-9-methyl-15-oxo-20-norkaur-16-en-18-oic acid γ-lactone
(66), 10-hydroxy-13-methoxy-9-methyl-15-oxo-20-norkaur-16-en-18-oic acid γ-lactone (67) and
10-hydroxy-9-methyl-15-oxo-20-norkaur-16-en-18-oic acid γ-lactone (68) were isolated (Figure 10) [41].
They possess antimalarial activity against FCR-3 with IC50 values of 1.7, 1.9 and 5.0 μM, respectively.

Figure 10. Compounds from a Chrysobalanaceae plant.

The three compounds (66–68) also displayed cytotoxicity against Graham cells with ED50 values
in the range of 3.2–9.2 μM, which preclude them from further biological investigation. They could,
however, be used effectively as lead compounds for drug optimization through synthesis.

2.3.4. Clusiaceae Family

Phytochemical separation of the concentrated acetone extract of the dried leaves and branches of
Garcinia mckeaniana has led to the identification of three new xanthones, mckeanianones A-C (69–71),
and two known ones, bannaxanthones I (73) and E (73) (Figure 11). These compounds all contain two
isoprene units. They were evaluated for their activity against the TM4 and K1 strains of P. falciparum
with IC50 values in the range of of 6.0–8.5 and 3.6–7.3 μM, respectively, and compounds 70, 71 and 73

showed cytotoxicity against Vero cells with the IC50 values in the range of 12.6–29.5 μM [42].

Figure 11. Compounds from a Clusiaceae plant.

2.3.5. Connaraceae Family

From the work of He et al. [26], bioassay-guided separation of the chloroform extract of
the stems of Rourea minor (Gaertn.) Aubl. led to the identification of three active compounds
including two new neolignan glycosides, rourinoside (74) and rouremin (75), and the known
1-(26-hydroxyhexacosanoyl)-glycerol (76) (Figure 12). The three compounds showed weak to moderate
in vitro activities against the D6 and W2 clones of P. falciparum. Compound 74 demonstrated IC50

values at 3.7 (D6) and 2.1 (W2) μM; 75 at IC50 values of 5.1 (D6) and 4.5 (W2) μM, and 76 at IC50

values of 9.5 (D6) and 12.7 (W2) μM. These compounds exhibited no cytotoxicity against KB cells at 20
μg/mL.
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Figure 12. Compounds from a Connaraceae plant.

2.3.6. Cornaceae Family

In vitro IC50 values against the P. falciparum D10 strain were determined for ergosta-4,6,8,22-
tetraene-3-one (77) (61.0 μM), 3-epideoxyflindissol (78) (128.0 μM), 3β-O-cis-coumaroyl betulinic
acid (79) (10.4 μM) and 3β-O-trans-coumaroyl betulinic acid (80) (15.3 μM) (Figure 13), which were
separated from the leaves of Cornus florida L. by Graziose et al. for the first time [43].

 

Figure 13. Compounds from a Cornaceae plant.

2.3.7. Cucurbitaceae Family

Cogniauxia podolaena Baill. is a folk medicine that has been traditionally used to treat malaria in
Congo Brazzaville. Banzouzi et al. [44] identified cucurbitacins B (81) and D (82), and 20-epibryonolic
acid (83), the three triterpenes from the stems of this plant (Figure 14). These compounds exhibited
inhibitory activity against FcM29 strain with IC50 values of 2.9, 7.8 and 4.4 μM, respectively.
Both cucurbitacins B and D showed a high cytotoxicity with approximately 95% inhibition against KB
cells at 1 μg/mL, while 20-epibryonolic acid displayed a better selectivity index (20% inhibition of KB
cells at 1 μg/mL).

Figure 14. Compounds from a Cucurbitaceae plant.
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2.4. Ebenaceae–Euphorbiaceae Families

2.4.1. Ebenaceae Family

Ma et al. [27] investigated the plant Diospyros quaesita Thw., known as “Muang Kout” in Laos.
Of the isolates from the up parts of this plant, betulinic acid 3-caffeate (84) demonstrated antiplasmodial
activity against the D6 and W2 clones with IC50 values of 1.40 and 0.98 μM, respectively (Figure 15).
The compound was cytotoxic to KB cells with an ED50 value of 4.0 μM.
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Figure 15. Compounds from an Ebenaceae plant.

2.4.2. Euphorbiaceae Family

Through the screening of a natural product-based synthetic compound library, Hadi et al. [45]
discovered that jatrophones (the natural products from Jatropha isabelli) possess significant
antiplasmodial activity. The jatrophone diterpene derivatives 85 and 86 displayed antiplasmodial
activities against strains 3D7 and K1 of P. falciparum with IC50 values of 5.7/5.9 and 6.1/5.9 μM,
respectively (Figure 16). The two compounds showed low cytotoxicities against the human HepG2,
RAJI, BJ and HEK293 cells with EC50 values at around 26 μM.

Figure 16. Compounds from Euphorbiaceae plants.

Seephonkai et al. [46] studied the Thai traditional medicinal plant Strophioblachia fimbricalyx,
and isolated 9-O-demethyltrigonostemone (87) and a new phenanthropolone, 3,6,9-
trimethoxyphenanthropolone (88), which exhibited antimalarial activity against the multiresistant K1
strain of P. falciparum with IC50 values of 8.7 and 9.9 μM, respectively (Figure 16).

2.5. Fabaceae–Fagaceae Families

2.5.1. Fabaceae Family

According to Nigerian ethnobotany, the plant Cajanus cajan L. (Fabaceae) can be used for treatment
of malaria. From the methanol extract of the leaves of this plant, 2′,6′-dihydroxy-4-methoxy chalcone
(89), a cajachalcone, was isolated through bioassay-guided fractionation, which used the parasite
lactate dehydrogenase assay by targeting the K1 strain of P. falciparum (Figure 17). The cajachalcone
showed an IC50 value of 7.4 μM [47].
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Figure 17. Compounds from Fabaceae plants.

From the work of Ramanandraibe et al. [48], Piptadenia pervillei Vatke was prioritized as an active
plant lead identified through a screening program, which was dedicated to discovering antimalarial
compounds from the plants in Madagascar. Separation of the EtOAc extract of the leaves of this
plant led to the identification of the bioactive compounds (+)-catechin 5-gallate (90) and (+)-catechin
3-gallate (91). The two compounds showed antimalarial activity against FcB1 strain with IC50 values
of 1.2 and 1.0 μM, respectively (Figure 17), and no significant cytotoxicity was observed at 75 μM for
the two compounds against the human embryonic lung cells MRC-5.

According to the work of Samoylenko et al. [49], prosopilosidine (92) and isoprosopilosidine (93),
isolated from the leaves of Prosopis glandulosa var. glandulosa, showed potent antimalarial activity
against the D6 and W2 strains of P. falciparum with high selectivity index (SI) values (Figure 17).
Compound 92 exhibited IC50 values of 0.1 (D6) and 0.3 (W2) μM, while 93 demonstrated IC50 values
of 0.1 (D6) and 0.3 (W2) μM. Compounds 92 and 93 showed much lower cytotoxicity to KB cells with
ED50 values of 20.2 and 18.8 μM, respectively.

2.5.2. Fagaceae Family

Subsequent bioassay-guided fractionation work by Cai et al. [38] yielded four kaempferol
3-O-glucosides (94–97) from Quercus laceyi (Figure 18). The IC50 values for these compounds against
multi-drug-resistant malaria parasites HB3 are 0.6–2.1 μM, and the IC50 value against HeLa cells was
<3 μM.

 

Figure 18. Compounds from a Fagaceae plant.

2.6. Hypericaceae Family

Vismia orientalis, a traditional medicine used in Tanzania, was studied by Mbwambo et al. [50].
Vismione D (98), isolated from the stem barks of this plant, exhibited activity against the K1 strain with
an IC50 value of 2.4 μM (Figure 18). However, the compound also showed cytotoxicity against human
L6 cells with an IC50 value of 10.0 μM.

Pure isolates from the hexane extract of the stem barks of the African plant Psorospermum
glaberrimum were evaluated for their antimalarial activity against the W2 clone of P. falciparum
by Ndjakou Lenta et al. [51]. The isolates 3-geranyloxyemodin anthrone (99) and acetylvismione
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D (100) displayed inhibition activity against the W2 strain with IC50 values of 1.7 and 0.1 μM,
respectively (Figure 19).

Figure 19. Compounds from Hypericaceae plants.

2.7. Lamiaceae–Lythraceae Families

2.7.1. Lamiaceae Family

An EtOH extract of the dried root barks of Ocimum sanctum exhibited considerable in vitro
antimalarial activity. Bioactivity-directed separation of the EtOH extract resulted in the isolation of
a new antimalarial natural compound (101) (Figure 20). The compound showed comparable activity
to the positive controls, chloroquine and amodiaquine, against the P. falciparum 3D7 strains with an
IC50 value of 0.1 μM [52].

Figure 20. Compounds from Lamiaceae plants.

From the study of Kirmizibekmez et al. [53], luteolin 7-O-β-D-glucopyranoside (102) and
chrysoeriol 7-O-β-D-glucopyranoside (103), two flavonoid glycosides isolated as the major antimalarial
constituents from Phlomis brunneogaleata through an activity-directed separation (Figure 20), showed
activity with IC50 values of 5.4 and 12.7 μM against the K1 clones, respectively.

The extracts of 17 Salvia species, which are used as folk medicines in South Africa, were subjected
to biological testing by Kamatou et al. [54]. The potential activity of the Salvia plant extracts against
the FCR strain of P. falciparum and their cytotoxic effects against MCF-7 cells were investigated.
These extracts showed antiplasmodial activity with IC50 values in the range of 3.9–26.0 μg/mL. The
extracts from S. radula demonstrated the most potent activities. Two compounds, betulafolientriol
oxide (104) and salvigenin (105), were subsequently isolated (Figure 20), and they showed antimalarial
activity with IC50 values of 10.4 and 75.0 μM, respectively.

2.7.2. Loganiaceae Family

A phytochemical study was carried out for the stem barks of Strychnos icaja for the first time
by Tchinda et al. [55], which led to the isolation of the monomers 15-hydroxyvomicine (106) and
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N-methyl-sec-iso-pseudostrychnine (107). The isolates were evaluated against the P. falciparum 3D7
strain with IC50 values of 101.0 and 110.6 μM, respectively (Figure 21).

Figure 21. Compounds from a Loganiaceae plant.

2.7.3. Lythraceae Family

The plants in the genus of Ammannia are frequently used in China and India as folk medicines for
treatment of various diseases. Upadhyay et al. [56] investigated the compounds in four species of this
genus (Ammannia: A. multiflora, A. verticillata, A. Baccifera and A. coccinea) for their antimalarial activities.
Among the isolated compounds, 4-hydroxy-α-tetralone (108) and tetralone-4-O-β-D-glucopyranoside
(109) from A. multiflora, and ammaniol (110) from A. baccifera displayed antimalarial activities against
the P. falciparum NF-54 strain with IC50 values of 194.0, 124.0 and 88.3 μM, respectively (Figure 22).

Figure 22. Compounds from Lythraceae plants.

2.8. Malvaceae–Myristicaceae Families

2.8.1. Malvaceae Family

LC-PDA-MS-SPE-NMR technique was used by Sprogøe et al. in combination with CD to detect
(R)-(−)-gossypol [(R)-1] (111) in the twigs of Thespesia danis (Figure 23) [57]. (R)-1 demonstrated
antimalarial activity with an IC50 value of 4.5 μM. However, its enantiomer was inactive up to a
concentration of 20 μM.

Figure 23. Compounds from a Malvaceae plant.

2.8.2. Monimiaceae Family

The compound 1-(4-hydroxybenzyl)-6,7-methylenedioxy-2-methylisoquinolinium trifluoroacetate
(112), a new benzylisoquinoline alkaloid isolated by mass-guided separation of the CH2Cl2/MeOH
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extract of Doryphora sassafras (Figure 24) [58]. Compound 112 showed antiplasmodial activity against
two different strains (3D7 and Dd2) of P. falciparum with IC50 values of 3.0 and 4.4 μM, respectively.
The compound did not exhibit inhibitory activity against the human embryonic kidney cell line
(HEK293) at a concentration of 120 μM.

Figure 24. Compounds from Monimiaceae plants.

A phytochemical study of the leaves of Glossocalyx brevipes Benth. led to isolation of two
new homogentisic acid derivatives of methyl 2-(1′β-geranyl-5′β-hydroxy-2′-oxocyclohex-3′-enyl)
acetate (113) and 2-(1′β-geranyl-5′β-hydroxy-2′-oxocyclohex-3′-enyl) acetic acid (114), which displayed
antiplasmodial activity against D6/W2 clones with IC50 values of 2.2/6.6 and 4.8/8.3 μM, respectively
(Figure 24) [59].

2.8.3. Moraceae Family

According to the investigation of Zhang et al. [24], an antimalarial trichothecene compound,
verrucarin L acetate (4), was identified from Ficus fistulosa (Figure 2). The antimalarial potency of 4

was equivalent to that of roridin E (3) isolated from Rhaphidophora decursiva, a plant from a different
family. However, 4 was observed to be much less cytotoxic to KB cells (ED50 0.2 μM) than 3.

Bioassay-directed separation of the MeOH extract of the twigs of Ficus septica afforded three known
phenanthroindolizine alkaloids, dehydrotylophorine (115), dehydroantofine (116) and tylophoridicine
D (117) by Kubo et al. (Figure 25) [60]. They showed antiplasmodial activity against the P. falciparum
3D7 strain with IC50 values in the range of 0.03–0.4 μM. Compound 115 also displayed cytotoxicity
against the mouse fibroblast cells L929 with an IC50 value of 8.2 μM, while the other two compounds
showed no toxicity at a concentration of 50 μM.

 

Figure 25. Compounds from a Moraceae plant.

2.8.4. Myristicaceae Family

Phytochemical investigation of the fruits of Knema glauca by Rangkaew et al. [61] led to the
isolation of malabaricone A (118) as an active compound against the P. falciparum K1 strain with an IC50

value of 8.5 μM (Figure 26). The compound was cytotoxic towards KB cell with an ED50 value of
>61 μM.
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Figure 26. Compound from a Myristicaceae plant.

2.9. Piperaceae–Platanaceae Families

2.9.1. Piperaceae Family

The Piperaceae family consists of many plants that are used by the native populations in Thailand
as traditional medicines for the treatment of various diseases. Sarmentine (119) and 1-piperettyl
pyrrolidine (120) were isolated from the fruits of Piper sarmentosum by Rukachaisirikul et al. [62], and
they exhibited antiplasmodial activity against the K1 strain with IC50 values of 85.5 and 21.9 μM,
respectively (Figure 27).

From the whole plant of Piper tricuspe, dictyochromenol (121), 3-farnesyl-p-hydroxy benzoic acid
(122) and 2′E,6′E-2-farnesyl hydroquinone (123) were isolated by Saez Vega et al. [63] (Figure 27).
The compounds are active against several strains of P. falciparum with IC50 values ranging from 1.4
to 29.8 μM. Cytotoxic effects were also observed for the compounds with EC50 values in the range of
1.1–41.0 μM. The results suggest that the antimalarial activity of the compounds was most probably
the direct result of their cytotoxicity.

Figure 27. Compounds from Piperaceae plants.

2.9.2. Platanaceae Family

Bioactivity-guided fractionation of Platanus occidentalis by Cai et al. [38] yielded four kaempferol
3-O-rhamnosides (124–127) (Figure 28). The IC50 values for these compounds against multi-drug-
resistant malaria parasites HB3 ranged from 0.5 to 1.8 μM. The IC50 values against HeLa cells were in
the range of 9.3–20.0 μM.

 

Figure 28. Compounds from a Platanaceae plant.
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2.10. Rubiaceae-Rutaceae Families

2.10.1. Rubiaceae Family

Naucleaorine (128), epimethoxynaucleaorine (129), 3α,23-dihydroxyurs-12-en-28-oic acid (130)
and oleanolic acid (131) were identified from the stems of Nauclea orientalis by He et al. [28] (Figure 29).
The compounds showed antiplasmodial activities against the P. falciparum D6(*)/W2(**) strains with
the IC50 values shown as below: compound 128 (IC50 6.9*/6.0** μM); 129 (IC50 12.4*/13.2** μM); 130

(IC50 9.7*/12.7** μM) and 131 (IC50 4.6*/5.1** μM). Compounds 128–131 displayed cytotoxicity against
KB cells with ED50 values of 38.0, >37.9, >42.2 and 46.0 μM, respectively.

Figure 29. Compounds from a Rubiaceae plant.

2.10.2. Rutaceae Family

Based on an ethnomedicinal survey of the plants in Uganda, Citropsis articulata was selected
for phytochemical study to investigate its antimalarial constituents [64]. From the ethyl acetate
extract of the root barks of this plant, two known alkaloids, 5-hydroxynoracronycine (132) and
1,5-dihydroxy-2,3-dimethoxy-10-methyl-9-acridone (133), were identified as the best growth inhibitors
of P. falciparum with IC50 values of 2.8 and 10.0 μM, respectively. The compounds were cytotoxic
towards Vero cells at EC50 values of 28.8 and 101.0, respectively.

Figure 30. Compounds from Rutaceae plants.

The roots and stem barks of Zanthoxylum chiloperone have been used as a folk medicine for the
treatment of malaria and for its emmenagogue and antirheumatic properties. The pyranocoumarin
trans-avicennol (134) and two canthinone alkaloids, canthin-6-one (135) and 5-methoxycanthin-6-one
(136), were identified from the stem barks of this plant by Cebrián-Torrejón et al. [65] (Figure 30).
These compounds possessed antiplasmodial IC50 values against chloroquine/mefloquine resistant and
sensitive strains of P. falciparum (F32, K1, PFB and FcB1 cells) in the range of 1.4–41.6 μM. Compounds
134 and 135 were cytotoxic towards MCR5 cells with EC50 values of 12.8 and 42.7 μM, respectively.

2.11. Simaroubaceae Family

Kuo et al. [66] found that among the isolates from the roots of Eurycoma longifolia,
eurycomanone (137) and pasakbumin B (138) [67] displayed potent antimalarial activity against the
P. falciparum W2/D6 strains with IC50 values of 0.04/0.06 and 0.05/0.08 μM, respectively (Figure 31).
The compounds also exhibited strong cytotoxicity toward human breast cancer (MCF-7) and lung
cancer (A549) cells at low concentrations.
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De Andrade-Neto et al. [68] studied a number of Simaroubaceous plants, resulting in the isolation
of the following compounds: the quassinoid neosergeolide (139) from the roots and stems of Picrolemma
spruce (Figure 31); the indole alkaloids ellipticine (140) and aspidocarpine (141) from the barks of
Aspidosperma vargasii and A. desmanthum (Apocynaceae), respectively; and 4-nerolidylcatechol (142)
from the roots of Pothomorphe peltata (Piperaceae). Compounds 139–141 presented significant inhibitory
activity against the multi-drug resistant K1 strain with IC50 values of 0.002, 0.07, 0.02 and 0.7 μM,
respectively, and these compoundsdisplayed antimalarial potency greater than those of quinine
and chloroquine.

Figure 31. Compounds from Simaroubaceae plants.

2.12. Theaceae–Tiliaceae Families

2.12.1. Theaceae Family

Gallocatecin (143) is a flavonoid contained in the tea leaf extract of Camellia sinensis (Figure 32).
Based on molecular docking studies, Tegar et al. [69] found that gallocatecin has stronger antimalarial
potency than mefloquine (144), a synthetic drug with antimalarial activity.

Figure 32. Compound from Theaceae plants.

2.12.2. Tiliaceae Family

According to the study of Ma et al. [29], five isolates from the leaves, stems and twigs of Grewia
bilamellata, 3α,20-lupandiol (145), grewin (146), nitidanin (147), 2α,3β-dihydroxyolean-12-en-28-oic acid
(148) and 2,6-dimethoxy-1-acetonylquinol (149), displayed antimalarial activity against the P. falciparum
D6 and W2 clones with IC50 values in the range of 5.5–42.2 μM (Figure 33). These compounds showed
no cytotoxicity towards KB carcinoma cell line at a concentration of 50 μM.

493



Int. J. Mol. Sci. 2018, 19, 1382

Figure 33. Compounds from a Tiliaceae plant.

2.13. Verbenaceae Family

Chromatographic separation of the ethyl acetate extract of the aerial parts of Lippia javanica yielded
a new antimalarial α-pyrone, lippialactone (150) (Figure 34). This compound is active against the D10
strain with an IC50 value of 23.8 μM. Compound 119 is also mildly cytotoxic [70].

Figure 34. Compound from a Verbenaceae plant.

3. Marine Plant-Derived Antimalarial Compounds

Marine organisms offer unique opportunity to discover lead compounds for the treatments
of malaria.

Separation of the extracts of Fijian red alga Callophycus serratus by Lane et al. led to the isolation
of bromophycolides J-Q (151–158) [94] (Figure 35), the macrolide diterpene-benzoate derivatives
represented as two novel carbon skeletons. These diterpenes, together with the previously reported
ten bromophycolides, bromophycolides A-I (159–167) and debromophycolide A (168) from this alga
(Figure 36) [95], were evaluated for their antimalarial activity against P. falciparum. The IC50 values of
bromophycolides A, D, E, H and M (159, 162, 163, 164 and 154) were observed to be 0.9, 0.3, 0.8, 0.9
and 0.5 μM, respectively. Some of these compounds also exhibited strong cytotoxicity toward DU4475,
a human breast cancer cell line. The ED50 values of bromophycolides N and Q (155 and 158) were 1.5
and 2.0 μM, respectively.
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Figure 35. Compounds (151–158) from the red alga Callophycus serratus.

 

Figure 36. Compounds (159–168) from the red alga Callophycus serratus.

Figure 37. Compounds from the sponge Diacarnus megaspinorhabdosa.

From the sponge Diacarnus megaspinorhabdosa collected in Xisha Islands, four new norterpene
cyclic peroxides, diacarnuperoxides M (169) and N (170), (+)-2, 3, 6-epihurghaperoxide (171)
and (+)-2,3,6-epihurghaperoxide acid (172), together with the known norterpene cyclic peroxides,
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(−)-muqubilin A (173), nuapapuin A (174) and diacarperoxide A (175) were isolated by Yang et al. [96]
(Figure 37). They exhibited inhibitory activity against W2 clones of the malaria parasite P. falciparum
with IC50 values of 4.2, 3.0, 1.6, 4.9, 5.6, 5.5 and 1.6 μM, respectively.

4. Ethnologic Antimalarial Compounds

At present, more than 80% of the world’s population relies on ethnopharmacologic healing
modalities and plants for their primary health care and wellness [97]. In Africa and many other
developing countries, ethnomedicines are often regarded as their primary choice to treat diseases
as they are obtained most affordable and accessible from locally available plants or other natural
sources [78]. Plants are the major resource for the treatment of malaria infections in sub-Saharan Africa,
where health care facilities are limited [98]. Ethnomedicinal plants have played a pivotal role in the
treatment of malarial for centuries [71,99].

Early writing of over 6000 years ago in Egypt and China, and those of the Vedic civilisation
dated 1600 B.C. in India, indicate that malaria has afflicted humans since antiquity, and there is ample
evidence that antimalarial traditional medicaments have been used in virtually all cultures as the
mainstay for the treatment of this disease. In the 5th century B.C., Hippocrates rejected superstition as
a cause for the fevers that afflicted ancient Greeks. He instead recognized the seasonality of fevers and
described the early clinical manifestations and complication of malaria [71].

The widely used antimalarial drug, artemisinin, was isolated from the traditional Chinese herb
Artemisia annua L. (Qinghao) [11], which has been used in China as an ethnomedicine for close to
2000 years. The treatment of malaria with Qinghao was first recorded in “Zhouhou Bei Ji Fang”,
the handbook of prescriptions for emergencies in 243 A.D. [71,77].

The use of ethnomedicine such as herbs for the treatment of malaria varies by region, environment
and population subgroups. It may be more preferred in some areas than in others. In order to explore
the ethnologic basis of these antimalarial plants, several hundred species from 50 families are presently
reviewed and listed in Table 3. These plants were collected from 13 countries and areas, exemplified
by Madagascar, Nigeria, South Africa and India. The antimalarial activity and toxicity of these plants
are also presented in the table [7,64,72–76,79–92,100].

5. Conclusions

It is imperative that the search for new antimalarial agents continues at an unabated pace in
order to meet the challenges posed by the development of antimalarial drug resistance. During the
last decade, numerous antimalarial compounds have been isolated from plants, and many of these
compounds exhibit significant activity against P. falciparum in vitro. It is, therefore, evident that plant
secondary metabolites continue to play an important role in pre-clinical antimalarial drug discovery.

We present in this comprehensive review, the structures of 175 plant-derived antiplasmodial
compounds that have been published during the period of 2001–2017. The relevant plants are organized
according to the geographical origins of their corresponding plant families.

Among the 175 plant-derived antiplasmodial compounds, several classes of compounds that
showed nanomolar range of activity can be regarded as lead compounds to further explore their
antimalarial potential. The trichothecene roridin E (3) from Rhaphidophora decursiva (Araceae family)
showed potent inhibitory effects against the parasite growth with IC50 values in the sub-nano molar
range (IC50: 0.4 nM (D6), 1 nM (W2)) with high cytotoxicity against KB cells (ED50: 0.4 nM). However,
its closely related structural analog, verrucarin L acetate (4), identified from Ficus fistulosa (Moraceae
family), displayed much lower cytotoxicity to KB cells (ED50 200 nM) while retaining the same level of
the antiplasmodial activity as 3. Identified from the plant (Ficus septica) in the same genus as that of 4,
the phenanthroindolizine alkaloids dehydroantofine (116) and tylophoridicine D (117) demonstrated
potent antiplasmodial activity against the P. falciparum 3D7 strain with IC50 values of 30 and 60 nM,
respectively, and the compounds showed no toxicity at a concentration of 50 μM. A recent study found
that the lindenane-type sesquiterpenoids fortunilide A (34), sarglabolide J (47) and chlorajaponilide C
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(52) from the plant in Chloranthaceae family displayed potent antiplasmodial activity against Dd2
strain of with IC50 values of 5.2, 7.2 and 1.1 nM, respectively, and these compounds also showed
low cytotoxicity to the mammalian cells WI-38 with IC50 values of 8.8, 4.0 and 5.4 μM, respectivley.
More prominently, fortunilide E (38) containing a peroxide group showed antiplasmodial activity of
43 nM with no cytotoxicity at 100 μM.

This review also describes 25 antimalarial compounds that were reported from marine plants
during the time period covered. In addition, we included ethnologic information on antimalarial
plants from 50 families that are used as folk medicines for the treatment of malaria. Taken together,
all the information presented attests to the fact that the phytochemical investigation of terrestrial plants
coupled with the biological validation of ethnomedicines constitute proven strategies for the discovery
of potential lead compounds for antimalarial drug development.
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