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Abstract: Neurodegenerative diseases, namely Alzheimer’s disease and Parkinson’s disease represent
a deleterious impact worldwide. Despite extensive preclinical and clinical research in neurodegenerative disorders, therapeutic strategies aimed at the prevention and chronic treatment of neurodegenerative conditions have not been successfully translated to the clinic. Therefore, the identification of novel
pharmacological intervention derived from natural products is warranted. Nobiletin and tangeretin are
important citrus flavonoids derived from the peel and other parts of Citrus L. genus, and have been
shown to exhibit neuroprotective effects in several in vitro and in vivo studies. Apart from there antioxidant and anti-inflammatory effects, nobiletin and tangeretin have been shown to attenuate cholinergic deficits, reduce the abnormal accumulation of neurotoxic amyloid-beta peptides, reverse N-methylD-aspartate (NMDA) receptor hypofunction, ameliorate ischemic injury, inhibit hyperphosphorylation
of tau protein, enhance neprilysin levels, modulate several signaling cascades, and protect against
1-methyl-4-phenylpyridinium (MPP(+)) and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
toxicity. Taken together, these naturally occurring phytochemicals may represent beneficial drug candidates for the treatment and prevention of Alzheimer’s and Parkinson’s disease.
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1. INTRODUCTION
Improved medical care and other factors leading to a
longer life span have led to an increased incidence of neurodegenerative disorders, such as Alzheimer's disease (AD)
and Parkinson's disease (PD) [1-3]. The pathological hallmarks of AD include: (i) extracellular amyloid-β (Aβ) plaques,
(ii) neurofibrillary tangles (NFT) containing hyperphosphorylated tau - a microtubule protein, (iii) synaptic impairment, (iv)
reduced mitochondrial membrane potential and mitochondrial dysfunction, and (v) cholinergic deficits [4]. At present,
only two classes of drugs have been approved for the management of AD. These include acetylcholinesterase (AChE)
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inhibitors, such as donepezil, galantamine and rivastigmine,
and the noncompetitive N-methyl-D-aspartate (NMDA) receptor antagonist, memantine. While AchE inhibitors mitigate their effects by enhancing synaptic levels of the important neurotransmitter acetylcholine, NMDA receptor antagonists protect against neurodegeneration by attenuating glutamate-mediated excitotoxicity [5]. While these drugs can
improve cognitive decline in AD patients, they cannot prevent, stop or reverse disease progression.
Unlike AD, PD is characterized by the progressive and
diffuse loss of dopaminergic neurons in the substantia nigra
and the accumulation of Lewy bodies containing abnormal
α-synuclein aggregates in neuronal cells. PD is characterised
clinically by the evidence of tremor at rest, rigidity, bradykinesia and postural instability [6]. In these neurobiological
disorders, the etiologies of AD and PD remain to be elucidated. However, it is well understood that these diseases are
associated with oxidative stress-induced cell damage [7-9].
© 2017 Bentham Science Publishers
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Oxidative stress leads to many biological effects, including
the aggregation of abnormal protein, neuroinflammation, and
cell death [10-13]. Activated microglia may initially serve a
protective effect in the early phase of these diseases. However, hyperactivation of microglia may lead to the release of
pro-inflammatory mediators such as tumor necrosis factor
alpha (TNF-α), interleukin 1 beta (IL-1β), interleukin-6 (IL-6)
and interferon gamma (IFN-γ) [14], which may promote
degeneration of hippocampal and cortical cholinergic neurons, and substantia nigra pars compacta dopaminergic neurons. As well, these pro-inflammatory mediators can activate
astrocytes that are involved in the neuroinflammatory processes associated with the pathogenesis of AD and PD [15].
Despite intensive laboratory and clinical research over the
last few decades, effective pharmacological strategies for the
long-term treatment and prevention of AD and PD are not
yet available currently and, are necessary to overcome the
socio-economic burden arising from the incidence of these
diseases.
Numerous studies have shown the beneficial effects of
dietary flavonoids for health due to their bioactivities including antioxidant action, inhibition of tumorigenesis, reduction
of plasma cholesterol and blood sugar levels, reduction in
blood pressure, anti-inflammation, and neuroprotection [16,
17]. It is well established that flavonoids may serve as important neuroprotective agents against oxidative stress, by
directly scavenging free radicals, inducing prosurvival regulatory pathways, or indirectly enhancing endogenous antioxidant defenses mechanims. Flavonoids have been shown
to modulate numerous signaling signalling pathways including protein kinase A (PKA), protein kinase B (Akt/PKB), protein kinase C (PKC), extracellular signal–regulated kinases
(ERK1/2), p38, and c-Jun N-terminal kinases (JNK) pathways via receptors and upstream/downstream kinases [18].
The neuroprotective effects of flavonoids against oxidative
stress and amyloid-derived neurotoxicity may be mediated
by their combined antioxidant and anti-inflammatory properties, and signaling responses [19]. Furthermore, extracts of
strawberry, spinach, and blueberry, which are rich in flavonoids have been shown to improve cognitive performance in
animal and human clinical studies [20].
Recently, citrus-derived flavonoids have been shown to
exert beneficial antiallergic, anticancer, and anti-inflammatory
activities, thereby promoting cardioprotective and neuroprotective effects [21]. Citrus flavonoids have also been shown
to induce chemopreventive effects on bladder, colon, liver,
lung, prostate, mammary, and oral cancers [22]. It has been
reported that the antiproliferative activity of a citrus flavonoids is dependent on the position and number of hydroxyl
groups of the flavonoid A and B rings, number of methoxy
groups, and low polar planar structure. The hydroxyl at C-3
and the methoxy residue at C-8 are essential for the antiproliferative effects. Anti-cancer effects of flavonoids may also
involve the inactivation of kinases, and kinase inhibition,
which also regulate cell cycle arrest and cellular apoptosis
[23]. Owing to their limited toxicity in cellular and animal
models, but potent anti-inflammatory and chemopreventive
characteristics, the potential for health-promoting properties
of citrus flavonoids have been explored further in humans
[24].
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The neuroprotective effects of citrus consumption have
been previously reported. One study showed that methanol
extract of orange pulps was neuroprotective against oxidative
damage in PC12 cells [25]. Similarly, hesperidin protected
cortical neurons from oxidative injury via modulation of the
Akt and ERK1/2 signaling pathways [26]. Hesperidin also
protected cortical neurons against Aβ-associated neurotoxicity, and glutamate-induced excitotoxicity, rotenone-induced
oxidative stress and apoptosis, and increased the expression
levels of antioxidant enzymes [27]. Additionally, another
study showed that oral administration of hesperidin slowed
the degree of rat brain damage following stroke by attenuating oxidative stress and neuroinflammation [28]. Moreover,
naringenin, another flavonoid of Citrus junos, attenuated Aβassociated oxidative damage, and enhanced the memory performance of mice with scopolamine-induced amnesia [29].
Another novel and interesting compound is nobiletin; a
bioactive polymethoxylated flavone (5,6,7,8,3',4'-hexamethoxyflavone), that has been isolated from the peel of citrus
fruits including Citrus depressa (shiikuwasa), Citrus sinensis
(oranges), and Citrus limon (lemons) [30, 31]. The beneficial
effects of nobiletin have been previously investigated (Table 1).
For instance, it has been shown to ameliorate 2,4,6-trinitrobenzene sulfonic acid-induced colitis by lowering the expression of inducible nitric oxide synthase and cyclooxygenase-2 enzymes [32]. Another study showed that nobiletin
can prevent bone loss by suppressing nuclear factor-κBdependent prostaglandin E1 synthesis in osteoblasts, and
inhibiting lipopolysaccharide-stimulated activation of RAW
264.7 cells [33]. It is well-known that nobiletin has biological activities such as anti-inflammatory effects [34], anticarcinoma effects [35-40], and ameliorating scratching behavior in mice [41]. Marked increases in the mRNA expression of peroxisome proliferator-activated receptor-γ and
regulating expression of glucose transporters 1 and 4 following treatment with nobiletin have been shown to improve
insulin resistance in obese diabetic mice [42] and high-fat
diet-induced obese mice [43]. In a report, nobiletin attenuated memory decline in AD model rats by restoring βamyloid-impaired cAMP response element binding protein
phosphorylation [44]. In a case study, nobiletin could prevent the progression of cognitive impairment in donepezilpreadministered AD patients using the Alzheimer's Disease
Assessment Scale-Cognitive Subscale (ADAS-J cog) [45]. In
that study, a daily dose of 30 g of nobiletin was mixed with
500 mL of water and decocted until the volume was reduced
to 300 mL. Then, 100 mL of aliquot was given to patients
three times a day for 1 year. Moreover, other studies have
shown that nobiletin restored cognitive deficits in animal
models of AD [46, 47] and PD [48]. In a recent study, nobiletin was shown to protect against hydrogen peroxideinduced cell death in HT22 neurons via mitogen-activated
protein kinases and apoptotic pathways, and prevent the progression of cognitive impairment in donepezil-preadministered
AD patients [49].
Similarly, tangeretin is one of the most bitter citrus flavonoids with an O-polymethoxylated flavone structure
[50{Tripoli, 2007 #14968]]. There are 5 methoxyl moieties
in the chemical structure, which lead to a high hydrophobic
character [51]. Tangeretin has been widely found in both the
flavedo and albedo of different citrus fruits such as grapefruits,
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Summary of studies examining the neuroprotective effects of nobiletin.

Model

Dose

Effect

Reference

Olfactory bulbectomy
(OBX) mice

50 mg/kg

Improved OBX-induced associative memory impairment as measured using the passive
avoidance test

[80, 81]

Olfactory bulbectomy
(OBX) mice

50 mg/kg

Improved OBX-induced short-term memory impairment in the Y-maze test; improved the
density of hippocampal acetylcholinesterase (AChE)-positive fibers

[80, 81]

Rats exposed to chronic
infusion of Aβ1-40

10-50 mg/kg

Improved reference and working memory using the eight-arm radial maze test

[87]

APP-Swedish/London (SL)
7-5 Tg mice

10 mg/kg

Attenuated the memory impairments, and significantly lowered the levels of guanidinesoluble Aβ1-40 and Aβ1-42, and Aβ plaques in the brain

[88]

3XTg-AD

30 mg/kg

Improved short-term memory and recognition memory, reduced the levels of soluble Aβ1-40
in the brain these mice, and ameliorated the generation of free radicals in the hippocampus

[90]

Mice exposed to MK-801

10-50 mg/kg

Reversed the MK-801-induced impairment of context-dependent fear memory by 40-70%

[98]

PC12D cells

30-100 µM

Activated ERK signaling and cyclic AMP response element-dependent transcription

[101, 102]

Bilateral common carotid
artery occlusion mice

50 mg/kg

Enhanced short-term memory

[105]

Senescence-accelerated mice
(SAM)

10-50 mg/kg

Significant improvements in object recognition memory and attenuated context-dependent
fear memory impairment

[107]

Senescence-accelerated mice
(SAM)

10-50 mg/kg

Reversed the increase in tau phosphorylation at Ser202 and Thr231 residues in the hippocampus

[107]

HT22 cells exposed to
hydrogen peroxide

30-100 µM

Suppressed caspase 3 and Bax expression, but induced Bcl-2 expression

[108]

Senescence-accelerated mice
(SAM)

10-50 mg/kg

Attenuate the decline in the GSH/GSSG ratio, and significantly increase the activity of GPx

[109]

SK-N-SH cells

50-100 µM

Significantly increased the activity of neprilysin

[121]

Rats exposed to unilateral
injections of MPP(+)

10 mg/kg

Significantly inhibited microglial activation

[122]

Rats exposed to unilateral
injections of MPTP

50mg/kg

Ca(2+)/calmodulin-dependent protein kinase II (CaMKII) autophosphorylation and phosphorylation at Thr-34 of dopamine- and cAMP-regulated phosphoprotein-32 (DARPP-32)
in the striatum and hippocampal CA1 region were restored to control levels

[48]

tangerines, mandarins, and oranges [51]. In plants, tangeretin
acts as a defensive mechanism against pathogens. Tangeretin
possesses a range of known therapeutic effects, including
anti-hypercholesterolemic, anti-tumoric and anticarcinogenic
activities, as well as neuroprotective effects [52, 53]. In addition, tangeretin shows potent antioxidant activity, which has
an important role in its neuroprotective effects (Table 2)
[17]. The objectives of this paper were to discuss the current
literature data regarding nobiletin and tangeretin, and their
potential roles as neuroprotective agents, to provide a snapshot of the chemistry, pharmacokinetic and metabolism of
nobiletin and tangeretin, and to clarify their effects on patient
care with neurodegenerative disorders.
2. NOBILETIN
2.1. Chemistry of Nobiletin
Flavonoids (from flavus, means “pure yellow”) comprise
the most common group of polyphenolic metabolites found
in all vascular plants [54-57]. Structurally, all contain fifteen
carbons, with a common benzopyrano (chromano) moiety

derivative (C6-C3-C6) [31, 58]. Nobiletin, low molecular
weight O-metylated flavones is one of the citrus polymethoxylated flavones (PMFs). They are a class of flavone
compounds with two or more methoxyl groups, and without
glycosidic linkage, which are more hydrophobic than hydroxylated ones. Presence of six methoxyl groups on basic
flavone pattern, 5, 6, 7, 8-positions on A ring and 3’, 4’positions on B ring, incorporates a kind of extremely lipophilic structure. This lipophilic nature results in extracellular
accumulation in oil glands or in bud excretion. It is also correlated with a lot of biological effects, especially the ability
to pass through the blood-brain barrier and enter the CNS
[59].
In most plants, biosynthetic pathway of flavonoids is
complex and involves several enzymes [60]. Limited literature is available regarding the development of PMFs in citrus
plants. In general, flavones are synthesized from flavonones
by flavone synthase II (FSII). 7-O-methyl transferase; an
additional flavonoid modifying enzyme produced O-methylated
flavones. It seems that methoxylated flavonones and flavones are precursors in biosynthesis of PMFs in citrus [61].
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Table 2.
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Summary of studies examining the neuroprotective effects of tangeretin.

Model

Dose

Effect

Reference

Rats exposed to 6-OHDA

20 mg/kg

Attenuated the 6-OHDA-induced decline in both TH+ cells and ameliorated the depletion
of striatal dopamine

[128]

Chronic MPTP/probenecid
(MPTP/P) injection in mice

20 mg/kg

Upregulated the mRNA levels of UPR-target genes in dopaminergic neurons and astrocytes, and facilitated neuronal protection

[129]

HepG2

20-50 µM

Prevented apoptosis

[134]

Ischemia-reperfusion rat model

(200 mg/kg)

Attenuated brain injury

[134]

2.2. Sources of Nobiletin

2.3. Neuroprotective Effects of Nobiletin

Nobiletin along with other PMFs (such as tangeretin and
sinensetin) are unique flavonoids found in peel, seed, juice
and other parts of Citrus L. genus (Rutaceae Fam.). They are
present particularly in the outer layer of citrus fruit pericarp
[62]. These compounds are found incorporated in fresh fruits
and their hand-squeezed or industrially processed juices. To
the best of our knowledge at least 61 types of PMFs were
reported with a variety in the type of isomers and content in
different citrus species [63]. Commercial tangerine and orange peel oil contain nobiletin and tangeretin as the most
abundant PMFs [64]. The concentration of nobiletin in peel
oils of various citrus fruit sample can vary considerably; it
has been reported in orange (0.50 g/l), common mandarin
(2.00 g/l), king mandarin (0.60 g/l), clementine (0.40) and
tangerine (1.50 g/l). In citrus fruits, its estimated range is
from 7 to173 mg/kg of dry weight. The PMFs individual
content is extremely variable during the fruits development.
In some citrus species, Nobiletin, sinensetin and tangeretin
are in the highest concentration in unripe fruits, whereas
hepatomethoxyflavone is generally found in mature fruits
[65]. Several plant growth hormones could regulate the
accumulation of PMFs during fruits development. Ortuno et
al [66] studied the effects of benzylaminopurine, a growth
cytokinin hormone, on the level of PMFs in treated tangelo
Nova fruits after 7 days. The amount of PMFs in treated
fruits was increased by 20% for nobiletin and sinensetin and
12% for tangeretin.

2.3.1. Effects of Nobiletin on Cholinergic Deficits

Traditionally, citrus plants are used to treat the symptoms
of mental disorders. Citrus aurantium, commonly known as
sore orange, has been used for reducing anxiety, insomnia
and depression in some countries. The results of several
studies in animal model are in agreement with these traditional uses [67]. In Iranian traditional medicine, Citrus aurantium leaves’ oil (Narranj oil, in Persian old) have also
been used for sedative effects, locally [68]. Nobiletin has
been isolated from aqueous extract of this plant [69].
In addition, nobiletin has been isolated from different species as a new source in recent years. Laurus nobilis (Lauraceae),
Croton caudatus (Euphorbiaceae), Murraya exotica (Rutaceae), Arisaema franchetianum Engl. (Araceae), Selaginella
doederleinii (Selaginellaceae), Physalis alkekengi (Solanaceae), Ilex latifolia (Aquifoliaceae) [70-76].

A significant deficit in olfactory function has been reported in early stages of AD [77, 78]. These changes are
accompanied by progressive degeneration of the cholinergic
system in the brain leading to impairments in learning and
memory [79]. The neuroprotective effects of nobiletin (50
mg/kg, intraperitoneal [i.p.], or 50-100 mg/kg, oral [p.o.])
have been previously examined using olfactory bulbectomy
(OBX) mice following an 11-day treatment regimen [80, 81].
This mice model exhibits impaired learning and memory
induced following cholinergic deficits. Nobiletin treatment
significantly improved OBX-induced associative memory
impairment as measured using the passive avoidance test
[80, 81]. Similarly, improved short-term memory impairment
in the Y-maze test was also reported after 11 days following
treatment with nobiletin (50mg/kg p.o.) [80, 81]. Treatment
with nobiletin (50 mg/kg, intraperitoneal [i.p.], or 50-100
mg/kg, oral [p.o.]) for 11 days also improved the density of
hippocampal AChE-positive fibers by up to 32%, and therefore, increased cholinergic septohippocampal innervations
[80, 81].
2.3.2. Effects of Nobiletin on Amyloid-beta (Aβ) Pathology
The deposition of extracellular Aβ plaques represents an
important step in the pathogenesis of AD. In fact, the amyloid hypothesis suggests that the accumulation of Aβ is pivotal to the pathobiology of AD [82]. Acute injection or continuous infusion of Aβ into the brain of rodents has been
shown to induce synaptic dysfunction, neuronal loss, and cognitive deficits which mimic clinical AD [83-86]. One study
showed that daily administration of nobiletin (10-50 mg/kg,
i.p.) can improve reference and working memory using the
eight-arm radial maze test, in rats exposed to chronic infusion of Aβ1-40 into the cerebral ventricle using an osmotic
pump [87].
The potential neuroprotective effects of nobiletin have
also been examined in several transgenic mice models for
AD. Supplementation with nobiletin has been shown to improve cognitive deficits by attenuating Aβ pathology in amyloid precursor protein transgenic APP-Swedish/London (SL)
7-5 Tg [88]. These mice express human APP695 harbouring
the double SL mutations. A limited number of Aβ plaques
develop in the hippocampus and entorhinal cortex as early as
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9 months of age, and the number increased considerably by
12 months of age [89]. Deficits in spatial memory have been
reported in these mice from 3-12 months using the Morris
Water Maze test [88]. Daily administration of nobiletin (10
mg/kg, i.p.) to 9-month-old APP-SL 7-5 Tg mice attenuated
the memory impairments after 4 months in APP-SL 7-5 Tg
mice, and significantly lowered the levels of guanidinesoluble Aβ1-40 and Aβ1-42, and Aβ plaques in the brain [88].
Another study investigated the effects of nobiletin treatment on cognitive deficits and amyloid pathology in a triple
transgenic mouse model of AD (3XTg-AD). These models
have been shown to exhibit both amyloid plaques, intracellular neurofibrillary tangles containing hyperphosphorylated
tau protein, and cognitive impairments [90]. Treatment with
nobiletin (30 mg/kg) improved short-term memory and recognition memory in 3XTg-AD mice after 3 months, reduced
the levels of soluble Aβ1-40 in the brain these mice, and
ameliorated the generation of free radicals in the hippocampus of 3XTg-AD and wild-type mice [90].
2.3.3. Effects of Nobiletin on Prolonged Depression of
NMDA Receptor-Mediated Neurotransmission
Recent studies have shown that NMDA receptor hypofunction may be associated with age-related brain dysfunction [91, 92]. Numerous studies have shown that the mRNA
and protein levels of NR1/NR2B subunits are decreased in
patients with severe AD [93, 94]. Moreover, exposure to Aβ
has been shown to enhance endocytosis of NMDA receptors
in cultured primary murine neurons [95, 96]. The effects of
nobiletin on cognitive abnormalities associated with NMDA
receptor hypofunction have been previously examined [97].
In that study, MK-801, a noncompetitive NMDA receptor
blocker was used to induce alterations in NMDA receptor
function in mice. Treatment with nobiletin (10-50 mg/kg i.p.)
reversed the MK-801-induced impairment of context-dependent
fear memory by 40-70% following single daily injections of
nobiletin for seven days [98]. Similarly, treatment with 50
mg/kg nobiletin ameliorated memory deficits induced by
MK-801 by 90% [98].
It is well established that passive avoidance training can
activate extracellular signal-regulated kinase (ERK) signaling which is vital for consolidation of memory [99]. Intraneuronal amyloid-beta (Aβ) oligomers, which are critical
in the pathogenesis of AD, can induce impairments in the
regulation of ERK signaling [100]. Previous studies have
shown that nobiletin can activate ERK signaling and cyclic
AMP response element-dependent transcription in PC12D
cells in vitro [101, 102]. Repeated treatment with nobiletin
was reported to attenuate inhibition of hippocampal ERK activation due to MK-801, [98]. Nobiletin may therefore provide
renewed insight into the development of novel therapeutic
compounds targeting NMDA receptor hypofunction for the
treatment and management of symptoms of AD.
2.3.4. Effects of Nobiletin on Ischemic Injury
Ischemic injury has been shown to induce neuropathological changes similar to AD pathology [103]. For instance, arterial carotid occlusion has been shown to induce
synaptic dysfunction, memory deficits, and deposition of Aβ
oligomers in rats [104]. The effect of nobiletin on cerebral
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ischemia has been previously investigated [105]. Improvements in 5-min bilateral common carotid artery occlusion
(BCCAO)-induced associative memory impairment were
reported following treatment with 50 mg/kg nobiletin (i.p.)
for seven consecutive days pre and post brain ischemia, using the passive avoidance test. Enhanced short-term memory
was also reported in the Y-maze test. Improvements were
also reported in memory parallel to an increase in the levels
of major synaptic protein, including calcium/calmodulindependent protein kinase II (CaMKII), microtubule-associated
protein 2 (MAP2) and GluR1 in the hippocampal CA1 region [105]. These studies further suggest that nobiletin may
exert neuroprotection by activating CaMKII signaling.
2.3.5. Effects of Nobiletin on Hyperphosphorylation of Tau
Senescence-accelerated mice (SAM) has been established
as an attractive model to investigate the pathobiology of AD,
since it exhibits early onset of learning and memory deficits
and several pathological features, common to clinical AD,
notably increased oxidative stress, neurofibrillary tangles and
amyloid plaques [106]. Recently, treatment with nobiletin
(10-50 mg/kg, i.p.) administered daily for one month to
SAMP8 mice aged 4-6 months prior, showed significant
improvements in object recognition memory and attenuated
context-dependent fear memory impairment compared to
SAMP8 mice fed with a standard chow diet [107]. No significant difference was observed in anxiety-like behaviour
between nobiletin-treated, and non-treated SAMP8 mice,
suggesting that nobiletin-induced improvements on cognition
may be independent of the change into the emotional state
[107]. Additionally, treatment with nobiletin (10-50 mg/kg,
i.p.) reversed the increase in tau phosphorylation at Ser202
and Thr231 residues in the hippocampus of SAMP8 mice
[107]. Hyperphosphorylation of tau destabilises microtubules,
and inhibits axonal transport, culminating in retrograde neurodegeneration. Therefore, it is likely that nobiletin may be
an effective treatment attenuating hyperphosphorylation of
tau, and leading to improvements in learning and memory.
2.3.6. Antioxidant Effects of Nobiletin
Chronic oxidative stress plays a key role in the aging
process and is associated with the pathobiology of several
neurodegenerative diseases. The antioxidant effects of nobiletin have been well characterised [108-110]. Treatment
with nobiletin has been shown to inhibit cell death due to
hydrogen peroxide in HT22 cells [108]. In particular, nobiletin suppressed hydrogen peroxide, which induced the
expression of phospho-Jun N-terminal kinases (p-JNK) and
p-p38 without altering the levels of JNK or p38. Nobiletin
also suppressed caspase 3 and Bax expression, but induced
Bcl-2 expression in HT22 cells [108]. This suggests that the
antioxidant effects of nobiletin may be mediated through
alterations in the expression of mitogen-activated protein
kinases and inhibition of pro-apoptotic protein.
Elevated levels of lipid hydroperoxide and protein carbonyl formation, and reduced levels of endogenous antioxidants such as glutathione (GSH), and antioxidant enzymes
like a glutathione peroxidase (GPx), which have been previously reported in the brain of aged SAMP8 mice [111]. Nobiletin has been shown attenuate the decline in the GSH/
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GSSG ratio in SAMP8 mice, and significantly increase the
activity of GPx in SAMP8 mice [109]. These changes occurred parallel to a reduction in the levels of protein carbonyl; a measure of protein oxidation. The neuroprotective
effects of nobiletin may be mediated, at least in part through
regulation of endogenous antioxidant defense mechanisms in
the brain.
2.3.7. Effects of Nobiletin on Neprilysin
Neprilysin (NEP) is an important enzyme involved in the
Aβ degradation. Numerous studies have shown that NEP
declines in the brain with age, leading to increased Aβ deposition in AD [112-120]. One study showed that nobiletin
significantly increased the activity of NEP in a dose- and
time-dependent manner in SK-N-SH cells; a neuroblastoma
cell line [121]. The mRNA and protein expression of NEP
also increased in a dose and time dependent manner [121].
These findings suggest that modulation of NEP via nobiletin
may be a potential strategy to prevent the progression of AD.
2.3.8. Effects of Nobiletin on Models for Parkinson’s Disease
It has been well established, that treatment with neurotoxin, 1-Methyl-4-phenylpyridinium (MPP(+)) can damage
dopaminergic (DA) neurons in several models of PD. Treatment with nobiletin (10 mg/kg bw) significantly protected
DA neurons in the substantia nigra (SN) of rats exposed to
unilateral injections of MPP(+) [122]. Treatment with nobiletin also significantly inhibited microglial activation. This
suggests that nobiletin may protect against MPP(+) toxicity
through the suppression of neuroinflammation [122].
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oral dosing (50 mg/kg, >97% purity) [123]. The Parallel Artificial Membrane Permeability Assay (PAMPA) of nobiletin
was high at both pH 4.0 and 7.0. Moreover, an important
urinary metabolite of nobiletin, 4'-demethylnobiletin, can
ameliorate memory and learning deficits in rats and mice
[124]. Taken together, these pharmacokinetic studies suggest
that the rapid and significant brain permeability of nobiletin
is satisfactory to induce significant biological activity to produce a beneficial therapeutic effect.
3. TANGERETIN
3.1. Chemistry of Tangeretin
Tangeretin (Fig. 1) is a low molecular weight (average
mass 372.369 Da and molecular formula, C20H20O7) secondary metabolite belonging to the flavonoid class of polyphenols. The simplest structural analogue of tangeretin (3) within
flavone structural subclasses is apigenin (1). As shown in Fig.
(1), the characteristic structural features of flavones are the
presence of two aromatic rings (ring A and B) joined together by the three carbon chain that cyclises to form ring C;
the presence of double bond at C2/C3 position; and the lack
of oxygenation at the C-3 position. Biosynthetically, tangeretin is likely to derive from its closest structural analogue,
5,6,7,8,4'-pentahydroxyflavone (nortangeretin, 2). Methoxylation of all the hydroxyl groups of nortangeretin can lead to
the polymethoxy flavone, tangeretin (5,6,7,8,4'-pentamethoxyflavone, 3).

Another study investigated the effect of nobiletin on 1methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced
motor and cognitive deficits [48]. Treatment with nobiletin
(50mg/kg i.p.) improved motor deficits seen in MPTPinduced Parkinsonian model mice by 2 weeks. The effect was
maintained for an additional 2 weeks following drug withdrawal. However, treatment with nobiletin failed to rescue
dopaminergic neurons from MPTP-mediated toxicity, and no
significant effect was reported on striatal or hippocampal
tyrosine hydroxylase (TH) protein levels. Despite this, the
levels of Ca(2+)/calmodulin-dependent protein kinase II
(CaMKII) autophosphorylation and phosphorylation at Thr34 of dopamine- and cAMP-regulated phosphoprotein-32
(DARPP-32) in the striatum and hippocampal CA1 region
were restored to the levels reported in sham-operated mice.
Nobiletin treatment also attenuated decline in dopamine levels in the striatum and hippocampal CA1 region [48].

(a)

(b)

(c)

2.4. Bioavailability of Nobiletin
Bioavailability represents a critical factor for the development of therapeutic compounds for the treatment of neurodegenerative disorders such as AD and PD. The ability for
drugs to permeate the blood brain barrier (BBB) can limit the
therapeutic application of drugs used to treat disorders of the
central nervous system. Studies using high-performance liquid chromatography (HPLC) and positron emission tomography (PET) have shown that nobiletin can cross the BBB
[123]. Maximal concentrations in plasma and brain (1.78 and
4.20 μg/ml) have been achieved after 1 hour following single

Fig. (1). The structure of (a) tangeretin and its structural analogues
(b) nortangeretin and (c) apigenin.

3.2. Sources of Tangeretin
Tangeretin and many other polymethoxylated flavonoids
are abundantly found in the genus Citrus where they are particularly concentrated within fruit peels. Many other natural
sources of tangeretin in lower quantities have been reported,
such as Fructus species [125]. Due to their high prevalence
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in citrus fruits and their varying degree of concentration between species, tangeretin and other related polymethoxylated
flavonoids are routinely used for quality control of citrus
juices. Hence, the main source of tangeretin to humans, to
date, is via the dietary intake of citrus products. Tangerine
(Citrus tangerina), sweet orange (Citrus sinensis) and bitter
orange (Citrus aurantium) fruit peels are particularly known
for their high tangeretin content, along with the 4’methoxylated derivative of tangeretin and nobiletin.
The numerous pharmacological activities of tangeretin
and related compounds reported in the past few decades have
prompted many laboratories to focus on the development of
extraction methodologies for tangeretin and related polymethoxylated derivatives. The high lipophilicity of these
compounds means that they are readily extractable with organic solvents and supercritical carbon dioxide [126]. In
view of obtaining a reliable supply of these compounds
through chemical synthesis, a complete synthetic approach
has also been designed [127].
3.3. Neuroprotective Effects of Tangeretin
3.3.1. Parkinson’s Disease
The neuroprotective effects of tangeretin, a citrus flavonoid, have been evaluated in models for PD [128]. One study
showed that a unilateral infusion of 6-hydroxydopamine (6OHDA; 8 µg), the dopaminergic neurotoxin, onto the medial
forebrain bundle substantially lowered the number of tyrosine hydroxylase positive (TH+) cells in the substantia nigra
and reduced striatal dopamine content in control vehicle
treated rats [128]. Treatment with high doses of tangeretin
(20 mg/kg/day for 4 days; p.o.) attenuated the 6-OHDAinduced decline in both TH+ cells and ameliorated the depletion of striatal dopamine [128]. This represents the first in
vivo study to suggest that tangeretin can cross the bloodbrain barrier effectively, mediating a neuroprotective effect
in the brain.
Another study examined the effect of tangeretin against
chronic MPTP/probenecid (MPTP/P) injection in mice
[129]. This murine model for PD has been previously shown
to induce damage to dopaminergic neurons, and a hyperactivation of the unfolded protein response (UPR), and ATF6α
and PERK/eIF2α/ATF4 in particular. Moreover, neuronal
degeneration and ubiquitin accumulation are enhanced following MPTP/P injection in ATF6α -/- mice, in line with a
decrease in astroglial activation, impaired synthesis of the
brain-derived neurotrophic factor (BDNF), and lowered the
mRNA expression of heme oxygenase-1 (HO-1) and xCT,
two important antioxidant genes. These changes have been
associated with reduced expressions of both GRP78, an
ATF6α-dependent molecular chaperone in the endoplasmic
reticulum, and the ATF4-dependent pro-apoptotic gene
CHOP [130]. Oral administration of tangeretin upregulated
the mRNA levels of UPR-target genes in dopaminergic neurons and astrocytes, and facilitated neuronal protection following MPTP/P injections [129]. These data suggest that the
neuroprotective effects of tangeretin on the maintenance of
striato-nigral integrity may be mediated at least partially
through activated astrocytes.
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3.3.2. Neurogenesis and Cognition
It is well established that the cAMP response element
(CRE) transcription is dysregulated in several neurodegenerative disorders [131]. Tangeretin, along with five other
citrus-derived flavonoids: nobiletin, 5-demethylnobiletin, sinensetin, 6-demethoxytangeretin, and 6-demethoxynobiletin, has
been reported to stimulate CRE-dependent transcription and
promote neurite outgrowth in PC12D cells [81] and hippocampal neurons [132]. Moreover, the cAMP/PKA/ERK/
CREB signalling pathway is crucial for learning and memory
[133]. These findings suggest that tangeretin may mediate
neuroprotection through CRE-mediated transcription linked
to the upstream cAMP/PKA/ERK/CREB pathway in neuronal cells.
3.3.3. Ischemic Stroke
It is well established that ischemic stroke occurs in response to cerebral injury following prolonged ischemia by
occlusion of the cerebral arteries [134]. Tangeretin, the main
bioactive compound of Aurantii Immatri Pericarpium
(HY5356), has been shown to improve cell viability and prevent apoptosis of human hepatocellular carcinoma cells
(HepG2) exposed to hypoxic conditions [134]. Moreover,
intraperitoneal injection of HY5356 (200 mg/kg) or tangeretin (200 mg/kg) before occlusion attenuated brain injury
in a rat model of ischemia-reperfusion [134].
3.4. Bioavailability of Tangeretin
The absence of free hydroxyl groups in the structure of
tangeretin suggests high lipophilicity and low water solubility, resulting in low bioavailability. As this physicochemical
characteristic is a major limiting factor for the application of
tangeretin in medicine and as part of nutraceutical preparations, various formulations need to be investigated to enhance its bioavailability. By using viscoelastic emulsion,
Ting et al. [135] have shown that the oral bioavailability of
tangeretin in experimental animals increased 2.3 fold when
incorporated in unformulated oil suspension. The authors
have also demonstrated through in vitro lipolysis studies that
emulsified tangeretin was digested and became bioaccessible
much faster than an oil suspension of unprocessed tangeretin.
Once absorbed, tangeretin is known to be converted in to
demethylated and hydroxylated products [136]. The occurrence of glucuronide products at substantially higher concentrations than aglycone metabolites in rat blood serum and the
detection of low levels of tangeretin and its metabolites 24 h
after treatment have also been reported [137].
One study compared the pharmacokinetics of both
nobiletin and tangeretin in rats by oral gavage and intraperitoneal injections [138]. Using high performance liquid
chromatography electrospray ionization mass spectrometry
(HPLC-ESI-MS) to measure blood serum concentrations, the
study showed a 10-fold higher absorption of nobiletin compared to tangeretin at the same oral dose (50 mg/kg). The
maximum levels of glucuronidated metabolite were reported
in the blood serum at 5-8 hours, and at higher levels than
aglycone metabolites. This suggests that nobiletin may be
more bioavailable than tangeretin [138]. The bioavailability
profile of tangeretin in humans remains to be explored, as do
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the various options for enhancing its pharmacological effects
through formulation studies.

Braidy et al.
[3]
[4]

CONCLUSION AND FUTURE PROSPECTS
The cytoprotective effects of nobiletin and tangeretin
against AD and other neurodegenerative disorders have been
clearly demonstrated, although the exact molecular targets
remain unclear. Therefore, further studies aimed at elucidating the primary molecular targets of nobiletin and tangeretin
in the central nervous system using -omics-based approaches
are warranted. Additionally, phase II clinical trials in patients
with neurodegenerative disorders are necessary to confirm
whether the neuroprotective effects of nobiletin and tangeretin can be successfully translated to the clinic. A recent
pilot clinical study showed that treatment with nobiletin-rich
C. Reticulate peel extracts can slow down cognitive decline
in AD patients treated with donepezil, and no adverse effects
were reported [139]. Nevertheless, larger clinical trials are
necessary to confirm the efficacy of nobiletin and/or tangeretin as safe and effective therapeutic strategies for AD
and related neurodegenerative disorders.
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