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Nobiletin (NOB) chemically known as 5,6,7,8,3',4' -hexamethoxyflavone is a dietary polymethoxylated flavonoid found in Citrus
fruits. Recent evidences show that NOB is a multifunctional pharmaceutical agent. The various pharmacological activities of
NOB include neuroprotection, cardiovascular protection, antimetabolic disorder, anticancer, anti-inflammation, and antioxidation.
These events may be underpinned by modulation of signaling cascades, including PKA/ERK/MEK/CREB, NF-xB, MAPK,
Ca**/CaMKII, PI3K/Aktl/2, HIF-1a, and TGF signaling pathways. The metabolites may exhibit stronger beneficial effects than
NOB on diseases pathogenesis. The biological activities of NOB have been clarified on many systems. This review aims to discuss the
pharmacological effects of NOB with specific mechanisms of actions. NOB may become a promising candidate for potential drug
development. However, further investigations of NOB on specific intracellular targets and clinical trials are still needed, especially

for in vivo medical applications.

1. Introduction

Many natural occurring compounds have become the can-
didates for drug development and subsequent clinic man-
agement. Nobiletin (5,6,7,8,3',4' -hexamethoxyflavone, NOB)
(Figure 1), an empirical formula of C,;H,,04 and molecu-
lar weight of 402.39, is one of the nontoxic dietary poly-
methoxyflavones (PMFs) in the unique class of flavonoids
mainly isolated from Citrus fruits [1]. The crystal structure
study on NOB shows that the chromene and the arene rings
are almost in the same plane. The C atoms of the two methoxy
groups in the arene ring are also in the same plane, while the
C atoms of four methoxy groups linking to the chromene ring
are not in parallel. This conformational characteristic of chiral
structure is indicated by the covalent bond rotation between
the arene and the chromene rings and the conformational
alternations of methoxy groups [2].

The bioactivities of a compound depend on its structure
and its metabolism. Without a glycoside moiety, NOB is easily

absorbed, due to its high lipophilic nature and high perme-
ability [3], which indicates a specific mechanism. Study shows
that it might be associated with an energy independently
carrier-mediated (facilitated diffusion) system, which is also
competitively validated for kaempferol, luteolin, quercetin,
and tangeretin [4]. However, the details are still unclear
yet. It has been reported that NOB shows various beneficial
effects (Table 1), such as anticancer [5], anti-inflammation
[1], antioxidation [6], antiinsulin resistance [7], antiosteo-
clastogenesis [8], immunomodulation [9], cardiovascular
protection [10], and neuroprotection [11]. In this review
article, we will discuss the pharmacological effects of NOB
and its metabolites on diseases.

2. NOB Exhibits Protection in
the Neural System

Accumulated amyloid 8 (Af) contributes to Alzheimer’s
disease (AD) pathogenesis. Impairments of learning and
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FI1GURE 1: The structure of NOB (2D and 3D).

memory are the two main features of AD. It has been
demonstrated that NOB may ameliorate such impairments
in amyloid precursor protein transgenic mice, olfactory-
bulbectomized mice, and N-methyl-p-aspartate (NMDA)
receptor antagonist-treated mice. NOB also improves the
aging cognitive impairment and reduces tau phosphorylation
and oxidative stress in senescence-accelerated mouse prone
8 (SAMPS8) mice [12] (Figure 3). Consistently, NOB may
reduce the production of soluble A3, 4, in a triple transgenic
mouse AD model (3XTg-AD), leading to amelioration of
cognitive and memory impairment [13]. Chotosan (CTS) is
a traditional Kampo prescription for chronic headache and
recently used for ameliorating dementia. CTS-E, an ethyl
acetate fraction of CTS, has been showed to protect against
AB-induced neurotoxicity. NOB may exhibit neuroprotective
effects against Af3, 4, self-induced aggregation in PCI2 cells
[14]. Neprilysin (NEP) is one of the enzymes for degrading
AB. NOB has been showed to upregulate the expression of
NEP in a time and dose dependent manner in SK-N-SH
cells [15] (Table 1). The beneficial effects of NOB on memory-
improving in various animal models and against pathological
characteristics of AD have been comprehensively reviewed
(16].

The NMDA receptor is also essential for memory and
learning (Figure 2). In PCI12 cells, NOB has been reported
to upregulate the mRNA expression of NMDA receptors
subunits NR1, NR2A, and NR2B and c¢-FOS. NOB also
improves learning impairment stimulated by NMDA recep-
tor antagonist through activation of extracellular signal-
mediated kinases. These activities might be associated with
upregulation of CRE-dependent transcription linked to the
activation of PKA/ERK/MEK/CREB signaling pathway [17],
which is critical for memory and learning. NOB may potenti-
ate upregulation of CRE-mediated transcription and facilitate
PKA/ERK/CREB signaling in cultured hippocampal neurons
(18] (Table 1). In PCI2 cells, honeybee royal jelly upregulates
the transcription activity mediated by CRE through an ERK-
independent signaling pathway. However, coadministration
of NOB and honeybee royal jelly may enhance CRE-mediated
transcriptional activity in an ERK phosphorylation depen-
dent manner [19].

NOB may protect the brain against AD development
through activation of CREB signaling pathway, which is
involved in neuronal cells protection in ischemia-reperfusion
(I/R) injury (Figure 3). NOB reduces the infarct volume,
suppresses the brain edema, and inhibits cell death [20].
Akt/CREB signaling pathway contributes to neuronal

survival and protection in the strategy of managing ischemic
cerebral injury. NOB has been demonstrated to significantly
upregulate the expression of CREB, Akt, BDNE and Bcl-2,
leading to amelioration of neurological deficits, brain edema,
and brain blood barrier (BBB) permeability in rats [21]
(Table 1).

Postischemic inflammation and oxidative stress play
important roles in ischemic stroke pathogenesis. NOB has
been showed to upregulate the expression of HO-1, Nrf2,
GSH, and SOD1, while downregulating the expression of
MMP-9, MDA, and NF-xB, resulting in neuroprotection
against brain edema and neurological deficits [11]. Oxidative
stress may induce cell damage, resulting in pathological
changes such as neurobiological disorder and AD. In hydro-
gen peroxide-treated HT22 cells, NOB may downregulate the
phosphorylation levels of p38 and JNK and the expression
of Bax and caspase-3, while upregulating the expression of
Bcl-2, thus preventing cognitive impairment and protect-
ing neurons from apoptosis [22]. In abnormal astrocytes,
the overproduction of NO and cytokines may result in
neurodegeneration. In rat primary astrocytes, NOB inhibits
the expression of iNOS and decreases NO production via
suppression of NF-«B signaling and p38-MAPK phosphory-
lation [6].

Dopaminergic neuron degeneration in the substantia
nigra is the critical feature in Parkinson’s disease (PD)
pathogenesis (Figure 3). In 1-methyl-4-phenylpyridinium
(MPP")-triggered rat PD, NOB inhibits the activation of
microglia, preserves the expression of neurotrophic factor
derived from the glial cells, and thus ameliorates dopaminer-
gic neuron degeneration [23]. In 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine- (MPTP-) triggered mice PD, NOB may
not block the degeneration of dopaminergic neurons but
enhance the release of dopamine in striatum and hip-
pocampal CAl NOB restores the attenuated activity of
Ca?*/calmodulin-dependent protein kinase II (CaMKII)
autophosphorylation and cAMP-regulated phosphoprotein-
32 (DARPP-32), leading to restoration of the decreased
activity of tyrosine hydroxylase (TH) and rescue of cognitive
and motor dysfunctions induced by MPTP [24].

Glioma is one of the most common tumors in primary
central nervous system. NOB has been investigated to inhibit
the cellular proliferation through suppression of Ras activity
and MEK/ERK signaling pathway in a conventional PKC-
and Ca’'-dependent manner in C6 glioma cells [25]. In
human U87 and Hs683 glioma cell lines, NOB decreases cell
viability and arrests at G,/G, phase in cell cycle. These might
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TaBLE 1: The biological effects of NOB on different cell types/animals.
Cell types/animals Biological functions Ref
Differentiation, IBMXT, insulin, STAT 5T, PPARy2|, p-CREB| [36]
3T3-L1 preadipocytes Intracellular triglyceride|, adiponectinT, MCP-1|, resistin | (7]
Lipid accumulation|, GPDH|, PPARy|, C/EBP« |, AMPKT [38]
3T3-F442A adipocytes Glucose uptakeT, PI3K/Akt1/27, PKA/CREB signaling [35]
3XTg-AD mice model Soluble AB, ,, production | (13]
A2780/T cells ABCBI transporter efflux |, Akt/ERK/Nrf2 | [89]
AGS cells MMP-2|, MMP-9|, c-Raf]|, Ra§l, Rac—ll, RhoAL CdF421, PI3K/Akt signaling |, (5]
FAK activation |, NF-«B signaling|
BV2 microglia cells IL-18], TNFa|, IL-6|, NO| [47]
C6 glioma cells cellular proliferation|, Ras activity|, MEK/ERK signaling| [25]
CUMS-induced rats BDNFT, TrkBT, synapsin IT [28]
Diet-induced obese mice Energy expenditureT, locomotor activityT, metabolic disorders|, circadian (52]
rhythmsT
DU-145 cells cMyc|, p50] [58]
Freshly isolated hepatocytes SCD1 mRNA expression |, hyperlipidemia |, adiposity | (37]
H1299 cells NOTCH-1|, Jagged 1/2, Hey-1], Hes-1] [66]
H1299, A549 cells EMT], p-Src|, p-paxillin|, p-FAK], MMP—Zl, MMP-9, slug|, snail |, ZEB1|, (67]
twist |
ApoB secretion (IC;, =29 uM) |, ch(?lesterol synthesis (IC;, = 68 uM) |, triglyceride (39]
HepG2 cells synthesis (IC5, = 73 uM) |
Dyslipidemia|, insulin resistance |, atherogenesis|, apoB100 |, MAPK®*7, LDLRT, [51]
MTP|, DGATI/2|, PgclaT, CptlaT, f-oxidationT
Hepatocytes NO (ICy, =50 uM) | 1]
Plasma triglyceride |, body weight gain |, WAT weight|, PPAR«aT, PPARyT, fatty
acid synthaseT, sterol regulatory element-binding protein-1cT, stearoyl-CoA
HFD-induced obese mice desaturase-17, adiponectinT, carnitine palmitoyltransferase 17, uncoupling [34]
protein-2T, monocyte chemoattractant protein-1|, TNFet|, GLUT4T, p-AktT, IxBa
degradation |
HL-60 cell line ERK|, caspase-3T, caspase-97, caspase-8T, MAPKT [56]
HOS and U208 cells ERK/JNK|, MMP-2|, MMP-9|, CREB/, SP-1], NF-xB| [71]
HT22 cells p-p38., p-JNK|, Bax|, caspase-3], Bcl-27, cognitive impairment |, apoptosis | [22]
HuH-7, SK-N-SH, 3Y1 Trib3|, Ddit3|, Asns|, E2f8|, Ccna2|, Ccne2|, Txnip| [87]
Human intestinal mast cells CCL3|, CCL4|, CXCL8], IL-13|, TNF« | [42]
Human ovarian cancer cells HIF-1«|, Akt|, NF-xB|, VEGF| [64]
Human fetal membranes and myometrium IL-18], TNFa|, IL-8 ], IL-6|, MMP-9 |, COX-2|, pro-MMP-9 |, PGE2| [65]
Human dermal fibroblasts MMP-9|, p-p38 MAPK| [92]
Plasma amylase |, pancreatic myeloperoxidase |, plasma proinflammatory factors|,
L-Arginine-induced AP reactive oxygen species production |, cell apoptosis|, pancreatic necrosis|, (45]
p-p38MAPK|, p-AKT|
MDA-MB-231 cells MMP-9 (ICy, = 24 uM) |, CXCR4 (IC, = 32 uM) |, MAPKs |, NF-xB| [61]
MDA-MB-468 cells ERK1/2], cyclin D1}, p217, Bcl-xL|, Akt|, mTOR| [63]
MPP"* -triggered rat PD Microglia activation |, dopaminergic neuron degeneration | (23]
MPTP-triggered mice PD Dopamine releaseT, Ca“/CgMKH autophosphor?flationT, DARPP-32T, THT, [24]
cognitive and motor functionsT
NK leukemia cell Granzyme BT, p38 MAPKT, cytolytic activity of KHYG-1 cellsT (57]
NPC-BM, HONE-1 cells MMP-2|, NE-«B|, AP-1|, TIMP-21 [69]
Normal human melanocytes Tyrosinase|, TRP1|, PMEL|, MITE|, p-CREB|, p-MEK/p-ERK1/2, p-Raf-1]  [91]
OVCAR-3, A2780/CP70 cells Cell Viability|, proliferation|, VEGF| [62]
OVX mice Bone resorption |, osteoclast formation|, NF-xB|, COX-2|, PGE2| [70]
P53-mutated SNU-16 human gastric cancer cells Proliferation |, caspase-3T, caspase-97, Bax/Bcl-2 ratioT, PARP degradationT, (43]

apoptosisT
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TaBLE 1: Continued.
Cell types/animals Biological functions Ref
A, 4, self-induced aggregation | (14]
PCI12 cells NRI1T, NR2AT, NR2BT, ¢c-FOST, learning impairment |, CRE-dependent (17]
transcriptionT, PKA/ERK/MEK/CREBT
PC-3 cells Viability |, VEGF|, NF-xB|, AKT/HIF-1a| [58]
PDGF-BB treated VSMCs Proliferation |, migration |, ROS|, p-ERK1/2 |, NF-kB p65 nuclear translocation | (53]
Postischemic HO-1T, Nrf2T, GSHT, SOD1T, MMP-.9l, MDA |, NF-«B|, neurological deficits|, (1]
brain edema|
Rats HexokinaseT, succinate dehydrogenaseT, mitochondrial metabolism T [30]
Infarct volume |, brain edema |, cell death | [20]
Rat I/R injury CREBT, AktT, BDNFT, Bcl-2T7, neurological deficits |, brain edema |, BBB (21]
permeability |
Rat primary astrocytes iNOS|, NO production|, NF-«B|, p38-MAPK phosphorylation | (6]
RAW 264.7 cells NO (IG5 = 27uM)| [46]
Bone resorption |, osteoclast formation |, osteoclastogenesis| (8]
RBL-2H3 cells IL-4|, TNFa|, AP-1], NF-xB|, p38], PKC| (86]
SAMPS8 mice model Aging cognitive impairment |, tau phosphorylation |, oxidative stress| [12]
SK-N-SH cells NEPT (15]
TXNIP| [27]
SMMC-7721 cells Proliferation|, Bcl-2|, COX-2|, BaxT, caspase-3T [48]
. . TGEFp1], fibronectin |, CTGF|, collagen l«|, p22P1°% | p67Pox || po1Phex | p38
STZ-induced C57BL 50
e e MAPK/JNK/, NF-xB| 1501
STZ-induced rats Oxidative stress|, hemodynamic parameters|, vascular reactivity |, MMP-2|, [10]
MMP-9 |, collagen|
TNBS-triggered colitis COX-2], iNOS|, Akt-NF-«B-MLCK signaling]| [41]
U87, Hs683 glioma cells Cell viability|, cyclin D1], E2 promoter-binding factor 1|, CDK2|, CDK4|, (26]

p-PKB|, p-p38 MAPK |, p-ERK |, p-JNK |

be related to downregulation of cyclin D1, E2 promoter-
binding factor 1, cyclin-dependent kinase (CDK) 2, CDK4,
and phosphorylation levels of PKB, p38 MAPK, ERK, and
JNK [26]. In SK-N-SH human neuroblastoma cells, NOB sig-
nificantly reduces the expression of thioredoxin-interacting
protein (TXNIP), which is one crucial factor for endoplasmic
reticulum stress resulting in cell apoptosis [27].

Depression is an affective disorder or mood caused
by various factors, including environmental or genetic fac-
tors. Upregulation of BDNF or activation of TrkB signal-
ing pathways may reach antidepressant therapy. Five-week
administration of NOB can significantly ameliorate chronic
unpredictable mild stress- (CUMS-) induced deficits of
BDNE TrkB, and synapsin I in the hippocampus, resulting
in an antidepressant-like response [28] (Figure 2). NOB may
upregulate synaptic transmission to anti-immobility in mice
in the forced swimming test (FST) and tail suspension
test (TST). Furthermore, this antidepressant-like activity of
NOB has been indicated to be associated with serotonergic,
noradrenergic, and dopaminergic systems [29].

Deficiency of thyroid hormone may induce neural dys-
functions. The production of oligomycin-insensitive and
oligomycin-sensitive ATP in the synaptic and nonsynap-
tic mitochondria of hippocampus in hypothyroid rats is
decreased. These may be counteracted by NOB, which

restores disordered mitochondrial metabolism through, at
least partially, improving the activities of hexokinase and
succinate dehydrogenase [30]. NOB has been demonstrated
to stimulate the synthesis and secretion of catecholamine
in bovine adrenal medulla through upregulation of phos-
phorylation at Serl9 and Ser40 in tyrosine hydroxylase,
while downregulating catecholamine synthesis induced by
acetylcholine [31]. The potential pharmacology of plant-
derived flavonoids in the catecholamine system has been
reviewed [32].

3. NOB Exhibits Protection in
the Digestive System

Ammonia detoxification plays a critical role in body function,
and it is also essential for physiological and nitrogen home-
ostasis. NOB has been demonstrated to be involved in the
ammonia control across varying diets, regulating urea cycle
activity through C/EBP-dependent regulatory mechanisms
[33]. NOB regulates lipid and glucose metabolism, improving
dyslipidemia, adiposity, hyperglycemia, and insulin resis-
tance (Figure 3). NOB may decrease plasma triglyceride,
body weight gain, and white adipose tissue (WAT) weight.
In addition, NOB increases the expression of PPARa,
PPARYy, fatty acid synthase, sterol regulatory element-binding
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FIGURE 2: The possible signaling cascades of NOB in cells. NOB may upregulate the activities of NMDA receptor and ERK and enhance CREB
transcriptional activity. NOB may restore the activity of DARPP-32 through modulation of PKA signaling pathway. Ca**/CaMKII signaling is
also enhanced by NOB, leading to upregulation of CREB transcription. In addition, NOB increases the activities of PI3K/Akt and BDNF/TrkB
signaling but upregulates the expression of PPARy. However, it depends on different cell lines. Insulin sensitization has been elevated by NOB

through Nrf2 signaling pathway.

protein-1c, stearoyl-CoA desaturase-1, carnitine palmitoyl-
transferase 1, adiponectin, and uncoupling protein-2 and
decreases the expression of monocyte chemoattractant
protein-1 and TNFa in WAT (Figure 2). Moreover, NOB
upregulates the expression of glucose transporter-4 (GLUT4)
and the phosphorylation of Akt and downregulates the
degradation of IxB« [34] (Table 1). GLUT4 activity is greatly
dependent on PI3K signaling pathway. It has been demon-
strated that NOB significantly promotes glucose uptake in
3T3-F442A adipocytes in a dose dependent manner through
activation of PI3K/Aktl/2 and PKA/CREB signaling path-
ways [35].

To improve and prevent obesity and some related meta-
bolic syndromes, NOB effectively inhibits the differentiation
of 3T3-L1 preadipocytes into adipocytes. The underlying
mechanisms might be associated with upregulation of cAMP
elevator 3-isobutyl-1-methylxanthine (IBMX), insulin, and

phosphorylation of signal transducer and activator of tran-
scription (STAT) 5and downregulation of PPARy2 and CREB
phosphorylation [36]. NOB also processes less intracellu-
lar triglyceride, suppresses its accumulation, increases the
secretion of an insulin-sensitizing factor, adiponectin, and
decreases the secretion of insulin resistance factors, MCP-
1 and resistin, in 3T3-L1 preadipocytes [7] (Table1). The
expression of stearoyl-CoA desaturase-1 (SCDI) is associated
with improvement of glucose tolerance, decrease of plasma
lipid level, and attenuation of obesity. NOB may significantly
repress SCD1 mRNA expression in freshly isolated hepato-
cytes, resulting in reduction of hyperlipidemia and adiposity
[37].

It has been demonstrated that NOB significantly reduces
lipid accumulation, downregulates the activity of glycerol-
3-phosphate dehydrogenase (GPDH), and attenuates the
expression of adipogenic transcription factors, including



Respiratory system

Metastasis |
EMT |

O

T

Evidence-Based Complementary and Alternative Medicine

Neural system
| learning and memory impairment

| /R injury
| dopaminergic neuron degeneration

| depression

7

\ N
e
e

Urinary and reproductive system /

Angiogenesis |
Inflammation |

Oxidative stress |

OB

I

Skeleton system
| osteoclastogenesis

| bone resorption

FIGURE 3: Summary of pharmacological effects of NOB on different systems. NOB may exhibit neuroprotective activity in attenuation of
learning and memory impairment, amelioration of I/R injury, and decrease of dopaminergic neuron generation. In the cardiovascular system,
NOB ameliorates metabolic syndrome, promotes locomotor activity, and inhibits platelet aggregation. In addition, NOB may rescue insulin
resistance, restore lipid metabolic disorder, and downregulate inflammatory stress and oxidative stress in digestive system. The activities
of antiangiogenesis and antimetastasis of NOB have been demonstrated in urinary, reproductive, and respiratory systems. NOB inhibits
osteoclastogenesis and subsequently attenuates bone resorption, protecting skeleton homeostasis.

peroxisome proliferator-activated receptors (PPARy) and
CCAAT/enhancer binding protein (C/EBP«). Furthermore,
NOB exhibits antiadipogenic activity through activation of
AMP-activated protein kinase (AMPK) in 3T3-L1 cells [38].
The blood lipid lowing effects of NOB in HepG2 cells have
been investigated that NOB may potently inhibit apoB secre-
tion (ICs, = 29 uM), cholesterol synthesis (IC5, = 68 uM),
and triglyceride synthesis (IC5, = 73 uM), without affecting
the activity of LDL-receptor (Table 1). The structure-activity
study shows that full methoxylation in A-ring contributes
to the potent inhibitory activity of NOB on the secretion of
hepatic apoB [39]. The flavonoids including NOB from Citrus
exhibit protection from aberrant lipid metabolism has been
reviewed [40].

Chronic inflammatory disorder in the gastrointestinal
tract is a main feature of inflammatory bowel disease. NOB
may exhibit anti-inflammatory effects on TNBS-triggered
colitis through downregulation of COX-2 and iNOS expres-
sion. NOB restores the barrier function impaired by TNBS
through attenuation of Akt-NF-xB-MLCK signaling path-
way [41]. In IgE- and lipopolysaccharide- (LPS-) stimulated
human intestinal mast cells, NOB may effectively downregu-
late the expression of CCL3, CCL4, CXCLS8, IL-1f3, and TNF«

in a dose dependent manner. ERK1/2 signaling pathway is
involved in NOB regulating effects on IgE stimulation, while
NF-«B signaling is involved in LPS stimulation [42].

In human gastric adenocarcinoma AGS cells, NOB down-
regulates the expression of MMP-2, MMP-9, c-Raf, Ras,
Rac-1, RhoA, and Cdc42 through inhibition of PI3K/Akt
signaling, focal adhesion kinase (FAK) activation, and NF-xB
signaling [5]. NOB has been reported to effectively inhibit the
proliferation of p53-mutated SNU-16 human gastric cancer
cells. NOB arrests cell cycle at sub-G, phase, increases the
expression of caspase-3 and caspase-9, the ratio of Bax/Bcl-
2, and the degradation of poly (ADP-ribose) polymerase
(PARP) protein, and promotes cell apoptosis. Additionally,
NOB may synergize with 5-fluorouracil (5-FU) to exhibit an
anticancer effect through two different mechanical pathways
[43]. Pepsin, a digestive protease, is responsible for most
digestion activities in the stomach. NOB may inhibit the
activity of pepsin in vitro. The molecular interacting model
has been theoretically simulated and docked by the software.
It shows that NOB may spontaneously bind at the binding site
of pepsin through electrostatic and hydrophobic forces [44].

Acute pancreatitis (AP) has been featured by oxidative
stress, inflammation, and acinar cell damage. Intraperitoneal
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administration of NOB in C57BL/6 mice may ameliorate L-
arginine-induced AP, which shows increased levels of plasma
amylase, pancreatic myeloperoxidase, plasma proinflamma-
tory factors, reactive oxygen species production, cell apopto-
sis, pancreatic necrosis, and the expression of p-p38MAPK
and p-AKT [45]. It has been demonstrated that NOB may
exhibit anti-inflammatory activity through downregulation
of NF-«B signaling pathway and the expression of iNOS. In
hepatocytes, NOB suppresses the induction of NO with an
IC;, value of 50 uM [1]. Comparably, in LPS-induced mice
RAW 264.7 macrophage cells, NOB shows an ICs, value
of 27 uM to suppress NO production [46]. Similarly, NOB
at the dose of 100 uM also inhibits LPS-induced secretion
of proinflammatory cytokines, including IL-1§3, TNFa«, IL-6,
and NO in BV2 microglia cells [47].

The in vivo and in vitro investigation of NOB on hepatic
cancer cells has been performed. In vitro, NOB significantly
inhibits cell proliferation, arrests cell cycle at G, phase, down-
regulates Bcl-2 and COX-2 expression, and upregulates Bax
and caspase-3 expression in SMMC-7721 cells. These results
have been supported by the in vivo study in the H22 trans-
plantable tumor [48]. Intestinal motility-related disorders
may include increased or decreased motility. Investigations
show that NOB may exhibit inhibitory effects on jejunal
contractility in the high contractile states and stimulatory
effects in the low contractile states. This might be applicable
to the alternating management of type bowel hypo- and
hypermotility [49].

4. NOB Exhibits Protection in the
Cardiovascular and Blood Systems

Hyperglycemia triggered oxidative stress greatly contributes
to cardiovascular dysfunctions. NOB has been demonstrated
to ameliorate the oxidative stress, hemodynamic parameters,
and vascular reactivity and downregulate the expression
of MMP-2, MMP-9, and collagen in male Wistar rats [10]
(Figure 3). In streptozotocin- (STZ-) induced C57BL mice
diabetic cardiomyopathy, NOB significantly decreases the
expression of TGFfI, fibronectin, CTGE collagen 1, and
NADPH oxidase isoforms, including p22ph°x, p67ph°x, and
p91P"°*, In addition, NOB also inhibits p38 MAPK/JNK and
NEF-«B signaling pathway, leading to mitigation of interstitial
fibrosis and cardiac dysfunction [50]. Insulin resistance
contributes to lipid abnormalities including the accumulation
of hepatic VLDL, leading to increased plasma concentration
of apolipoprotein B100- (apoB100-) containing lipoprotein.
The activity of NOB has been investigated to prevent dyslipi-
demia, insulin resistance, and atherogenesis. Research data
show that NOB decreases the secretion of apoB100 through
activation of MAPK®™®, enhancement of LDLR expression,
and attenuation of MTP activity and DGAT1/2 expression. In
addition, NOB decreases the availability of hepatic TG in a
PPAR independent manner through upregulation of Pgcla
and Cptle and enhancement of 3-oxidation [51].

NOB has been identified as a clock amplitude-enhancing
factor through directly targeting retinoid acid receptor-
related orphan receptors. In diet-induced obese mice, NOB,
in a Clock gene dependent manner, dramatically ameliorates

the metabolic syndrome, enhances energy expenditure, and
augments locomotor activity, leading to mitigating metabolic
disorders and improving circadian rhythms [52] (Figure 3).
The abnormal proliferation and migration of vascular smooth
muscle cells (VSMCs) contribute to neointimal hyperpla-
sia development after vascular injury. In platelet-derived
growth factor- (PDGF-) BB treated VSMCs, the prolifera-
tion, migration, the production of reactive oxygen species
(ROS), ERK1/2 phosphorylation, and NF-xB p65 nuclear
translocation have been significantly increased. However,
these detrimental responses may be inhibited by NOB [53].

Platelet activation plays an important role in CVDs.
NOB inhibits platelet aggregation induced by collagen and
arachidonic acid in the washed human platelets, but it does
not inhibit the aggregation induced by thrombin and 9,11-
dideoxy-1l&t,9a-epoxymethanoprostaglandin. The underly-
ing mechanism may be associated with hydroxyl radical
scavenge, inhibition of PLCy2/PKC signaling, and suppres-
sion of MAPKs and Akt activation [54]. Active thrombin-
activatable fibrinolysis inhibitor (TAFI) plays a critical role
in balancing between fibrinolysis and coagulation. NOB
has been demonstrated to exhibit anticoagulant activity and
downregulate the expression of TAFI gene (CPB2) mRNA
and antigen. In NOB-treated human hepatoma HepG2 cells,
the amount of complex of AP-1 or c-Jun binding to the
sequence at ~—119 bp to =99 bp within the CPB2 promoter has
been showed to be decreased [55].

In acute myeloid leukemia (AML) cells, NOB induces cell
cycle arrest at the G,/G, phase through downregulating ERK
signaling pathway, increases cell apoptosis through activation
of caspase-3, caspase-9, and caspase-8, and upregulates of
MAPK signaling pathway in HL-60 cell line. Furthermore,
NOB inhibits cell proliferation in various types of AML cell
lines [56] (Table1). Natural killer (NK) cells are the first
guarder against virus-infected cells and cancer cells. KHYG-1
is an NK leukemia cell line. NOB may potentiate the cytolytic
activity of KHYG-1 cells through dramatically enhancing the
expression of granzyme B, which is partially regulated by p38
MAPK activity [57].

5. NOB Exhibits Protection in the Urinary and
Reproductive Systems

NOB has been showed to lower the risk of prostate cancer
(Figure 3). In PC-3 cells, NOB effectively reduces cell viability
and attenuates the expression of VEGF and NF-«B through
downregulation of AKT/HIF-1« signaling pathway. In the less
metastatic DU-145 cells, NOB decreases cMyc expression and
p50 activity in the nuclei [58]. The effects of NOB on 2-amino-
1-methyl-6-phenylimidazo [4,5-b]pyridine- (PhIP-) induced
prostate carcinogenesis show that the levels of estrogen,
leptin, and serum testosterone do not differ from those in the
control group. However, the multiplicity and the incidence of
adenocarcinomas in prostate in F344 rats have been reduced
by NOB [59]. It has been demonstrated that NOB may exhibit
the inhibitory effects against oxidative stress and apoptosis
induced by cisplatin in acute renal injury [60].

In MDA-MB-231 human breast cancer cells, NOB down-
regulates the constitutive expressions of MMP-9 and CXCR4



with ICy, values of 24 uM and 32 uM, respectively, at tran-
scriptional level through attenuation of MAPKs and NF-
kB signaling pathways, leading to effective inhibition of
cancer cells metastasis and invasion [61]. In OVCAR-3 and
A2780/CP70 ovarian cancer cells, NOB may significantly
inhibit cell viability, proliferation, and VEGF protein secre-
tion [62]. In HER2-positive SK-BR-3, hormone receptor-
positive MCF7, and triple-negative MDA-MB-468 cell lines,
NOB has been demonstrated to promote cell cycle arrest at
G,/G, phase through downregulation of ERK1/2 and cyclin
D1 and upregulation of p2l in a dose and time dependent
manner. In addition, NOB promotes cell apoptosis through
decreasing the expression of Bcl-xL, Akt, and mTOR in
MDA-MB-468 cells without changing Bax expressing profile
[63]. At the dose of more than 40 uM, NOB potently reduces
human ovarian cancer cells viability. The possible mecha-
nisms might be associated with decreasing the expression of
the key mediators in angiogenesis, including HIF-1«, Akt,
NF-xB, and VEGF [64] (Table 1).

In human fetal membranes and myometrium taken after
spontaneous preterm birth, NOB has been demonstrated to
dramatically inhibit LPS-induced expression of proinflam-
matory cytokines, including IL-18, TNF«, IL-8, and IL-6,
and downregulate the expression of MMP-9 and COX-2 and
decrease the secretion of pro-MMP-9 and PGE2 [65].

6. NOB Exhibits Protection in the
Respiratory System

Hypoxia-induced epithelial-mesenchymal transition (EMT),
an early step of tumor metastasis, has been showed to increase
the expression of N-cadherin and vimentin and decrease
the expression of E-cadherin. NOB has been identified as a
Notch-1 inhibitor and to ameliorate hypoxia-induced EMT,
as indicated by downregulation of Notch-1, Jagged 1/2, Hey-1,
and Hes-1 in H1299 cells (Figure 3). In addition, NOB also
promotes the expression of tumor suppressive factor miR-
200D [66]. Transforming growth factor 3 (TGEf) is a stimula-
tor of EMT, which is an important process in cancer metasta-
sis. NOB has been demonstrated to inhibit TGF S1-stimulated
EMT and downregulate the expression of p-Src, p-paxillin,
p-FAK, MMP-2, MMP-9, slug, snail, ZEBI, and twist in lung
adenocarcinoma HI1299 and A549 cells. Additionally, NOB
attenuates Smads transcriptional activity, and NOB does not
change the phosphorylation levels and translocation of Smads
stimulated by TGFf31. Overexpression of Smad3 abrogates the
effects of NOB on EMT stimulated by TGEp1 [67].

Abnormal ion transport and epithelial damage greatly
affect the structure of the airway surface liquid and airway
mucus clearance. Studies show that NOB may promote the
secretion of transepithelial ClI” across bronchial epithelia
through activation of cAMP/PKA- and adenylate cyclase-
dependent signaling pathways and apical CFTR CI™ channels
in human bronchial epithelial cells (16HBE140-) [68]. In
nasopharyngeal carcinoma (NPC), NOB has been showed to
inhibit the migration capacity of NPC-BM and HONE-1 cell
lines. The potential mechanism might be related to inhibition
of MMP-2 expression, NF-«B, and AP-1 and enhancement of
tissue inhibitor of metalloproteinase-2 (TIMP-2) [69].
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7. NOB Exhibits Protection in the
Skeleton System

Estrogen plays an important role in bone homeostasis.
Postmenopausal women or ovariectomized (OVX) patients
appear to show high risk of bone resorption. It has been
demonstrated that NOB may prevent decrease of bone mass
induced by estrogen deficiency and inhibit systemic bone
resorption (Figure 3). The underlying mechanism may be
associated with suppression of osteoclast formation induced
by LPS and downregulation of osteoclastogenesis induced by
receptor activator of NF-«B ligands in RAW 264.7 [8]. NOB
may suppress IL-1-induced bone resorption and osteoclast
formation in vitro. Furthermore, NOB downregulates the
expression of NF-«B signaling, COX-2, and PGE2. In OVX
mice, NOB may restore the bone mass and be beneficial to
bone health [70] (Table 1). NOB has been demonstrated to
significantly inhibit the motility, migration, and invasion of
human osteosarcoma HOS and U20S cells through downreg-
ulation of ERK/JNK signaling-mediated MMP-2 and MMP-9
expressions and inactivation of CREB, SP-1, and NF-xB [71].

8. The Metabolites of Nobiletin

The natural occurring flavonoids have been demonstrated to
be metabolized by P450 CYPl-enzyme, which leads to the
activation of the metabolites, showing greater biological
effects than their parent compounds. In MCF7 breast ade-
nocarcinoma cells, the recombinant CYPI enzymes convert
NOB into one main metabolite O-demethylnobiletin [72].
Seven metabolites (Figure 4) including 3'-demethylnobiletin,
4'-demethylnobiletin, 3',4-didemethylnobiletin (DTF), 5-
demethylnobiletin, 5,3' -didemethylnobiletin, 5,4'-didemeth-
ylnobiletin, and 5,3',4’ -tridemethylnobiletin have been iden-
tified as the major metabolites from the urine of mouse
by employing the optimized HPLC method [73]. NOB
is converted to 4'-demethylnobiletin, 6-demethylnobiletin,
and 7-demethylnobiletin with a relative ratio of 1:4.1:0.5,
respectively. CYPIA2 and CYP3A4 are the two key enzymes
for regulating the oxidative demethylation of NOB in the A-
ring and B-ring in human liver microsomes [74]. C-3' and
C-4' positions are the primary sites for NOB biotransforma-
tion. The position and number of hydroxyl and methoxyl
groups on the B-ring of NOB may significantly influence its
metabolism and biological effects [75].

NOB has been demonstrated to exhibit significant anti-
proliferative, anti-inflammatory, and proapoptotic activities
in the azoxymethane (AOM)/DSS-treated mice colon mod-
els. However, its colonic concentration is 20-fold lower
than its three metabolites 3'-demethylnobiletin, 4'-deme-
thylnobiletin, and DTF in the colonic mucosa. In addition,
DTF exhibits the strongest anticancer activity. This indicates
the important role of demethylation at C-3' and C-4' in
inhibiting colon carcinogenesis [76]. DTF has showed antiox-
idative and anti-inflammatory activity. DTF exhibits neuro-
protective functions through attenuation of NF-«B signaling,
decreasing the production of ROS, and upregulation of GCL
and HO-1, which is independent of Nrf2. DTF also triggers
the activation of ERK, Akt, and JNK signaling, but not p38
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6) 5)

(7)

FIGURE 4: The structures of NOB metabolites, including NOB (1), 3'-demethylnobiletin (2), 4’-demethylnobiletin (3), 3',4'-didemethyl-
nobiletin (4), 5-demethylnobiletin (5), 5,3’ -didemethylnobiletin (6), 5,4'-didemethylnobiletin (7), and 5,3',4'-tridemethylnobiletin (8).

MAPK signaling pathway in PCI2 cells [77]. DTF exhibits
stronger antiatherogenic effects than NOB, as it indicated
that DTF reduces Cu**-induced LDL oxidation, inhibits the
differentiation of monocyte into macrophage, and abrogates
uptake of modified LDL by macrophage in THP-1 cells [78].

5-Demethylnobiletin at the dose of 10uM has been
showed to cause 37% inhibition of SW620 cell viability. 5,3'-
Didemethylnobiletin, 5,4'-didemethylnobiletin, and 5,3',4'-
tridemethylnobiletin show stronger inhibitory activity than
5-demethylnobiletin. The IC5, in SW620 is 0.12, 5.5, and
4.2 uM, respectively. Analysis of structure-activity suggests
that demethylation at C-3', C-4', or both C-3' and C-4" may
enhance the inhibitory effects of 5-demethylnobiletin against
colon cancer cells [79]. Similarly, these three metabolites
show stronger inhibitory activities in the growth and colony
formation than 5-demethylnobiletin in H1299 and H460 cells
[80]. 5-Demethylnobiletin also exhibits antiatherogenic and
hypolipidemic activities through induction of LDL-receptor
gene expression and attenuation of acyl CoA:diacylglycerol
acetyltransferase 2 expression in HepG2 cells [81]. In antibac-
terial assays, it has been demonstrated that demethylation at
C-5 and C-4' is essential [82].

Consistently, 4’ -demethylnobiletin shows stronger bioac-
tivities in anti-inflammation and anticancers. In LPS-treated
RAW 264.7 macrophages, 4'-demethylnobiletin downregu-
lates the expression of proinflammatory cytokines IL-1f3, IL-
6, PGE2, iNOS, and COX-2 and inhibits NF-«B and AP-
1 nuclear translocation, while upregulating the expression
of transcription factor Nrf2 and its dependent genes HO-1
and NQOIL [83]. This is supported by the anti-inflammatory
effects of 4'-demethylnobiletin on TPA-treated mice ear
inflammation through inhibition of PI3K/Akt/ERK phos-
phorylation [84].

9. Miscellaneous Section

Mild inflammatory response is considered as a protective
immune reaction. However, overwhelming immune response
regulated by proinflammatory cytokines can be harmful.
Endotoxin injection in mice introduces a septic shock model.
NOB may significantly decrease the expression of proinflam-
matory cytokines IL-6 and TNF« in the early phase and
HMGBI in the late phase in the tissues of lung, liver, and
kidney [9]. Synergized with sulforaphane, NOB exhibits a
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dramatic inhibitory effect on NO production and COX-2
and iNOS expression and promotes HO-1 protein expression
in LPS-induced RAW 264.7 macrophage cells [85]. NOB
also exhibits antiallergic effects. Study shows that histamine-
or compound 48/80-triggered scratching behaviors may be
inhibited by NOB, and the expressions of IL-4, TNF«, AP-
1, NF-xB, and p38 are also downregulated by NOB through
inhibition of PKC signaling pathway in skin tissues and RBL-
2H3 cells [86].

To investigate the anticancer activity of NOB, the alter-
nations of gene expression in three organ-derived cell lines
including HuH-7 human hepatocarcinoma cells, SK-N-SH
human neuroblastoma cells, and 3Y1 rat fibroblasts are
observed. NOB may induce the expression of endoplasmic
reticulum stress-related genes Trib3, Ddit3, and Asns, atten-
uate cell cycle-responsive genes E2f8, Ccna2, and Ccne2, and
decrease oxidative stress-mediated gene Txnip [87]. Angio-
genesis plays a critical role in cancer development. NOB
has been reported to exhibit antiangiogenic activity through
modulation of the expression of VEGF-A dose dependently
and promotion of G,/G, phase accumulation in HUVEC cells
[88].

The failure of chemotherapy treatment in many cancers is
due to multidrug resistance (MDR). Investigation has showed
that NOB may reverse ABCBI-regulated MDR without alter-
ing ABCBI expression profiles through inhibition of ABCBI
transporter efflux function and suppression of Akt/ERK/Nrf2
signaling pathway relating to chemoresistance. Meanwhile,
NOB exhibits a synergic activity with PTX to induce cell
apoptosis and cell cycle arrest at G,/M phase in A2780/T cells
[89]. Drugs interacting with beverages have been the focus in
clinical application. Small molecule tyrosine kinase inhibitors
(TKIs) attack cancer-specific targets and are the substrates of
P-glycoprotein (P-gp) and Breast Cancer Resistance Protein
(BCRP). Dasatinib is a dual BCRP and P-gp substrate. 14
natural polyphenols from beverages have been investigated
for the efflux of dasatinib in LLC-PK1 cells and MDCK-II
cells. NOB shows inhibiting dasatinib efflux mediated by both
P-gp and BCRP. Furthermore, NOB exhibits greatest effects
on increasing BCRP-regulated dasatinib uptake with ICg,
value 1.04 uM [90].

Endothelin-1 (ET) and stem cell factor (SCF) may trigger
the normal human melanocytes to promote melanogenesis
through activation of tyrosinase activity. Study shows that
NOB significantly downregulates ET and SCF-induced gene
expressions of tyrosinase, TRP1, PMEL, and MITF and
decreases the phosphorylation of CREB, MEK/ERK1/2, and
Raf-1, contributing to hypopigmentation [91]. MMPs are
responsible for degradation of extracellular matrix proteins
and collagen. NOB has been identified to a novel MMP-
9 suppressor using MMP-9 reporter system through down-
regulation of p38 MAPK phosphorylation in human dermal
fibroblasts stimulated by PMA [92].

10. Clinical Applications

NOB is one of the main flavonoids in Citrus. In hypercholes-
terolemic assays, daily administration of 30 mg tocotrienols
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and 270 mg citrus flavonoids for 4 weeks shows significant
lowering of the levels of plasma total cholesterol, triglycerides,
apoB100, and LDL cholesterol [93]. Similarly, consumption
of orange juice (480 mL/day for one year) may reduce the
concentration of total cholesterol, apoB100, and LDL choles-
terol [94]. Studies demonstrated that administration of NOB-
rich C. reticulata peel extract for 1 year exhibits preventive
effects on the progression of the cognitive impairment in
donepezil-preadministered AD patients without any side
effects [95]. Unfortunately, the research on NOB clinical
application is quite limited, which might be due to the
uncertainty of molecular targets. More clinical trials of NOB
and its metabolites are still needed.

11. Concluding Marks

The multifunctional physiological activities of NOB confer its
possibility to become a promising candidate for developing
as a therapeutic agent. The biological effects of NOB have
been demonstrated to be associated with modulation of cel-
lular signaling pathways, including cAMP/PKA/ERK/CREB,
Ca?*/CaMKII, PI3K/Akt1/2, and NF-kB, as well as its capacity
of regulating specific genes expression. However, the under-
lying molecular mechanisms are still unclear. This might be
due to the uncertainty of target receptor molecules. Although
the effects of NOB in vitro have been well clarified using
different cultured cells, the effects in vivo are still unclear. The
protective effects of NOB should be examined using various
animal models, and systemic data for considerable analysis
are needed for more conclusive information and add to the
knowledge about the pharmacological activities of NOB in
diseases.
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