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Abstract

Neurodegenerative diseases such as Alzheimer’s disease (AD) and Parkinson’s disease (PD) enforce an overwhelming
social and economic burden on society. They are primarily characterized through the accumulation of modified proteins,
which further trigger biological responses such as inflammation, oxidative stress, excitotoxicity and modulation
of signalling pathways. In a hope for cure, these diseases have been studied extensively over the last decade to
successfully develop symptom-oriented therapies. However, so far no definite cure has been found. Therefore,
there is a need to identify a class of drug capable of reversing neural damage and preventing further neural
death. This review therefore assesses the reliability of the neuroprotective benefits of epigallocatechin-gallate
(EGCG) by shedding light on their biological, pharmacological, antioxidant and metal chelation properties, with
emphasis on their ability to invoke a range of cellular mechanisms in the brain. It also discusses the possible use
of nanotechnology to enhance the neuroprotective benefits of EGCG.
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Introduction
Neurodegenerative diseases impose a significant social
and economic burden. Since the population of developed
countries are rapidly aging, age related disorders have
become predominant. AD is the most common neurode-
generative disease with projected prevalence figures of
81 million people by 2040 [1]. It clinically characterized
by the presence of extracellular amyloid plaques and
intracellular neurofibrillary tangles that instigate the
selective loss of neurons in the cerebral cortex and
hippocampus through several mechanisms. Proposed
mechanisms include microglia-triggered inflammation,
over activation of glutamate receptors, increased intra-
cellular calcium levels, generation of nitric oxide species,
release of free radicals, mitochondrial dysfunction, syn-
aptic dysfunction and loss [2]. PD on the other hand is
the second most common neurodegenerative disease
with projected prevalence figures of 7.1 million people
by 2025 [1]. It is clinically characterized by the presence
resting tremors, bradykinesia and rigidity triggered
through dopaminergic neuronal loss in the substantia

nigra. An important feature of PD is the presence of
lewy bodies that are mainly composed of ubiquinated α-
synuclein, neurofilament, synaptic vesicle protein and
parkin. These lewy bodies trigger multiple mechanisms
in the brain including mitochondrial dysfunction, release
of free radicals, generation of nitric oxide species, JNK
pathway activated apoptosis, microglia-triggered inflam-
mation and disruption of protein degradation pathways
[2] (Fig. 1).
Currently there is no effective treatment for either

disease. As marketed therapeutic drugs are predomin-
antly symptom-oriented with multiple side effects,
where the adversity of the side effect increases in a dose
dependent manner. They are therefore useful as long as
their benefits outweigh any side effect [3]. Other highly
specific interfering drugs currently being studied also
do more harm than good, for instance, if we block sig-
nal peptidases for amyloid precursor processing to pre-
vent plaques, we end blocking the other functions of
the said secretase in the process [4]. Therefore there is
a need to develop therapeutic agents with lower side
effects and a broader spectrum of targets to not only treat
the symptoms but also potentially reverse the pathology of
the disease.
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In the last decade, green tea polyphenols particularly
its active component EGCG has gained a lot of attention
as a potential therapeutic agent for preventing neurode-
generative [5, 6], inflammatory diseases [7] and cancer
[8, 9] mainly due to their beneficial effects on human
health. This ability is mostly attributed to their antioxi-
dant [5, 6], radical scavenging [6], metal chelating [6, 9],
anti-carcinogenic [9], anti-apoptotic [5, 6, 10] and anti-
inflammatory properties [7]. Extensive research on
EGCG have brought into light their potential to promote

healthy ageing by improving the morphologic and func-
tional alterations that occur in a natural ageing brain,
their ability to suppress cognitive dysfunction [11], in-
crease the learning ability [12] and reduce oxidative
damage in the brain [12, 13].
Studies with PD have reported EGCG’s potential to at-

tenuate apoptosis, supress accumulation of reactive oxy-
gen species and free intracellular calcium, alter signalling
pathways, lower nitric oxide levels and reduce oxidative
stress [5]. While in case of AD, inhibition of reactive

Fig. 1 Proposed mechanism of Neurodegeneration in Alzheimer’s Disease and Parkinson’s Disease. Abbreviations: Akt – is another name for protein
kinase B, GSK 3β – Glycogen synthase kinase 3 beta, JNK – c-Jun N-terminal kinases, Misfolded α-syn – Modified alpha synuclein, REDD1 – regulated in
development and DNA damage responses 1, ROS – reactive oxygen species
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oxygen species accumulation, promotion of beta amyloid
degradation, reduction in the production of beta amyloid,
lower levels of beta and gamma secretase activity, higher
levels of alpha secretase activity and suppression in phos-
phorylation of tau protein has been noted [14].
Therefore, in line with this evidence, added attention

is being paid towards studying the neuroprotective and
neurorescue roles of EGCG, in addition to their antioxi-
dant, metal chelation and radical scavenging properties
[14]. Important advances have been made in under-
standing the molecular events that cause the decline of
signal transduction in neurodegenerative diseases and
the role that EGCG plays in the modulation of these sig-
nalling pathways, particularly, their effect on cell death,
survival genes [15] and signalling pathways such as mito-
gen activated protein kinase (MAPK), protein kinase C
(PKC), protein kinase A and phosphatidylinostide 3-OH
kinase/AKT pathways [16, 17]. So, here we will focus on
the role of EGCG and its molecular mechanisms of neuro-
protective action.

Current status of knowledge
Green tea polyphenols
Green tea is a traditional drink made from Camellia
sinesis plant, widely consumed in Asian countries [18].
They are broadly made up of 4 derivatives based on their
structural variations, including; epicatechin (EC), epi-
gallocatechin (EGC), epicatechin gallate (ECG) and
epigallocatechin-3-gallate (EGCG) (Fig. 2). Where, EGCG
accounts for about 10 % of the extract dry weight [18, 19]

and 50–80 % i.e. 200–300 mg in a brewed cup of green
tea [20].
A few human studies have looked into the beneficial ef-

fect of tea consumption and have reported an inverse dose
response relation between green tea consumption and
cognitive dysfunction in dementia, AD and PD [21, 22].
Case controlled studies in Japan and United states have
shown that consumption of 2 or more cups of tea per day
reduced the prevalence of cognitive impairment [23, 24]
and decreased the risk of PD [25, 26]. In support to this
finding a 13 years long Finnish study with 30,000 adults
aged 25–74 years also reported reduced risk of PD when 3
or more cups of tea were consumed per day [27]. In a
more recent large scale cohort 20 year follow up analysis
with approximately 50,000 men and 80,000 women,
EGCG intake was found to be associated with 40 % lower
PD risk [28]. Several case-controlled and cohort studies
across North American, European and Asian populations
have reported lower PD risk with tea consumption, how-
ever this effect was more significant in Asian populations
[29]. Particularly, in Chinese populations a 28 % lower PD
risk has been reported with tea consumption (3 cups/day
for 10 years) [30]. These studies therefore suggest the
presence of a relationship between tea consumption and
lower rates of neurodegenerative disorders.
The metabolism of green tea polyphenols in the body

has been also been studied. It was reported that green
tea polyphenols are absorbed, distributed, metabolised
and excreted from the body within 24 hours. In human
studies, when 1.2 g of decaffeinated green tea was

Fig. 2 Structure of Green Tea Catechins and its four derivatives. Namely, Epicatechin, Epigallocatechin, Epicatechin-3-Gallate and Epigallocatechin-3-Gallate
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ingested, plasma levels ranged between 46 – 268 ng/ml
within 1 hour of ingestion with cumulative excretion
levels in the first 24 hours ranging from 1.6 – 3.2 mg
[31]. With ingestion of five cups of tea in a day, the
green tea polyphenol concentration in the plasma in-
creased by twelve folds [8], which is enough to exert
antioxidant activity against oxidative damage [32]. This
data was further supported by animal studies, where
administration 35 mg/kg/day of green tea polyphenols
prevented not only oxidative damage and memory re-
gression but also sufficiently delayed senescence [12].
EGCG has been reported to be more effective as radical

scavengers when compared to vitamin E and C [19].
Within the derivatives the order of protective effects in
vitro has been reported to be; ECG > EGCG>EC > EGC
[33] and their order of antioxidant potential; EGCG ≥
ECG> EGC> EC [34]. The radical scavenging property has
been attributed to the presence of an ortho-3’, 4’-dihydroxy
moiety or an ortho-trihydroxyl group not their steric struc-
tures. In addition, with increase in the number of hydroxyls,
the radical scavenging property becomes stronger, implying
EGCG has stronger scavenging activity as they possess a tri-
hydroxyl group in the B ring and also contain a galloyl
moiety with three hydroxyl groups in the C ring [19].
In addition to the radical scavenging properties, EGCG

also possess metal chelating properties. The two struc-
tures which give this compound its property of metal
chelation include the ortho-3’, 4’-dihydroxy moiety and
the 4-keto, 3-hydroxyl or 4-keto and 5-hydroxyl moiety
[35]. These structures act as points of attachment for
transition metals and neutralize their activity by convert-
ing their active form into a redox inactive complex to
prevents oxidative damage of cells [36].
However, before EGCG’s role in neuroprotection can

be established it is first important to determine whether
EGCG is capable of crossing the blood brain barrier
(BBB). In vitro studies with brain endothelial cell lines
co-cultured with astrocytes have reported the successful
diffusion of many flavonoids [37], which is also sup-
ported by in vivo studies. Oral administration of EGCG
for a period of 5 days and EC for a period of 10 days has
reported the presence of both compounds in brain tissue
samples [38, 39]. Thereby implying that EGCG is cap-
able of diffusing and localize in the brain.

EGCG a potential therapeutic agent for
neurodegenerative diseases
Neurodegenerative diseases are characterized by differ-
ent structural and pathological conditions including the
accumulation of modified or diseased proteins such as
α-synuclein in PD [40], β-amyloid peptide and tau protein
in AD [3, 41] that further contribute towards inflamma-
tion [42], elevate expression levels of pro-apoptotic pro-
teins [43, 44], trigger glutamatergic excitotoxicity [45],

iron accumulation [46] and oxidative stress [47]. It is
therefore necessary to look for drugs capable of simultan-
eously manipulate multiple desired targets and exerting
higher therapeutic effectiveness [48]. Since EGCG has a
broad spectrum of biological and pharmacological ac-
tivities, it can be measured as a much-anticipated
therapeutic agent in the treatment of neurodegenerative
diseases (Fig. 3) [49–54].
AD is an age-dependent neurodegenerative disease

that instigates gradual deterioration of cognitive functions
including memory loss and impairment in reasoning along
with irreversible neuron loss. Neuropathologically, the
hallmarks of AD include positive lesions such as amyloid
plaques, neurofibrillary tangles, glial responses and cere-
bral amyloid angiopathy along with negative lesions such
as neuronal loss and synaptic loss. The important bio-
markers in AD pathology are considered to be phosphory-
lated tau protein (P-tau) and the 42 amino acid form of
beta amyloid (Aβ42). Therefore agents that inhibit the for-
mation of these 2 biomarkers can be used in the preven-
tion of AD [55]. For instance in vitro studies, where
neuronal cells were treated with 10 μM EGCG showed a
protective effect against Aβ-induced cytotoxicity, either
via the activation of the Akt signalling pathway [56] or by
increasing the levels of acetylcholine, by EGCG acting as
an acetylcholinesterase inhibitor [57]. While, the neuro-
protective effects against Aβ-induced neuronal apoptosis
were produced via its ability to efficiently scavenge re-
active oxygen species [58]. EGCG has also shown the
potential to inhibit Al (III) induced Aβ42 fibrillation
and significantly reduce this Aβ42 fibrillation by pre-
venting further conversion of Aβ42 monomers into a
folded conformation. At the same time, it also has the
ability to remold the preformed, mature, toxic fibrils
into low toxic amorphous aggregates. Moreover, it
could be implied that EGCG basically reverses the con-
formation of the complexes formed between Al (III)
and Aβ42 in order to inhibit and remold Aβ42 fibrilla-
tion [Unpublished observations]. In addition to EGCG’s
ability to reduce Aβ42 fibrillation, it also inhibits the ag-
gregation of tau protein into toxic oligomers and at the
same time remold existing oligomers to an unfolded
monomeric state to rescue neuronal cells from tau-
induced neurotoxicity [59]. EGCG administration in
Alzheimer transgenic mice regulated the tau profile and
markedly suppressed the phosphorylated tau isoforms
[60]. This clearance of the phosphorylated tau isoforms
occurred in a highly specific manner through the adaptor
protein expression [61]. Furthermore, long-term oral ad-
ministration of EGCG also reported significant improve-
ment in spatial cognitive learning ability in rats [60, 62].
These studies therefore, demonstrate EGCG’s ability to
reduce Aβ and tau toxicity and inhibit apoptosis, thus
showing its potential for prevention of AD.
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PD is the second most common neurodegenerative
disease. It is characterized by features such as rigidity, pos-
tural instability and slowness of movement and tremors
along with cognitive and psychiatric deficits. Neuropatho-
logically, the hallmarks of PD include misfolding and ag-
gregation of α-synuclein protein, damage and loss of
dopamine (DA) neurons in the substantia nigra pars com-
pacta (SN) along with oxidative stress caused due to mito-
chondrial dysfunction [63]. Therefore, agents that would
target these hallmarks could be considered as important
candidates for the treatment of PD. Oral administration of
EGCG (2 and 10 mg/kg) in vivo, has shown to signifi-
cantly reduce DA neuron loss in the SN and also prevent
striatal DA and tyrosine hydroxylase protein level deple-
tion [64]. In addition EGCG (200 μM) has also exhibited
significant inhibitory effects against oxidative stress in-
duced apoptosis [10]. These studies therefore suggest
EGCG’s potential use as a therapeutic agent in the treat-
ment of PD.

Neuroprotective properties of EGCG
Green tea polyphenols are known to possess neuropro-
tective and neurorescue action. In particular, EGCG has
shown to increase cell viability, decrease reactive oxygen
species [65] and expression levels of endoplasmic reticulum
stress markers and apoptotic markers [66, 67]. They also
protect cells against mitochondrial dysfunction [68], 6-
hydroxydopamine (6-OHDA) induced toxicity [69],

apoptosis induced by mitochondrial oxidative stress
[70] and glutamate excitotoxicity [71]. EGCG also pre-
serves mitochondrial energetics [72] and limits the in-
flammation of the brain and neuronal damage [73, 74],
which in turn prolongs the onset of symptoms, life span
[75], cognitive skill and learning ability of the patient
[62, 76, 77]. Not only does EGCG exert neuroprotective
effects, it also wields neurorescue activity by promoting
neurite growth [78]. Which, makes EGCG a good candi-
date for a potent disease-modifying agent with neurores-
cue and neuroprotective properties [79].

Free radical scavenging and antioxidant action
Reactive oxygen and nitrogen species such as nitrite
oxide, superoxide and hydroxyl free radicals are naturally
produced to assist the host system in defence against
oxidative stress and inflammation triggered through
pathogens and infectious agents. But these species have
a two faced nature, when overproduced in the body, they
initiate a deleterious process making them a mediator to
cell structure damage including DNA, proteins and lipids,
which eventually leads to apoptosis and cell death [80].
Green tea polyphenols are biological antioxidants with

radical scavenging properties. Among the green tea poly-
phenol family, EGCG and ECG are the most potent radical
scavengers. This is attributed to the presence of an ortho-
trihydroxyl group in the B ring [19], 4-keto and 5-hydroxyl
group in the C ring i.e. the galloyl moiety [35] and the A

Fig. 3 Green tea polyphenols – a potential therapeutic agent for Neurodegenerative Diseases, Aging, Cancer, Inflammatory Diseases, Stroke,
Metabolic Disorders, Obesity and Cardiovascular Diseases
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ring in their structures. Also, the difference between
antioxidant activities of EGCG and ECG is slight and is
attributed to the number of hydroxyl groups each pos-
sesses [81]. In general they can scavenge 1,1-diphenyl-3-
picrylhydrazyl radicals, peroxyl radicals [82], nitric oxide,
lipid free radicals, singlet oxygen, peroxynitrite [83], hy-
droxyl free radicals and superoxide anion radicals [84]
through three possible mechanisms. First, by chelating
metal ions to their inactive forms [85]. Second, by direct
interaction between catechins and peroxyl radical via a
fast mechanism of electron (H-atom) transfer, to prevent
DNA strand breakage [86]. And third, by preventing the
deaminating ability of free radicals by forming stable semi-
quinone free radicals [87].
Oral administration of EGCG, in vivo has reported sig-

nificant reduction in levels of lipid peroxidation products
with elevated levels of enzymatic and non-enzymatic anti-
oxidants [88]. Complete reversal of the damaging effects
of AlCl3 on superoxide dismutase activity was noted along
with markedly improvement in glutathione peroxidase,
cytochrome C oxidase and acetylcholinesterase activity
[89]. To better understand the antioxidant potential of
EGCG, it was administered long-term in both young and
old rats. Significant improvement in enzymatic and non-
enzymatic antioxidant levels, 50 % reduction in the levels
of malondialdehyde and 39 % reduction in protein car-
bonyl levels was also reported in both rats. Even with the
reduction in dose from 100 mg/kg body weight to 2 mg/kg
the same effects was observed [9, 90].
Consumption of green tea polyphenols in humans has

shown to increase the antioxidant levels in the body.
Long-term consumption of approximately 2-3 cups a day
has reported an increase in both total antioxidant activity
and total polyphenol content with a decrease in peroxide
levels, glutathione levels and lipid hydroperoxide levels
[91, 92]. Suggesting, that green tea polyphenols like EGCG
could directly or indirectly regulate the antioxidant levels
to reduce oxidative stress.
In addition to deterring oxidative stress, EGCG has

also shown to hinder inflammation. It is a potent inhibi-
tor of leukocyte elastase, which mediates the activation
of matrix metalloproteinases (MMP) MMP-2 and MMP-
9, which further trigger inflammation [93]. Oral admin-
istration of EGCG in vivo has also shown to significantly
reduce inflammation in pulmonary fibrosis, block neu-
trophil mediated angiogenesis in inflammatory models
[94] and also inhibit proinflammatory mediators such as
myeloperoxidases in a dose dependent manner [95]. Im-
plying that EGCG is a potent anti-inflammatory agent
with therapeutic potential.

Iron chelating activity
Iron accumulation is one of the major pathologies of
neurodegenerative diseases causing neuron death at the

site of iron accumulation [96]. This has generated a need
for iron chelators such as EGCG. The mechanism of ac-
tion involves the attachment of transition metal ions at
two points: 3’4’-dihydroxy position in the B ring and the
4-keto, 3-hydroxy or 4 keto and 5-hydroxy in the C ring,
which then inhibits the formation of transition metal
catalyzed free radicals providing antioxidant and neuro-
protective effects [35, 97]. Iron accumulation only occurs
when the ionic iron participates in the Fenton reaction
leading to the generation of reactive oxidative species,
which triggers oxidative stress and activates the inflam-
matory cascade. In the process, activating primary and
secondary messengers including cytokines (TNF α, IL-1
and IL-6), mast cells, histamine, transient receptor po-
tential channels (TRP), acid sensing ion channels
(ASIC), sodium channels and nuclear factor kappa-light-
chain-enhancer of activated B cells (NF – kB) [98].
In the PD brain iron accumulation induces oxidative

stress and reduction in the levels of neuromelanin that
are visible well before the clinical manifestation of the
disease develop, in vivo [99]. This accumulation of iron,
directly or indirectly induces α-synuclein fibril forma-
tion, which then acts in concert with dopamine to in-
duce the formation of lewy bodies and cause cell death
[100]. However, in case of AD iron accumulation occurs
in specific areas of the brain demonstrating it’s selective
vulnerability of specific regions of the brain including the
cerebral cortex, hippocampus and basal nucleus of mey-
nert. Colocalization in lesions, plaques and neurofibrillary
tangles along amyloid beta deposition; phosphorylation of
tau protein and tangle formation was also noted. Since,
these sites are centers of memory and thought, with the
progression of the disease, in the form of neuronal death,
these processes are gradually lost [101].
Treatment with EGCG for iron accumulation in AD

and PD has portrayed its ability to regulate APP through
the iron responsive element and at same time reduce the
toxic levels of amyloid beta peptide [102]. Suppression
of TNF – alpha and IL-1 beta levels along with inhib-
ition of NF-kB activity was also noted in vitro, implying
that EGCG’s iron chelating property plays an important
role in these protective effects [103]. The kinetics and
mechanisms of complex formation between iron and
EGCG has reported that one molecule of EGCG is cap-
able of reducing up to four iron (III) species [104]. In
addition through interaction with Ngal, a biomarker for
acute kidney injury, EGCG inhibits the chemical activity of
iron by forming a stable Ngal-EGCG-Iron complex [105].
Making, EGCG a powerful metal chelating antioxidant.

Lipid peroxidation
EGCG has been reported to protect from lipid peroxidation
and DNA deamination by guarding cells from the initiators
of lipid peroxidation i.e. t-butylhydroperoxide [106], 6-
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hydroxydopamine [107], iron [108], ultraviolet radiation
[109], hydrogen peroxide [110] and 3-hydroxykynurenine
[111]. In vivo studies designed to investigate the effect of
EGCG on lipid peroxidation have reported a significant
reduction in the extent of lipid peroxidation when thiobar-
bituric reactive substances (TBARS) levels were measured
[112]. Along with a significant decrease in the levels of lipid
peroxidation markers namely lipid hydroperoxides, 4-
hydroxynoneal and malondialdehyde, with an increase
in glutathione peroxidase activity and reduced glutathi-
one concentrations [113]. Thereby, implying that EGCG is
capable of protecting cells against lipid peroxidation.

Modulation of cell signalling pathways, cell survival
and death genes
EGCG protects not only through their antioxidant po-
tential but also through the modulation of signalling
pathways, cell survival and cell death genes. They inter-
act directly with neurotransmitter receptor, downstream
protein kinases or signalling cascades such as PKC, Akt
and MAPK signalling pathways. This interaction be-
tween EGCG and the signalling cascade further dictates
the response of the cell to environment or the stressor,
ultimately leading to responses such as cell proliferation,
apoptosis, synthesis of inflammatory mediators and neurite
growth [114, 115].

Activation of PKC signalling pathway
PKC is the largest serine/threonine kinase family, making
up almost 2 % of the human kinome. It is critical for nor-
mal cell growth [116] and plays an important role in the
cell signalling machinery including its integral role in
transduction pathways for hormones and growth factors.
It also has an important role in the amalgamation of
different types of memories [117]. An increase in PKC ex-
pression could potentially enhance memory, cognition
and learning along with anti-dementia action [118] which,
in turn would restore the normal PKC signalling. Con-
sequently stimulation of neurotrophic activity, synaptic
remodelling and synaptogenesis leads to the reduction
of amyloid beta accumulation, tau hyperphosphoryla-
tion and apoptotic processes in the brain [119]. Making
PKC activation in the neurons a prerequisite for neuro-
protection [120].
The 12 isoforms of PKC are categorized into 3 subclasses

based on their activators: conventional (α, βI, βII, γ), novel
(δ, ε, θ, η, μ) and atypical (ι, λ, ζ). Here conventional iso-
forms are activated via phospholipids such as phosphatidyl-
serine (PS), diacylglycerol (DAG) and Ca2+, whereas PS
and DA activate novel isoforms as they lack Ca2+ binding
site. Atypical isoforms are insensitive to both DAG and
Ca2+ and are thus activated by phosphatidylinositols, phos-
phatidic acid, arachidonic acid and ceramide [121, 122].
The mechanism for PKC activation requires: first the

phosphorylation of 3 distinct sites within the activation
loop, turn motif and hydrophobic domain. Followed by
binding of DAG and PS to promote the conformational ac-
tivation of the proteins [123].
PKC isoforms are mainly targets for survival signalling.

For instance, in vitro, EGCG effectively increases expres-
sion levels of PKC, in order activate the normal PKC sig-
nalling pathway. This activation offers neuroprotection
against amyloid beta neurotoxicity, serum withdrawal, 6-
OHDA and provides neurorescue action against neur-
onal cell damage [18, 78] along with rapid translocation
and activation of Phospholipase D (PLD) in astroglioma
cells [124]. Long term administration of EGCG has also
shown to effectively protect against 6-OHDA and 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) tox-
icity, as enhanced expression levels of PKCα and PKCε
have been observed. In addition, upregulation of previ-
ously depleted levels of PKCα has also been noted with
further activation of Bcl – 2, signal related kinases –
ERK 1, ERK 2 with a reduction in the levels of proapop-
totic caspase 6, bax, bad, TRAIL and fas ligand [125].
Moreover, EGCG efficiently prevents the dissipation of
the mitochondrial membrane potential with reduction in
Bad levels [17, 126]. With PKC inhibition this protective
effect was also abolished suggesting that these protective
effects were PKC mediated.
In AD, amyloid beta fibrillation in particular was

inhibited via the PKC signalling pathway. Where the fi-
brils generated due to the extracellular deposition of
beta amyloid peptide, derived via the proteolytic cleav-
age of amyloid precursor protein (APP) by β and γ
secretase instead of α secretase [127, 128] were inhib-
ited when treated with EGCG in both cell and animal
models. Transgenic studies have also suggested that
these diminished levels of beta amyloid peptide and
plaques stemmed due to the enhanced levels of PKC
isoforms and α secretase expression [109, 129] which,
implied that EGCG induced non-amyloidogenic sAPPα
release and inhibited the generation of beta amyloid
peptide via the PKC dependent activation of α secre-
tase. To support this data transgenic studies with over-
expression of PKCε reported significant decrease in
beta amyloid peptide levels, plaque burden, reactive
astrocytosis and neuritic dystrophy with increase in ac-
tivity of endothelial converting enzyme that degraded
the beta amyloid peptide and inhibited amyloid beta
fibrillation [130].
In PD, treatment with EGCG has shown to induce a

dose dependent inhibitory effect on DA presynaptic
transporters (DAT) in the dopaminergic cells where
PKC activation regulates DAT internalization and en-
hances synaptic DA levels. Also, this effect was completely
abolished when PKC activation was blocked [131]. EGCG
also inhibited the activity of catechol-O-methyltransferase
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(COMT) and in turn inhibited COMT catalysed methyla-
tion of endogenous and exogenous compounds, delivering
a neuroprotective effect in both animal and cell models of
PD [132].

Inhibition of MAPK signalling pathway
Mitogen activated protein kinases (MAPK) belong to a
large family of serine/threonine kinases. They are im-
portant members of the signalling cascades involved in
cell proliferation, inflammation, cytokine and inducible
nitric oxide synthase expression [133]. MAPKs can be
classified into 3 classes including ERK1/2 (p42/p44), c-
Jun N-terminal kinase (JNK) and p38 [134]. Where ERK
act as a determinant for cell growth, cell survival, motil-
ity, cell differentiation and pro-survival signalling [135].
JNK also known as stress-activated protein kinases
(SAPK) maintains growth control and regulate apoptosis
[136]. While p38 MAPK regulates cell cycle, cell death,
inflammation, tumorigenesis, senescence and cell differ-
entiation [137].
These classes of MAPKs have different modes of ac-

tion through which they regulate their respective signal-
ling cascades. For instance the activated ERK MAPKs
regulate their signalling cascades through activation of
cAMP response element binding protein (CREB) [138]
and through upregulation of anti-apoptotic proteins
[139]. While JNK MAPKs first become activated through
an environmental stimulus followed by the activation of
factors such as c-Jun, JunB, JunD and activating transcrip-
tion factor 2 (ATF2) that help regulate the apoptotic-
signalling cascade [136, 140]. In case of p38 MAPKs,
cellular stressors, for example osmotic shock, inflamma-
tory cytokines and growth factors are required for activa-
tion, which then phosphorylate transcription factors like
ATF2, myc-associated factor X (Max) and myocyte enhan-
cer factor 2 (MEF2) in order to regulate their respective
signalling cascade in diseases like AD, rheumatoid arthritis
and inflammatory bowel disease [137, 141].
Derivatives of green tea polyphenols have shown to

interact with ERK, JNK and p38 pathways of MAPKs.
For instance, in vitro treatment with EC effectively in-
creased CREB and ERK phosphorylation along with sig-
nificant increase in the mRNA levels of the glutamate
receptor subunit (GluR2) and the GluR2 protein, which
suggested that EC had the ability to regulate neurotrans-
mission, plasticity and synaptogenesis [142]. Similarly,
ECG through inhibition of p38 and ERK protected cells
against H2O2 induced oxidative stress. At low concentra-
tions EC reduced the activation of JNK [143]. Likewise
EGCG induced cell death and increased cell survival in
vitro [144] through the production of redox sensitive tran-
scription factors like NF-kB, activator protein-1 (AP-1) and
nuclear transcription factor erythroid 2p45 related factor
(Nrf2), via the ERK pathway [145]. Furthermore, EGCG

also triggered the expression of several antioxidant en-
zymes such as glutamate-cysteine ligase (GCL), haem
oxygenase 1 (HO-1), manganese superoxide dismutase
(MnSOD) and enhanced antioxidant response element
binding (ARE) and the transcription activity of Nrf2,
which in turn provided cells defence against oxidative
stress [146] and neuron loss [147].

Activation of PI3K/Akt signalling pathway
One of the strongest pro-survival signalling systems is
the PI3K/Akt pathway, which regulates many cellular
responses and functions including cell survival, cell
division, cell transformation [148], nutrient metabol-
ism, myogenic differentiation and glycogen metabolism
[149, 150]. In their activated form this pathway effect-
ively blocks apoptosis. Conversely, when inhibited they
accelerate apoptosis and abolish cell survival [151].
This mechanism involves first the activation of PI3K
enzymes that catalyse production of phosphatidylinositol-
3,4,5-triphosphate (PIP3). The activated form of PIP3 sub-
sequently activates phosphoinositide-dependent protein
kinase 1 (PDK1) [152], which in turn activates Akt and
PKC isoenzymes [153]. The activated form of Akt
maintains the inhibited state of glycogen synthase kin-
ase 3β (GSK3β). With reduction in Akt activity, GSK3β
hyper-phosphorylates [154], triggering tau accumulation
in the brain, which further instigates the generation of
neurofibrillary tangles (NFTs), ultimately causing neuron
death [155].
Treatment with EGCG, in vitro has shown to activate

PI3K/Akt pathway to inhibit cell death and increase cell
survivability [156] via the suppression of apoptotic genes
such as the Fas ligand, inhibition of GSK3β mediated tau
protein hyperphosphorylation and through the enhanced
expressions of all genes downstream of Nrf2 [157]. More-
over, it acts as a GSK3β inhibitor as it prevents hyper-
phosphorylation of GSK3β via the activation of PIP3 and
the PI3K/Akt pathway. EGCG also regulates the tau path-
ology through the suppression of phosphorylated tau iso-
forms [158]. Thus, affecting the downstream signalling
cascade and preventing NFT generation [109, 159].
Therefore, it can be hypothesised that EGCG affects

neuronal survivability and cognitive performance via the
activation of PKC and PI3K/Akt and the inhibition of
the MAPK pathway. It also promotes neuronal communi-
cation, synaptic plasticity, angiogenesis and neurogenesis.
On the other hand, via the inhibition of JNK and ASK-1
pathway, EGCG inhibits pro apoptotic-signalling and in-
flammation markers, which help in preventing neurode-
generation and aging. These specific interactions between
EGCG and the signalling cascades consequently, increase
strength of neuronal connections and expression of neu-
romodulatory proteins in the neurons. Thus increasing
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the expression of neuroprotection [145]. Hence, put to-
gether these studies have helped reveal novel pathways
through which EGCG induces its neuroprotective effects
(Fig. 4).

Modulation of cell death and cell survival genes
Modulation of cell survival and death genes via EGCG oc-
curs in a dose dependent manner. For instance, treatment
with low concentration of EGCG, both in vitro and in vivo
models effectively lowers neurotoxicity via the reduction
in the expression of pro-apoptotic genes; bax, bad, mdm1,
caspase 1, caspase 6, TRAIL, p21, gadd45 and fas ligand
with no effect on anti-apoptotic genes; bcl-w, bcl-2 and
bcl-xL. Suggesting that EGCG induces this protective
effect through the inactivation of cell death promoting
genes rather than the up regulation of mitochondrial
acting anti-apoptotic genes [54, 160–163]. Additionally,
the decline in bad and bax expression activates secondary
messengers including Ca2+, gangliosides, reactive oxygen
species and stress kinases that further regulate the
mitochondrial membrane permeabilization. This regu-
lation in the membrane permeabilization increases the
ratio of Bcl-2/Bcl-xL to Bax/Bad proteins, which heightens
mitochondrial stability and protects the mitochondrial in-
tegrity [164, 165].
Likewise, treatment with higher concentrations of EGCG

induces a pro apoptotic or a pro toxic pattern of expression
rather than an anti-apoptotic effect. In vitro higher levels

of bax, bad, gadd45, p21/WAF1, fas, fas ligand, caspase 3,
caspase 6 and caspase 10 expression were reported
[161, 163]. Along with reduced expression levels of bcl-
2, bcl-xL and bcl-w [15, 162]. This suggested that
EGCG at higher concentrations in cell models, inhibited
the cell survival genes and induced apoptosis, it also ele-
vated p53 activity, activated caspase 9 and reduced expres-
sion of phosphorylated ERK 1/2, Bcl-2 and Bcl-xL proteins
[166–168]. Thus proposing the first pharmacogenomics
evidence of EGCG’s dose dependent mechanism of tar-
geted action (Fig. 5). With support of this data highlighted
through the years, we can consider EGCG as a good
candidate for a therapeutic agent with neuroprotective
properties (Table 1).

New treatment approach
Although EGCG is a good candidate for a neuroprotec-
tive agent due to its ability to manipulate multiple de-
sired targets, its use as a therapeutic agent is limited.
This is due to its poor availability, solubility and stability.
Factors such as temperature, light, pH of the stomach,
first pass metabolism, enzymes of the gut, interaction
with food, insufficient absorption time and insufficient
transport through the BBB limit the beneficial attributes
of EGCG [169].
Nanotechnology based oral drug delivery systems

could be employed to resolve these shortcomings easily.
It is known that nanoparticles are generally non-toxic,

Fig. 4 Proposed mechanism for Neuroprotection and Neurorescue action of EGCG. Abbreviations: α Syn – alpha synuclein, Aβ – amyloid beta
peptide, COMT – catechol-o-methyl transferase, DAT – dopamine transporter, PKCα – protein kinase C alpha, PKCε – protein kinase C epsilon,
ROS – reactive oxygen species and sAPPα – alpha secretase
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size-controllable, produce fewer side effects and have
high drug bioavailability and absorption capacity [170].
With particle sizes lower than 200 nm, these nanoparti-
cles are capable of easily diffusing across the BBB [171].
To appraise the value of this new approach, our re-

search group has delved into this subject. So far we have
successfully encapsulated green tea polyphenols including
catechin and EGCG into gold [172], casein [173], poly
(D,L-lactic-co-glycolic acid) (PLGA) biopolymer [174] and
polylactic acid (PLA) – polyethylene glycol (PEG) co-
polymer nanoparticles [Unpublished observations], which
are not only eco-friendly and biodegradable in nature but
have also shown high drug bioavailability and absorption
capacity. For EGCG PLA-PEG nanoparticles in particular,
maximum drug entrapment of 96.25 % with the particle
sizes ranging between 101.5 nm to 192.2 nm has been ob-
served. Making their diffusion across the BBB possible.
Furthermore, the release of the drug from the nanoparti-
cles was also modulated to give a slow, sustained and con-
trolled release for over 33 hours (under physiological

conditions, pH 7.4). To protect against the pH of the
stomach, first pass metabolism, enzymes of the gut and
food interaction, a PEG coating on nanoparticles was in-
troduced. 2 fold enhancement in neuroprotective proper-
ties such as antioxidant potential and metal chelation was
observed, along with a significant improvement in the in-
hibition of Aβ42 fibrillation and remolding of toxic, in-
soluble Aβ42 oligomers was seen [Unpublished
observations]. Therefore the encapsulation of EGCG
into nanoparticles could not only help overcome all
limitations of the pure drug but also enhance the neu-
roprotective effect of the agent. Making it a sensible
option for oral drug delivery.

Conclusion
The multi-etiological character of neurodegenerative
diseases demands the need for the development of
therapeutic agents capable of manipulating multiple de-
sired targets. Green tea polyphenols, in particular
EGCG is able to fulfil this criterion both in vitro and in

Fig. 5 Overview of the possible gene targets involved in anti-apoptotic and pro-apoptotic actions of low and high concentrations of EGCG.
Abbreviations: Akt – is another name for protein kinase B, ERK – extracellular signal-regulated kinase, MEK – is a member of MAPK signalling cascade,
PI3K – phosphoinositide-3-kinase, PKC – protein kinase C, SAPK – stress activated protein kinase, TRAIL – TNF related apoptosis inducing ligand
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Table 1 Neuroprotective effects of EGCG in in vitro and in vivo models of neurotoxicity

Sr
No

Mol. Mech Drug Model Effect Ref.

1 Antioxidant Effects EGCG • SOD1-G93A transgenic mice • Regulates the expression of PI3-K, pAkt,
and pGSK-3 signals
• Reduces activation of NF-KB and
caspase-3
• Prolongs the life span
• Delays the onset of symptoms

[75,
175]

2 Antioxidant Effects EGCG • Age-associated oxidative
damage in rat brain

• Increases activity levels of enzymic
antioxidants like SOD and catalase
• Increases activity of non-enzymic
antioxidants like tocopherol and
ascorbic acid

[90]

3 Antioxidant Effects EGCG • Glucose oxidase-induced
neurotoxicity in H 19-7 cells

• Increases cellular resistance to glucose
oxidase-mediated oxidative damage
• Activates transcription factor Nrf2a

[176]

4 Antioxidant Effects EGCG • Glutamate-induced toxicity
in HT22 mouse hippocampus
neuronal cells
• Kainic acid-induced neurotoxicity
in rats

• Decreases glutamate-induced
oxidative cytotoxicity
• Inactivates NF-kB signaling pathwayb

• Reduces ROS accumulation

[177]

5 Antioxidant Effects Tea
poly-phenol

• NMDA-induced neurotoxicity
in mice

• Decreases ROS production [178]

6 Antioxidant Effects Tea
poly-phenol

• Mice NMDA toxicity model • Enhances behavioral and neurotoxic
effects of NMDA
• Decreases ROS production

[179]

7 Modulation of Signalling Pathways EGCG • 6-OHDA induced neurotoxicity
in human neuroblastoma (NB)
SH-SY5Y cell

• Modulates Aktc signaling pathways [69]

8 Modulation of Signalling Pathways EGCG • 6-OHDA induced neurotoxicity
in human neuroblastoma (NB)
SH-SY5Y cell

• Modulates Erk1/2d pathway [15]

9 Modulation of Signalling Pathways EGCG • Inflammatory response induced
by IL -1β and Aβ [25–35] in human
astrocytoma, U373MG cells

• Modulates NF-kB signaling pathway [180]

10 Modulation of Signalling Pathways EGCG • Inflammatory response induced
by IL -1β and Aβ [25–35] in human
astrocytoma, U373MG cells

• Modulates MAPKe signaling pathway [180]

11 Modulation of Signalling Pathways EGCG • Long-term serum deprivation
of human SH-SY5Y neuroblastoma
cells

• Modulates HIF-1αf pathway [181]

12 Modulation of Signalling Pathways EGCG • β-amyloid (Aβ) induced toxicity
in human SH-SY5Y neuroblastoma
cells

• Modulates PKCg pathway [182]

13 Protective effect against protein
aggregation

EGCG • Long-term serum deprivation
of human SH-SY5Y neuroblastoma
cells

• Regulates APP
• Reduced levels of toxic β-amyloid
peptides in CHO cells over-expressing
the APP “Swedish” mutation.

[102]

14 Protective effect against protein
aggregation

EGCG • MPTP- and DA-induced neurode
generation in mice and rats

• Prevents the accumulation of iron
and α-synuclein in the substantia
nigra

[54]

15 Protective effect against protein
aggregation

EGCG • β-amyloid (Aβ) induced toxicity
in human SH-SY5Y neuroblastoma
cells.
• C57/BL mice

• Increases PKCα and PKC levels
• Enhances release of
non-amyloidogenic sAPPα

[15]

16 Protective effect against protein
aggregation

EGCG • Biochemical assay • Binds to β-sheet-rich aggregates
• Converts mature α-synuclein and
Aβ fibrils into smaller nontoxic
aggregates

[183]
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vivo. EGCG has demonstrated good radical scavenging
and metal chelation properties, in addition to its ability
to invoke a range of cellular mechanisms including activa-
tion and inhibition of signalling pathways (PKC, MAPK
and PI3K/Akt), enhancement of antioxidant action (rad-
ical scavenging, lipid peroxidation and production of en-
dogenous defences), modulation of cell survival genes and
cell death genes (anti-apoptotic action), neurite growth
and bioenergetic action (stabilization of the mitochondrial
potential), induction of iron-chelating effects on Aβ, tau
and α-synuclein, elevation of synaptic DA (via COMT ac-
tivity inhibition and DAT internalization), production of

non-amyloidogenic sAPPα (by increasing α secretase
levels for preferential APP processing) and inhibition of
Aβ fibrillation, plaques, tau accumulation, NFT generation
and α-synuclein fibrillation. These properties together give
EGCG its neuroprotective and neurorescue abilities.
Therefore, with the support from this data we propose
EGCG as an iron chelating - brain permeable - antioxi-
dant agent, which can modulate multiple brain targets.
However, there is a need for examining this neuropro-
tective effect in depth through human clinical trials,
since presently very few studies have delved into this
subject.

Table 1 Neuroprotective effects of EGCG in in vitro and in vivo models of neurotoxicity (Continued)

17 Protective effect against protein
aggregation

EGCG • Biochemical assay • Inhibits amyloid-fibril formation [184]

18 Protective effect against protein
aggregation

EGCG • Biochemical assay • Inhibits the fibrillogenesis of both
α-synuclein and Aβ
• Promotes formation of nontoxic
α-synuclein and Aβ oligomers.
Prevents their conversion into
toxic aggregates

[185]

19 Protective effect against
protein aggregation

EGCG • N2a cells stably transfected
with “Swedish” mutant
human APP

• Elevates active ADAM10 protein
• Increases APP α cleavage and
α-secretase activity
• Produces no alteration in β-or
γ-secretase activities

[186]

20 Protective effect against
protein aggregation

EGCG • PS2 transgenic mice model
of AD

• Enhances memory function
• Induces α -secretase activity
• Reduces β- and γ-secretase
activities

[187]

21 Modulation of cell death
and survival genes

EGCG • 6-OHDA induced neurotoxicity
in neuroblastoma SH-SY5Y cells

• Decreases expression of
pro-apoptotic genes like bax,
bad, mdm1, caspase 1, caspase 6,
TRAIL, p21, gadd45 and fas ligand.
• No effect on the expression of
anti-apoptotic genes like bcl-w,
bcl-2 and bcl-xL

[162,
163]

22 Modulation of cell death
and survival genes

EGCG • 6-OHDA induced neurotoxicity
in neuroblastoma SH-SY5Y cells

• Decreases expression levels of
bcl-2, bcl-xL and bcl-w.

[162]

23 Modulation of cell death
and survival genes

EGCG • 6-OHDA induced neurotoxicity
in neuroblastoma SH-SY5Y cells

• Increases expression levels of bax,
bad, gadd45, fas, fas ligand,
caspase 3, caspase 6 and
caspase 10

[163]

24 Modulation of cell death
and survival genes

EGCG • MPTP and 6-OHDA induced
toxicity in Male C57-BL mice

• Decreases bax, caspase-6,
gadd45 and TRAIL expression
levels

[54]

25 Modulation of cell death
and survival genes

EGCG • Head and neck squamous
cell carcinoma (HNSCC) cells

• Decreases levels of Bcl-2 and
Bcl-XL proteins
• Increases Bax protein levels
• Activates caspase 9

[166]

26 Modulation of cell death
and survival genes

EGCG • Human prostate carcinoma LNCaP
cells

• Decreases expression of the
proapoptotic protein Bcl-2
• Activates p21/WAF1, Bax and
caspase 3.

[167]

aTranscription factor Nrf2 is a master regulator of the antioxidant response
bNFkB signalling pathway is the pathway which is activated in response to cell stress
cAkt signalling pathway promotes survival and growth in response to extracellular signals
dERK1/2 cascade plays an important role in cellular proliferation, differentiation and survival
eMAPK signalling pathway plays an important role in cellular proliferation, differentiation and survival
fHIF – 1α plays an integral role in the body's response to low oxygen concentrations
gPKC signalling pathway regulates many cellular responses such as gene expression, cell proliferation, and inflammatory responses
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methyltransferase; CREB: cAMP response element binding protein;
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SN: Substantia nigra pars compacta; TBARS: Thiobarbituric reactive
substances; TRP: Transient receptor potential channel.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
NAS had designed and drafted the manuscript. AKM and ZAK had primary
responsibility for the final content. All authors have read and approved the
final manuscript.

Acknowledgment
We thank the author’s lab members for many stimulating discussions on this
topic and VIT University for all its research facilities and support through the
VC seed grant fund and VIT University institutional fund.

Author details
1Department of Integrative Biology, School of Biosciences and Technology,
VIT University, Vellore 632014, Tamil Nadu, India. 2Department of
Biotechnology, School of Biosciences and Technology, VIT University, Vellore
632014, Tamil Nadu, India. 3Centre for Interdisciplinary Biomedical Research,
Adesh University, Bathinda, Punjab, India.

Received: 31 March 2016 Accepted: 2 June 2016

References
1. Alzheimer’s Association. Alzheimer’s disease facts and figures. Alzheimer’s

Assoc.; 2010;1–74. PMID: 20298981.
2. Bossy-Wetzel E, Schwarzenbacher R, Lipton S A. Molecular pathways to

neurodegeneration. Nat Med. 2004;10 Suppl:S2–9. PMID: 15272266.
3. Huang Y, Mucke L. Alzheimer mechanisms and therapeutic strategies. Cell.

2012;148(6):1204–22.
4. Sheridan C. Pivotal trials for β-secretase inhibitors in Alzheimer’s. Nat

Biotechnol. 2015;33(2):115–6. Available from: http://www.nature.com/
doifinder/10.1038/nbt0215-115. PMID: 25658256.

5. Guo S, Bezard E, Zhao B. Protective effect of green tea polyphenols on the
SH-SY5Y cells against 6-OHDA induced apoptosis through ROS-NO pathway.
Free Radic Biol Med. 2005;39(5):682–95. Available from: http://www.
sciencedirect.com/science/article/pii/S0891584905002303. PMID: 16085186.

6. Weinreb O, Mandel S, Amit T, Youdim MBH. Neurological mechanisms of
green tea polyphenols in Alzheimer’s and Parkinson's diseases. J Nutr
Biochem. 2004;15(9):506–16.

7. Singh R, Akhtar N, Haqqi TM. Green tea polyphenol epigallocatechin-3-
gallate: inflammation and arthritis. [corrected]. Life Sci. Elsevier Inc.; 2010;
86(25-26):907–18. Available from: http://www.pubmedcentral.nih.gov/
articlerender.fcgi?artid=3146294&tool=pmcentrez&rendertype=abstract.
PMID: 20462508.

8. Sharma VK, Bhattacharya A, Kumar A, Sharma HK. Health benefits of tea
consumption. Trop J Pharm Res. 2007;6(3):785–92.

9. Lambert JD, Elias RJ. The antioxidant and pro-oxidant activities of green tea
polyphenols: A role in cancer prevention. Arch Biochem Biophys. 2010; 65–72.
PMID:20558130.

10. Nie G, Jin C, Cao Y, Shen S, Zhao B. Distinct effects of tea catechins on 6-
hydroxydopamine-induced apoptosis in PC12 cells. Arch Biochem Biophys.
2002;397(1):84–90. Available from: http://www.ncbi.nlm.nih.gov/pubmed/
11747313. PMID:11747313.

11. Unno K, Takabayashi F, Kishido T, Oku N. Suppressive effect of green tea
catechins on morphologic and functional regression of the brain in aged
mice with accelerated senescence (SAMP10). Exp Gerontol. 2004;39(7):1027–34.

12. Unno K, Takabayashi F, Yoshida H, Choba D, Fukutomi R, Kikunaga N, et al.
Daily consumption of green tea catechin delays memory regression in aged
mice. Biogerontology. 2007;8(2):89–95.

13. Schaffer S, Asseburg H, Kuntz S, Muller WE, Eckert GP. Effects of polyphenols
on brain ageing and Alzheimer’s disease: Focus on mitochondria. Mol
Neurobiol. 2012;46(1):161–78.

14. Lim HJ, Shim SB, Jee SW, Lee SH, Lim CJ, Hong JT, et al. Green tea catechin
leads to global improvement among Alzheimer’s disease-related phenotypes
in NSE/hAPP-C105 Tg mice. J Nutr Biochem. 2013;24(7):1302–13.

15. Levites Y, Amit T, Youdim MBH, Mandel S. Involvement of protein kinase C
activation and cell survival/cell cycle genes in green tea polyphenol
(-)-epigallocatechin 3-gallate neuroprotective action. J Biol Chem. 2002;
277(34):30574–80.

16. Mandel SA, Avramovich-Tirosh Y, Reznichenko L, Zheng H, Weinreb O, Amit T,
et al. Multifunctional activities of green tea catechins in neuroprotection.
Neurosignals. 2005; 46–60. PMID: 15956814.

17. Kalfon L, Youdim MBH, Mandel SA. Green tea polyphenol (-)-epigallocatechin-
3-gallate promotes the rapid protein kinase C- and proteasome-mediated
degradation of Bad: Implications for neuroprotection. J Neurochem. 2007;
100(4):992–1002.

18. Khokhar S, Magnusdottir SGM. Total phenol, catechin, and caffeine contents
of teas commonly consumed in the United Kingdom. J Agric Food Chem.
2002;50(3):565–70.

19. Nanjo F, Goto K, Seto R, Suzuki M, Sakai M, Hara Y. Scavenging effects of tea
catechins and their derivatives on 1,1- diphenyl-2-picrylhydrazyl radical. Free
Radic Biol Med. 1996;21(6):895–902.

20. Khan N, Afaq F, Saleem M, Ahmad N, Mukhtar H. Targeting multiple
signaling pathways by green tea polyphenol (-)-epigallocatechin-3-gallate.
Cancer Res. 2006; 2500–5. PMID:16510563.

21. Chan DK, Woo J, Ho SC, Pang CP, Law LK, Ng PW, et al. Genetic and
environmental risk factors for Parkinson’s disease in a Chinese population.
J Neurol Neurosurg Psychiatry. 1998;65(5):781–4. Available from: http://www.
pubmedcentral.nih.gov/articlerender.fcgi?artid=2170330&tool=pmcentrez&
rendertype=abstract. PMID:9810958.

22. Ritchie K, Lovestone S. The dementias. Lancet. 2002; 1759–66. PMID:12480441.
23. Kuriyama S, Hozawa A, Ohmori K, Shimazu T, Matsui T, Ebihara S, et al.

Green tea consumption and cognitive function: A cross-sectional study
from the Tsurugaya Project. Am J Clin Nutr. 2006;83(2):355–61.

24. Kennedy DO, Wightman EL. Herbal extracts and phytochemicals: plant secondary
metabolites and the enhancement of human brain function. Adv Nutr.
2011;2(1):32–50. Available from: http://www.pubmedcentral.nih.gov/articlerender.
fcgi?artid=3042794&tool=pmcentrez&rendertype=abstract. PMID:22211188.

25. Checkoway H, Powers K, Smith-Weller T, Franklin GM, Longstreth WT, Swanson
PD. Parkinson’s disease risks associated with cigarette smoking, alcohol
consumption, and caffeine intake. Am J Epidemiol. 2002;155(8):732–8. Available
from: http://aje.oxfordjournals.org/cgi/doi/10.1093/aje/155.8.732. PMID:11943691.

26. Li F-J, Ji H-F, Shen L. A meta-analysis of tea drinking and risk of Parkinson’s
disease. ScientificWorldJournal. 2012;2012:923464. Available from: http://
www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3289976
&tool=pmcentrez&rendertype=abstract. PMID:923464.

27. Hu G, Bidel S, Jousilahti P, Antikainen R, Tuomilehto J. Coffee and tea
consumption and the risk of Parkinson’s disease. Mov Disord. 2007;22(15):2242–8.

28. Gao X, Cassidy A, Schwarzschild MA, Rimm EB, Ascherio A. Habitual intake of
dietary flavonoids and risk of Parkinson disease. Neurology. 2012;78(15):1138–45.

29. Quintana JLB, Allam MF, Castillo AS, Navajas RF-C. Parkinson’s disease and
tea : a quantitative review. J Am Coll Nutr. 2009;28(1):1–6.

30. Tan E-K, Tan C, Fook-Chong SMC, Lum SY, Chai A, Chung H, et al. Dose-
dependent protective effect of coffee, tea, and smoking in Parkinson’s
disease: a study in ethnic Chinese. J Neurol Sci. 2003;216(1):163–7. Available
from: http://www.sciencedirect.com/science/article/pii/S0022510X03002363.
PMID:14607318.

Singh et al. Nutrition Journal  (2016) 15:60 Page 13 of 17

http://www.nature.com/doifinder/10.1038/nbt0215-115
http://www.nature.com/doifinder/10.1038/nbt0215-115
http://www.sciencedirect.com/science/article/pii/S0891584905002303
http://www.sciencedirect.com/science/article/pii/S0891584905002303
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3146294&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3146294&tool=pmcentrez&rendertype=abstract
http://www.ncbi.nlm.nih.gov/pubmed/11747313
http://www.ncbi.nlm.nih.gov/pubmed/11747313
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2170330&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2170330&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2170330&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3042794&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3042794&tool=pmcentrez&rendertype=abstract
http://aje.oxfordjournals.org/cgi/doi/10.1093/aje/155.8.732
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3289976&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3289976&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3289976&tool=pmcentrez&rendertype=abstract
http://www.sciencedirect.com/science/article/pii/S0022510X03002363


31. Lee MJ, Wang ZY, Li H, Chen L, Sun Y, Gobbo S, et al. Analysis of plasma
and urinary tea polyphenols in human subjects. Cancer
EpidemiolBiomarkers Prev. 1995;4:393–9. Available from: internal-pdf://
leemj_cancerepidemiolbiomarkersprev4-0050920198/LeeMJ_
CancerEpidemiolBiomarkersPrev4.pdf.

32. Nakagawa K, Okuda S, Miyazawa T. Dose-dependent incorporation of tea
catechins, (-)-epigallocatechin-3-gallate and (-)-epigallocatechin, into human
plasma. Biosci Biotechnol Biochem. 1997;61:1981–5.

33. Nie G, Cao Y, Zhao B. Protective effects of green tea polyphenols and their
major component, (-)-epigallocatechin-3-gallate (EGCG), on 6-
hydroxydopamine-induced apoptosis in PC12 cells. Redox Rep. 2002;7(3):
171–7. Available from: http://www.ncbi.nlm.nih.gov/pubmed/12189048.
PMID:12189048.

34. Weinreb O, Mandel S, Amit T, Youdim MBH. Neurological mechanisms of
green tea polyphenols in Alzheimer’s and Parkinson’s diseases. J Nutr
Biochem. 2004; 506–16. PMID: 15350981.

35. Van Acker SABE, Van Den Berg DJ, Tromp MNJL, Griffioen DH,
Van Bennekom WP, Van Der Vijgh WJF, et al. Structural aspects of
antioxidant activity of flavonoids. Free Radic Biol Med. 1996;20(3):331–42.

36. Grinberg LN, Newmark H, Kitrossky N, Rahamim E, Chevion M, Rachmilewitz EA.
Protective effects of tea polyphenols against oxidative damage to red blood
cells. Biochem Pharmacol. 1997;54(9):973–8.

37. Solanki I, Parihar P, Mansuri ML, Parihar MS. Flavonoid-based therapies in
the early management of neurodegenerative diseases. Adv Nutr. 2015;6(1):
64–72. Available from: http://www.pubmedcentral.nih.gov/articlerender.
fcgi?artid=4288281&tool=pmcentrez&rendertype=abstract. PMID:25593144.

38. Abd El Mohsen MM, Kuhnle G, Rechner AR, Schroeter H, Rose S, Jenner P, et
al. Uptake and metabolism of epicatechin and its access to the brain after
oral ingestion. Free Radic Biol Med. 2002;33(12):1693–702.

39. Zhang B, Rusciano D, Osborne NN. Orally administered epigallocatechin
gallate attenuates retinal neuronal death in vivo and light-induced
apoptosis in vitro. Brain Res. 2008;1198:141–52.

40. Stefanis L. α-Synuclein in Parkinson’s disease. Cold Spring Harb Perspect
Med. 2012;2(2):a009399.

41. Bagad M, Chowdhury D, Khan ZA. Towards understanding alzheimer’s
disease: An overview. Res J Pharm Biol Chem Sci. 2013;4(4):286–98. Available
from: https://www.researchgate.net/publication/259970639_Towards_
understanding_Alzheimer's_Disease_An_Overview https://www.
researchgate.net/publication/259970639_Towards_understanding_
Alzheimer's_Disease_An_Overview https://www.researchgate.net/
publication/259970639_Towards_understanding_Alzheimer's_Disease_An_
Overview.

42. Birch AM, Katsouri L, Sastre M. Modulation of inflammation in transgenic
models of Alzheimer’s disease. J Neuroinflammation. 2014;11(1):25. Available
from: http://www.jneuroinflammation.com/content/11/1/25. PMID:24490742.

43. Di Domenico F, Cenini G, Sultana R, Perluigi M, Uberti D, Memo M, et al.
Glutathionylation of the pro-apoptotic protein p53 in alzheimer’s disease
brain: Implications for AD pathogenesis. Neurochem Res. 2009;34(4):727–33.

44. Zhang H, Zhang Y-W, Chen Y, Huang X, Zhou F, Wang W, et al. Appoptosin
is a novel pro-apoptotic protein and mediates cell death in
neurodegeneration. J Neurosci. 2012;32(44):15565–76.

45. Mattson MP. Apoptosis in neurodegenerative disorders. Nat Rev Mol Cell
Biol. 2000;1(2):120–9. Available from: http://www.ncbi.nlm.nih.gov/pubmed/
17034345. PMID:11253364.

46. Sadrzadeh SM, Saffari Y. Iron and brain disorders. Am J Clin Pathol. 2004:121
Suppl:S64-70. PMID:15298151.

47. Albarracin SL, Stab B, Casas Z, Sutachan JJ, Samudio I, Gonzalez J, et al.
Effects of natural antioxidants in neurodegenerative disease. Nutr Neurosci.
2012;15(1):1–9. Available from: http://www.ncbi.nlm.nih.gov/pubmed/
22305647. PMID:22305647.

48. Youdim MBH. Why do we need multifunctional neuroprotective and
neurorestorative drugs for Parkinson’s and Alzheimer’s diseases as disease
modifying agents. Exp Neurobiol. 2010;19:1.

49. Cavet ME, Harrington KL, Vollmer TR, Ward KW, Zhang J-Z. Anti-
inflammatory and anti-oxidative effects of the green tea polyphenol
epigallocatechin gallate in human corneal epithelial cells. Mol Vis. 2011;17:
533–42. Available from:/pmc/articles/PMC3044696/?report=abstract.

50. Li M-J, Yin Y-C, Wang J, Jiang Y-F. Green tea compounds in breast cancer
prevention and treatment. World J Clin Oncol. 2014;5(3):520–8. Available
from: http://www.ncbi.nlm.nih.gov/pubmed/25114865\n http://www.ncbi.
nlm.nih.gov/pmc/articles/PMC4127621/pdf/WJCO-5-520.pdf. PMID:25114865.

51. Babu PVA, Liu D. Green tea catechins and cardiovascular health: an update.
Curr Med Chem. 2008;15(18):1840–50. Available from: http://www.
pubmedcentral.nih.gov/articlerender.fcgi?artid=2748751&tool=pmcentrez
&rendertype=abstract. PMID:18691042.

52. Bahadoran Z, Mirmiran P, Azizi F. Dietary polyphenols as potential
nutraceuticals in management of diabetes: a review. J Diabetes Metab
Disord. 2013;12(1):43. Available from: http://www.pubmedcentral.nih.gov/
articlerender.fcgi?artid=3751738&tool=pmcentrez&rendertype=abstract.
PMID:23938049.

53. Wang S, Moustaid-Moussa N, Chen L, Mo H, Shastri A, Su R, et al. Novel
insights of dietary polyphenols and obesity. J Nutr Biochem. 2014; 1–18.
PMID:24314860.

54. Mandel S, Maor G, Youdim MBH. Iron and alpha-synuclein in the substantia
nigra of MPTP-treated mice: effect of neuroprotective drugs R-apomorphine
and green tea polyphenol (-)-epigallocatechin-3-gallate. J Mol Neurosci.
2004;24(3):401–16. Available from: http://www.ncbi.nlm.nih.gov/pubmed/
15655262. PMID:15655262.

55. Selkoe DJ, Mandelkow E, Holtzman D. The Biology of Alzheimer disease
[Internet]. Cold Spring Harb Perspect Med. 2012. Available from: http://
www.cshlpress.com/default.tpl?action=full&–eqskudatarq=923.

56. Qin XY, Cheng Y, Yu LC. Potential protection of green tea polyphenols
against intracellular amyloid beta-induced toxicity on primary cultured
prefrontal cortical neurons of rats. Neurosci Lett. 2012;513(2):170–3.

57. Okello EJ, Leylabi R, McDougall GJ. Inhibition of acetylcholinesterase by
green and white tea and their simulated intestinal metabolites. Food Funct.
2012;3(6):651–61. Available from: http://www.ncbi.nlm.nih.gov/pubmed/
22418730. PMID: 22418730.

58. Choi YT, Jung CH, Lee SR, Bae JH, Baek WK, Suh MH, et al. The green tea
polyphenol (-)-epigallocatechin gallate attenuates beta-amyloid-induced
neurotoxicity in cultured hippocampal neurons. Life Sci. 2001;70(5):603–14.

59. Wobst HJ, Sharma A, Diamond MI, Wanker EE, Bieschke J. The green tea
polyphenol (-)-epigallocatechin gallate prevents the aggregation of tau
protein into toxic oligomers at substoichiometric ratios. FEBS Lett. 2015;
589(1):77–83.

60. Rezai-Zadeh K, Arendash GW, Hou H, Fernandez F, Jensen M, Runfeldt M, et
al. Green tea epigallocatechin-3-gallate (EGCG) reduces β-amyloid mediated
cognitive impairment and modulates tau pathology in Alzheimer transgenic
mice. Brain Res. 2008;1214:177–87.

61. Chesser AS, Ganeshan V, Yang J, Johnson GVW. Epigallocatechin-3-gallate
enhances clearance of phosphorylated tau in primary neurons. Nutr
Neurosci. 2015;150724080608006. Available from: http://www.ncbi.nlm.nih.
gov/pubmed/26207957. PMID:26207957.

62. Haque AM, Hashimoto M, Katakura M, Tanabe Y, Hara Y, Shido O. Long-term
administration of green tea catechins improves spatial cognition learning
ability in rats. J Nutr. 2006;136(4):1043–7.

63. Agrawal M, Biswas A. Molecular diagnostics of neurodegenerative disorders.
Front Mol Biosci. 2015;2:54. Available from: http://www.pubmedcentral.nih.
gov/articlerender.fcgi?artid=4585189&tool=pmcentrez&rendertype=abstract.
PMID:26442283.

64. Levites Y, Weinreb O, Maor G, Youdim MB, Mandel S. Green tea polyphenol
(-)-epigallocatechin-3-gallate prevents N-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine-induced dopaminergic neurodegeneration. J
Neurochem. 2001;78:1073–82.

65. Zhang X, Wu M, Lu F, Luo N, He ZP, Yang H. Involvement of α7 nAChR signaling
cascade in epigallocatechin gallate suppression of β-Amyloid-Induced apoptotic
cortical neuronal insults. Mol Neurobiol. 2014; 66–77. PMID:23807728.

66. Yao C, Zhang J, Liu G, Chen F, Lin Y. Neuroprotection by
(-)-epigallocatechin-3-gallate in a rat model of stroke is mediated through
inhibition of endoplasmic reticulum stress. Mol Med Rep. 2014;9(1):69–72.

67. Han J, Wang M, Jing X, Shi H, Ren M, Lou H. (-)-Epigallocatechin gallate
protects against cerebral ischemia-induced oxidative stress via Nrf2/ARE
signaling. Neurochem Res. 2014;39(7):1292–9.

68. Abib RT, Peres KC, Barbosa AM, Peres TV, Bernardes A, Zimmermann LM, et
al. Epigallocatechin-3-gallate protects rat brain mitochondria against
cadmium-induced damage. Food Chem Toxicol. 2011;49(10):2618–23.

69. Chao J, Lau WKW, Huie MJ, Ho YS, Yu MS, Lai CSW, et al. A pro-drug of the
green tea polyphenol (-)-epigallocatechin-3-gallate (EGCG) prevents
differentiated SH-SY5Y cells from toxicity induced by 6-hydroxydopamine.
Neurosci Lett. 2010;469(3):360–4.

70. Schroeder EK, Kelsey NA, Doyle J, Breed E, Bouchard RJ, Loucks FA, et al.
Green tea epigallocatechin 3-gallate accumulates in mitochondria and

Singh et al. Nutrition Journal  (2016) 15:60 Page 14 of 17

http://www.ncbi.nlm.nih.gov/pubmed/12189048
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4288281&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4288281&tool=pmcentrez&rendertype=abstract
https://www.researchgate.net/publication/259970639_Towards_understanding_Alzheimer's_Disease_An_Overview
https://www.researchgate.net/publication/259970639_Towards_understanding_Alzheimer's_Disease_An_Overview
https://www.researchgate.net/publication/259970639_Towards_understanding_Alzheimer's_Disease_An_Overview
https://www.researchgate.net/publication/259970639_Towards_understanding_Alzheimer's_Disease_An_Overview
https://www.researchgate.net/publication/259970639_Towards_understanding_Alzheimer's_Disease_An_Overview
https://www.researchgate.net/publication/259970639_Towards_understanding_Alzheimer's_Disease_An_Overview
https://www.researchgate.net/publication/259970639_Towards_understanding_Alzheimer's_Disease_An_Overview
https://www.researchgate.net/publication/259970639_Towards_understanding_Alzheimer's_Disease_An_Overview
http://www.jneuroinflammation.com/content/11/1/25
http://www.ncbi.nlm.nih.gov/pubmed/17034345
http://www.ncbi.nlm.nih.gov/pubmed/17034345
http://www.ncbi.nlm.nih.gov/pubmed/22305647
http://www.ncbi.nlm.nih.gov/pubmed/22305647
http://www.ncbi.nlm.nih.gov/pubmed/25114865%5Cn
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4127621/pdf/WJCO-5-520.pdf
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4127621/pdf/WJCO-5-520.pdf
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2748751&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2748751&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2748751&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3751738&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3751738&tool=pmcentrez&rendertype=abstract
http://www.ncbi.nlm.nih.gov/pubmed/15655262
http://www.ncbi.nlm.nih.gov/pubmed/15655262
http://www.cshlpress.com/default.tpl?action=full&--eqskudatarq=923
http://www.cshlpress.com/default.tpl?action=full&--eqskudatarq=923
http://www.ncbi.nlm.nih.gov/pubmed/22418730
http://www.ncbi.nlm.nih.gov/pubmed/22418730
http://www.ncbi.nlm.nih.gov/pubmed/26207957
http://www.ncbi.nlm.nih.gov/pubmed/26207957
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4585189&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4585189&tool=pmcentrez&rendertype=abstract


displays a selective antiapoptotic effect against inducers of mitochondrial
oxidative stress in neurons. Antioxid Redox Signal. 2009;11(3):469–80.

71. Yu J, Jia Y, Guo Y, Chang G, Duan W, Sun M, et al. Epigallocatechin-3-gallate
protects motor neurons and regulates glutamate level. FEBS Lett. 2010;
584(13):2921–5.

72. Sutherland BA, Shaw OM, Clarkson AN, Jackson DN, Sammut IA, Appleton I.
Neuroprotective effects of (-)-epigallocatechin gallate following hypoxia-
ischemia-induced brain damage: novel mechanisms of action. FASEB J.
2005;19(2):258–60.

73. Herges K, Millward JM, Hentschel N, Infante-Duarte C, Aktas O, Zipp F.
Neuroprotective effect of combination therapy of Glatiramer acetate and
epigallocatechin-3-gallate in neuroinflammation. PLoS One. 2011;6(10).1-9.
PMID:22022398.

74. Aktas O, Prozorovski T, Smorodchenko A, Savaskan NE, Lauster R, Kloetzel P-M,
et al. Green tea epigallocatechin-3-gallate mediates T cellular NF- B inhibition
and exerts neuroprotection in autoimmune encephalomyelitis. J Immunol.
2004;173(9):5794–800. Available from: http://www.jimmunol.org/content/173/
9/5794.full\n. http://www.jimmunol.org/cgi/doi/10.4049/jimmunol.173.9.5794.
PMID:15494532.

75. Koh SH, Lee SM, Kim HY, Lee KY, Lee YJ, Kim HT, et al. The effect of
epigallocatechin gallate on suppressing disease progression of ALS model
mice. Neurosci Lett. 2006;395(2):103–7.

76. Rezai-Zadeh K, Shytle D, Sun N, Mori T, Hou H, Jeanniton D, et al. Green tea
epigallocatechin-3-gallate (EGCG) modulates amyloid precursor protein
cleavage and reduces cerebral amyloidosis in Alzheimer transgenic mice.
J Neurosci. 2005;25(38):8807–14. Available from: http://www.jneurosci.org/
content/25/38/8807.abstract. PMID:16177050.

77. Yeon J, Jeon S, Bae K, Song K, Hee Y. Catechin and epicatechin from
Smilacis chinae rhizome protect cultured rat cortical neurons against
amyloid β protein (25 – 35) -induced neurotoxicity through inhibition of
cytosolic calcium elevation. Life Sci. 2006;79:2251–9.

78. Reznichenko L, Amit T, Youdim MBH, Mandel S. Green tea polyphenol
(-)-epigallocatechin-3-gallate induces neurorescue of long-term serum-deprived
PC12 cells and promotes neurite outgrowth. J Neurochem. 2005;93(5):1157–67.

79. Sagi Y, Mandel S, Amit T, Youdim MBH. Activation of tyrosine kinase
receptor signaling pathway by rasagiline facilitates neurorescue and
restoration of nigrostriatal dopamine neurons in post-MPTP-induced
parkinsonism. Neurobiol Dis. 2007;25(1):35–44.

80. Valko M, Leibfritz D, Moncol J, Cronin MT, Mazur M, Telser J. Free radicals
and antioxidants in normal physiological functions and human disease. Int J
Biochem Cell Biol. 2007;39(1):44–84. Available from: http://www.ncbi.nlm.nih.
gov/pubmed/16978905. PMID:16978905.

81. Zhu N, Huang TC, Yu Y, LaVoie EJ, Yang CS, Ho CT. Identification of
oxidation products of (-)-epigallocatechin gallate and (-)-epigallocatechin
with H2O2. J Agric Food Chem. 2000;48(4):979–81.

82. Zhao C, Li C, Liu S, Yang L. The galloyl catechins contributing to main
antioxidant capacity of tea made from Camellia sinensis in China. Sci World
J. 2014;2014(4):11.

83. Young Park S, Jeong YJ, Kim SH, Jung JY, Kim WJ. Epigallocatechin gallate
protects against nitric oxide-induced apoptosis via scavenging ROS and
modulating the Bcl-2 family in human dental pulp cells. J Toxicol Sci. 2013;
38(3):371–8. Available from: http://www.ncbi.nlm.nih.gov/pubmed/
23665936. PMID:23665936.

84. Sato M, Toyazaki H, Yoshioka Y, Yokoi N, Yamasaki T. Structural
characteristics for superoxide anion radical scavenging and productive
activities of green tea polyphenols including proanthocyanidin dimers.
Chem Pharm Bull (Tokyo). 2010;58(1):98–102. Available from: http://www.
ncbi.nlm.nih.gov/pubmed/20045974. PMID:20045974.

85. Weinreb O, Amit T, Mandel S, Youdim MBH. Neuroprotective molecular
mechanisms of (-)-epigallocatechin-3-gallate: A reflective outcome of its
antioxidant, iron chelating and neuritogenic properties. Genes Nutr. 2009; 283–96.
PMID:19756809.

86. Anderson RF, Fisher LJ, Hara Y, Harris T, Mak WB, Melton LD, et al. Green tea
catechins partially protect DNA from (.)OH radical-induced strand breaks
and base damage through fast chemical repair of DNA radicals.
Carcinogenesis. 2001;22(8):1189–93.

87. Guo Q, Zhao B, Li M, Shen S, Wenjuan X. Studies on protective mechanisms of
four components of green tea polyphenols against lipid peroxidation in
synaptosomes. Biochim Biophys Acta - Lipids Lipid Metab. 1996;1304(3):210–22.

88. Devika PT, Stanely Mainzen Prince P. Protective effect of
(-)-epigallocatechin-gallate (EGCG) on lipid peroxide metabolism in

isoproterenol induced myocardial infarction in male Wistar rats: A
histopathological study. Biomed Pharmacother. 2008;62(10):701–8.

89. Jelenković A, Jovanović MD, Stevanović I, Petronijević N, Bokonjić D,
Živković J, et al. Influence of the green tea leaf extract on neurotoxicity of
aluminium chloride in rats. Phyther Res. 2014;28(1):82–7.

90. Srividhya R, Jyothilakshmi V, Arulmathi K, Senthilkumaran V, Kalaiselvi P.
Attenuation of senescence-induced oxidative exacerbations in aged rat
brain by (-)-epigallocatechin-3-gallate. Int J Dev Neurosci. 2008;26(2):217–23.

91. Erba D, Riso P, Bordoni A, Foti P, Biagi PL, Testolin G. Effectiveness of
moderate green tea consumption on antioxidative status and plasma lipid
profile in humans. J Nutr Biochem. 2005;16(3):144–9.

92. Panza VSP, Wazlawik E, Ricardo Schütz G, Comin L, Hecht KC, da Silva EL.
Consumption of green tea favorably affects oxidative stress markers in
weight-trained men. Nutrition. 2008;24(5):433–42.

93. Sartor L, Pezzato E, Garbisa S. (-)Epigallocatechin-3-gallate inhibits leukocyte
elastase: potential of the phyto-factor in hindering inflammation,
emphysema, and invasion. J Leukoc Biol. 2002;71(1):73–9.

94. Donà M, Dell’Aica I, Calabrese F, Benelli R, Morini M, Albini A, et al.
Neutrophil restraint by green tea: inhibition of inflammation, associated
angiogenesis, and pulmonary fibrosis. J Immunol. 2003;170(8):4335–41.

95. Yeoh BS, Aguilera Olvera R, Singh V, Xiao X, Kennett MJ, Joe B, et al.
Epigallocatechin-3-gallate inhibition of myeloperoxidase and its counter-
regulation by dietary iron and lipocalin 2 in murine model of gut
inflammation. Am J Pathol. 2016;186(4):8–9. Available from: http://
linkinghub.elsevier.com/retrieve/pii/S0002944016000092. PMID:26968114.

96. Urrutia PJ, Mena NP, Núñez MT. The interplay between iron accumulation,
mitochondrial dysfunction, and inflammation during the execution step of
neurodegenerative disorders. Front Pharmacol. 2014:10;5:38. PMID:24653700.

97. Amit T, Avramovich-Tirosh Y, Youdim MBH, Mandel S. Targeting multiple
Alzheimer’s disease etiologies with multimodal neuroprotective and
neurorestorative iron chelators. FASEB J. 2008;22(5):1296–305. Available
from: http://www.ncbi.nlm.nih.gov/pubmed/18048580. PMID:18048580.

98. Singh R, Akhtar N, Haqqi TM. Green tea polyphenol epigallocatechin-3-
gallate: inflammation and arthritis. [corrected]. Life Sci. 2010;86(25-26):907–
18. Available from: http://www.pubmedcentral.nih.gov/articlerender.
fcgi?artid=3146294&tool=pmcentrez&rendertype=abstract.

99. Berg D. In vivo detection of iron and neuromelanin by transcranial
sonography - A new approach for early detection of substantia nigra
damage. J Neural Transm. 2006; 775–80. PMID:16755382.

100. Mochizuki H, Yasuda T. Iron accumulation in Parkinson’s disease. J Neural
Transm. 2012;119(12):1511–4. Available from: http://www.ncbi.nlm.nih.gov/
pubmed/23070727. PMID:23070727.

101. Collingwood JF. Iron and Alzheimer’s disease: the good, the bad and the
ugly [Internet]. J Qual Res Dement. 2014. p. 2–5. Available from: https://
www.alzheimers.org.uk/site/scripts/documents_info.
php?documentID=306&pageNumber=6.

102. Avramovich-Tirosh Y, Reznichenko L, Mit T, Zheng H, Fridkin M, Weinreb O, et
al. Neurorescue activity, APP regulation and amyloid-beta peptide reduction by
novel multi-functional brain permeable iron- chelating- antioxidants, M-30 and
green tea polyphenol, EGCG. Curr Alzheimer Res. 2007;4(4):403–11. Available
from: http://www.hubmed.org/display.cgi?uids=17908043. PMID:17908043.

103. Li J, Ye L, Wang X, Liu J, Wang Y, Zhou Y, et al. (-)-Epigallocatechin gallate
inhibits endotoxin-induced expression of inflammatory cytokines in human
cerebral microvascular endothelial cells. J Neuroinflammation. 2012;9:161.
Available from: http://www.pubmedcentral.nih.gov/articlerender.
fcgi?artid=3408337&tool=pmcentrez&rendertype=abstract. PMID:22768975.

104. Ryan P, Hynes MJ. The kinetics and mechanisms of the complex formation
and antioxidant behaviour of the polyphenols EGCg and ECG with iron(III). J
Inorg Biochem. 2007;101(4):585–93.

105. Bao GH, Xu J, Hu FL, Wan XC, Deng SX, Barasch J. EGCG inhibit chemical reactivity
of iron through forming an Ngal-EGCG-iron complex. BioMetals. 2013;26(6):1041–50.

106. Saffari Y, Sadrzadeh SMH. Green tea metabolite EGCG protects membranes
against oxidative damage in vitro. Life Sci. 2004;74(12):1513–8.

107. Teixeira MDA, Souza CM, Menezes APF, Carmo MRS, Fonteles AA, Gurgel JP,
et al. Catechin attenuates behavioral neurotoxicity induced by 6-OHDA in
rats. Pharmacol Biochem Behav. 2013;110:1–7.

108. Lee SR, Im KJ, Suh SI, Jung JG. Protective effect of green tea polyphenol
(-)-epigallocatechin gallate and other antioxidants on lipid peroxidation in
gerbil brain homogenates. Phyther Res. 2003;17(3):206–9.

109. Chen M-H, Tsai C-F, Hsu Y-W, Lu F-J. Epigallocatechin gallate eye drops
protect against ultraviolet B-induced corneal oxidative damage in mice. Mol

Singh et al. Nutrition Journal  (2016) 15:60 Page 15 of 17

http://www.jimmunol.org/content/173/9/5794.full%5Cn
http://www.jimmunol.org/content/173/9/5794.full%5Cn
http://www.jimmunol.org/cgi/doi/10.4049/jimmunol.173.9.5794
http://www.jneurosci.org/content/25/38/8807.abstract
http://www.jneurosci.org/content/25/38/8807.abstract
http://www.ncbi.nlm.nih.gov/pubmed/16978905
http://www.ncbi.nlm.nih.gov/pubmed/16978905
http://www.ncbi.nlm.nih.gov/pubmed/23665936
http://www.ncbi.nlm.nih.gov/pubmed/23665936
http://www.ncbi.nlm.nih.gov/pubmed/20045974
http://www.ncbi.nlm.nih.gov/pubmed/20045974
http://linkinghub.elsevier.com/retrieve/pii/S0002944016000092
http://linkinghub.elsevier.com/retrieve/pii/S0002944016000092
http://www.ncbi.nlm.nih.gov/pubmed/18048580
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3146294&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3146294&tool=pmcentrez&rendertype=abstract
http://www.ncbi.nlm.nih.gov/pubmed/23070727
http://www.ncbi.nlm.nih.gov/pubmed/23070727
https://www.alzheimers.org.uk/site/scripts/documents_info.php?documentID=306&pageNumber=6
https://www.alzheimers.org.uk/site/scripts/documents_info.php?documentID=306&pageNumber=6
https://www.alzheimers.org.uk/site/scripts/documents_info.php?documentID=306&pageNumber=6
http://www.hubmed.org/display.cgi?uids=17908043
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3408337&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3408337&tool=pmcentrez&rendertype=abstract


Vis. 2014;20(October 2013):153–62. Available from: http://www.
pubmedcentral.nih.gov/articlerender.fcgi?artid=3919670&tool=pmcentrez
&rendertype=abstract. PMID:24520184.

110. Chen W, Hsieh S, Chiu C, Hsu B, Liou Y. Molecular identification for
epigallocatechin-3- gallate-mediated antioxidant intervention on the H 2 O
2 -induced oxidative stress in H9c2 rat cardiomyoblasts. J Biomed Sci. 2014;
21(1):1–12.

111. Jeong JH, Kim HJ, Lee TJ, Kim MK, Park ES, Choi BS. Epigallocatechin 3-
gallate attenuates neuronal damage induced by 3-hydroxykynurenine.
Toxicology. 2004;195(1):53–60.

112. Dobrzynska I, Sniecinska A, Skrzydlewska E, Figaszewski Z. Green tea modulation
of the biochemical and electric properties of rat liver cells that were affected by
ethanol and aging. Cell Mol Biol Lett. 2004;9(4A):709–21. Available from: http://
www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed
&dopt=Citation&list_uids=15647793. PMID:15647793.

113. Ostrowska J, Łuczaj W, Kasacka I, Rózański A, Skrzydlewska E. Green tea
protects against ethanol-induced lipid peroxidation in rat organs. Alcohol.
2004;32(1):25–32.

114. Kennedy DO. Polyphenols and the human brain: plant “secondary
metabolite” ecologic roles and endogenous signaling functions drive
benefits. Adv Nutr. 2014;5(5):515–33. Available from: http://www.ncbi.nlm.
nih.gov/pubmed/25469384. PMID:25469384.

115. Menard C, Bastianetto S, Quirion R. Neuroprotective effects of resveratrol
and epigallocatechin gallate polyphenols are mediated by the activation of
protein kinase C gamma. Front Cell Neurosci. 2013;7:281. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/24421757. PMID:24421757.

116. de Barry J, Liégeois CM, Janoshazi A. Protein kinase C as a peripheral
biomarker for Alzheimer’s disease. Exp Gerontol. 2010;45(1):64–9.

117. Vianna MRM, Barros DM, Silva T, Choi H, Madche C, Rodrigues C, et al.
Pharmacological demonstration of the differential involvement of protein
kinase C isoforms in short- and long-term memory formation and retrieval
of one-trial avoidance in rats. Psychopharmacology (Berl). 2000;150(1):77–84.

118. Sun MK, Alkon DL. The “memory kinases”: Roles of PKC isoforms in signal
processing and memory formation. Prog Mol Biol Transl Sci. 2014;122:31–59.

119. Sun MK, Alkon DL. Activation of protein kinase C isozymes for the treatment
of dementias. Adv Pharmacol. 2012;64:273–302.

120. Pascale A, Amadio M, Govoni S, Battaini F. The aging brain, a key target for the
future: The protein kinase C involvement. Pharmacol Res. 2007;55(6):560–9.

121. Mansuri ML, Parihar P, Solanki I, Parihar MS. Flavonoids in modulation of cell
survival signalling pathways. Genes Nutr. 2014:9(3):400. PMID:24682883.

122. Mehta KD. Emerging role of protein kinase C in energy homeostasis: A brief
overview. World J Diabetes. 2014;5(3):385–92. Available from: http://www.
pubmedcentral.nih.gov/articlerender.
fcgi?artid=4058743&tool=pmcentrez&rendertype=abstract. PMID:24936260.

123. Newton AC. Regulation of the ABC kinases by phosphorylation: protein
kinase C as a paradigm. Biochem J. 2003;370(Pt 2):361–71. Available from:
http://www.biochemj.org/content/370/2/361.abstract. PMID:12495431.

124. Kim SY, Ahn BH, Kim J, Bae YS, Kwak JY, Min G, et al. Phospholipase C, protein
kinase C, Ca2+/calmodulin-dependent protein kinase II, and redox state are
involved in epigallocatechin gallate-induced phospholipase D activation in
human astroglioma cells. Eur J Biochem. 2004;271(17):3470–80. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/15317582. PMID:15317582.

125. Mandel S, Weinreb O, Amit T, Youdim MBH. Cell signaling pathways in the
neuroprotective actions of the green tea polyphenol (-)-epigallocatechin-3-
gallate: implications for neurodegenerative diseases. J Neurochem. 2004;
88(6):1555–69.

126. Mandel SA, Amit T, Kalfon L, Reznichenko L, Youdim MBH. Targeting
multiple neurodegenerative diseases etiologies with multimodal-acting
green tea catechins. J Nutr. 2008;138(8):1578S–83S.

127. Vasilevko V, Cribbs DH. Novel approaches for immunotherapeutic
intervention in Alzheimer’s disease. Neurochem Int. 2006;49(2):113–26.

128. Nunan J, Small DH. Regulation of APP cleavage by alpha-, beta- and
gamma-secretases [Review]. FEBS Lett. 2000;483(1):6–10.

129. Reznichenko L, Amit T, Zheng H, Avramovich-Tirosh Y, Youdim MBH,
Weinreb O, et al. Reduction of iron-regulated amyloid precursor protein and
β-amyloid peptide by (-)-epigallocatechin-3-gallate in cell cultures:
Implications for iron chelation in Alzheimer’s disease. J Neurochem. 2006;
97(2):527–36.

130. Choi D-S, Wang D, Yu G-Q, Zhu G, Kharazia VN, Paredes JP, et al. PKCepsilon
increases endothelin converting enzyme activity and reduces amyloid
plaque pathology in transgenic mice. Proc Natl Acad Sci U S A. 2006;

103(21):8215–20. Available from: http://www.pubmedcentral.nih.gov/
articlerender.fcgi?artid=1472455&tool=pmcentrez&rendertype=abstract.
PMID:16698938.

131. Li R, Peng N, Li XP, Le WD. (-)-Epigallocatechin gallate regulates dopamine
transporter internalization via protein kinase C-dependent pathway. Brain
Res. 2006;1097(1):85–9.

132. Lu H, Meng X, Yang CS. Enzymology of methylation of tea catechins and
inhibition of catechol- o -methyltransferase by (-) -epigallocatechin gallate.
Drug Metab Dispos. 2003;31(5):572–9.

133. Hommes DW, Peppelenbosch MP, van Deventer SJH. Mitogen activated
protein (MAP) kinase signal transduction pathways and novel anti-
inflammatory targets. Gut. 2003;52(1):144–51. Available from: http://www.
pubmedcentral.nih.gov/articlerender.
fcgi?artid=1773518&tool=pmcentrez&rendertype=abstract. PMID:12477778.

134. Johnson GL, Lapadat R. Mitogen-activated protein kinase pathways mediated
by ERK, JNK, and p38 protein kinases. Science. 2002;298(5600):1911–2.

135. Vauzour D, Vafeiadou K, Rice-Evans C, Williams RJ, Spencer JPE. Activation of
pro-survival Akt and ERK1/2 signalling pathways underlie the anti-apoptotic
effects of flavanones in cortical neurons. J Neurochem. 2007;103(4):1355–67.

136. Behrens a, Sibilia M, Wagner EF. Amino-terminal phosphorylation of c-Jun
regulates stress-induced apoptosis and cellular proliferation. Nat Genet.
1999;21(3):326–9. Available from: http://www.ncbi.nlm.nih.gov/pubmed/
10080190. PMID:10080190.

137. Spencer JPE. The interactions of flavonoids within neuronal signalling
pathways. Genes Nutr. 2007; 257–73. PMID: 18850181.

138. Arany I, Megyesi JK, Reusch JEB, Safirstein RL. CREB mediates ERK-induced
survival of mouse renal tubular cells after oxidant stress. Kidney Int. 2005;
68(4):1573–82.

139. Ah Kang K, Wang ZH, Zhang R, Piao MJ, Kim KC, Kang SS, et al. Myricetin
protects cells against oxidative stress-induced apoptosis via regulation of
PI3K/Akt and MAPK signaling pathways. Int J Mol Sci. 2010;11(11):4348–60.

140. Davis RJ. Signal transduction by the JNK group of MAP kinases. Cell. 2000;
103(2):239–52.

141. Hollenbach E, Vieth M, Roessner A, Neumann M, Malfertheiner P, Naumann
M. Inhibition of RICK/Nuclear Factor-{kappa}B and p38 Signaling Attenuates
the Inflammatory Response in a Murine Model of Crohn Disease. J Biol
Chem. 2005;280(15):14981–8. Available from: http://www.jbc.org/cgi/
content/abstract/280/15/14981. PMID:15691843.

142. Schroeter H, Bahia P, Spencer JPE, Sheppard O, Rattray M, Cadenas E, et al.
(-)Epicatechin stimulates ERK-dependent cyclic AMP response element
activity and up-regulates GluR2 in cortical neurons. J Neurochem. 2007;
101(6):1596–606.

143. Huang CC, Wu WB, Fang JY, Chiang HS, Chen SK, Chen BH, et al.
(-)-Epicatechin-3-gallate, a green tea polyphenol is a potent agent against UVB-
induced damage in HaCaT keratinocytes. Molecules. 2007;12(8):1845–58.

144. Chang CW, Hsieh YH, Yang WE, Yang SF, Chen Y, Hu DN.
Epigallocatechingallate inhibits migration of human uveal melanoma cells
via downregulation of matrix metalloproteinase-2 activity and ERK1/2
pathway. Biomed Res Int. 2014;2014:1-9.

145. Haegeman G, Goya L, Bravo L, Ramos S, Novais A. Epicatechin induces NF- k B,
activator protein-1 (AP-1) and nuclear via phosphatidylinositol-3-kinase/protein
kinase B (PI3K/AKT) and extracellular regulated kinase (ERK) signalling in HepG2
cells. Br J Nutr. 2010;1(2):168–79.

146. Na HK, Kim EH, Jung JH, Lee HH, Hyun JW, Surh YJ. (-)-Epigallocatechin gallate
induces Nrf2-mediated-antioxidant enzyme expression via activation of PI3K
and ERK in human mammary epithelial cells. ArchBiochemBiophys. 2008. PMID:
18424257.

147. Singer CA, Figueroa-Masot XA, Batchelor RH, Dorsa DM. The mitogen-
activated protein kinase pathway mediates estrogen neuroprotection after
glutamate toxicity in primary cortical neurons. J Neurosci. 1999;19(7):2455–
63. Available from: http://www.ncbi.nlm.nih.gov/entrez/query.
fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=10087060. PMID:
10087060.

148. Jiménez C, Hernández C, Pimentel B, Carrera AC. The p85 regulatory subunit
controls sequential activation of phosphoinositide 3-kinase by Tyr kinases
and Ras. J Biol Chem. 2002;277(44):41556–62.

149. Brazil DP, Hemmings BA. Ten years of protein kinase B signalling: A hard Akt
to follow. Trends Biochem Sci. 2001;657–64. PMID:11701324.

150. Song G, Ouyang G, Bao S. The activation of Akt/PKB signaling pathway and
cell survival. J Cell Mol Med. 2005;9(1):59–71. Available from: http://eutils.
ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&id=15784165

Singh et al. Nutrition Journal  (2016) 15:60 Page 16 of 17

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3919670&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3919670&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3919670&tool=pmcentrez&rendertype=abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=15647793
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=15647793
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=15647793
http://www.ncbi.nlm.nih.gov/pubmed/25469384
http://www.ncbi.nlm.nih.gov/pubmed/25469384
http://www.ncbi.nlm.nih.gov/pubmed/24421757
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4058743&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4058743&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4058743&tool=pmcentrez&rendertype=abstract
http://www.biochemj.org/content/370/2/361.abstract
http://www.ncbi.nlm.nih.gov/pubmed/15317582
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1472455&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1472455&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1773518&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1773518&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1773518&tool=pmcentrez&rendertype=abstract
http://www.ncbi.nlm.nih.gov/pubmed/10080190
http://www.ncbi.nlm.nih.gov/pubmed/10080190
http://www.jbc.org/cgi/content/abstract/280/15/14981
http://www.jbc.org/cgi/content/abstract/280/15/14981
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=10087060
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=10087060
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&id=15784165&retmode=ref&cmd=prlinks%5Cnpapers3://publication/uuid/B50605F0-D753-4CB7-9762-970DA9EC35D1
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&id=15784165&retmode=ref&cmd=prlinks%5Cnpapers3://publication/uuid/B50605F0-D753-4CB7-9762-970DA9EC35D1


&retmode=ref&cmd=prlinks\npapers3://publication/uuid/B50605F0-D753-
4CB7-9762-970DA9EC35D1. PMID:15784165.

151. Kennedy SG, Wagner AJ, Conzen SD, Jordán J, Bellacosa A, Tsichlis PN, et al.
The PI 3-kinase/Akt signaling pathway delivers an anti-apoptotic signal.
Genes Dev. 1997;11(6):701–13.

152. Simpson L, Parsons R. PTEN: life as a tumor suppressor. Exp Cell Res. 2001;
264(1):29–41.

153. Neri LM, Borgatti P, Capitani S, Martelli AM. The nuclear phosphoinositide 3-
kinase/AKT pathway: A new second messenger system. Biochim Biophys
Acta - Mol Cell Biol Lipids. 2002; 73–80. PMID:12385889.

154. Meske V, Albert F, Ohm TG. Coupling of mammalian target of rapamycin
with phosphoinositide 3-kinase signaling pathway regulates protein
phosphatase 2A- and glycogen synthase kinase-3 -dependent
phosphorylation of Tau. J Biol Chem. 2008;283(1):100–9. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/17971449. PMID:17971449.

155. Paquet D, Bhat R, Sydow A, Mandelkow EM, Berg S, Hellberg S, et al. A
zebrafish model of tauopathy allows in vivo imaging of neuronal cell death
and drug evaluation. J Clin Invest. 2009;119(5):1382–95. Available from: ISI:
000265843400036.

156. Shen X, Zhang Y, Feng Y, Zhang L, Li J, Xie YA, et al. Epigallocatechin-3-
gallate inhibits cell growth, induces apoptosis and causes S phase arrest in
hepatocellular carcinoma by suppressing the AKT pathway. Int J Oncol.
2014;44(3):791–6.

157. Williams RJ, Spencer JPE. Flavonoids, cognition, and dementia: Actions,
mechanisms, and potential therapeutic utility for Alzheimer disease. Free
Radic Biol Med. 2012; 35–45. PMID:21982844.

158. Baptista FI, Henriques AG, Silva AMS, Wiltfang J, Da Cruz E Silva OAB.
Flavonoids as therapeutic compounds targeting key proteins involved in
Alzheimer’s disease. ACS Chem Neurosci. 2014;83–92. PMID:24328060.

159. Koh SH, Kim SH, Kwon H, Park Y, Kim KS, Song CW, et al. Epigallocatechin
gallate protects nerve growth factor differentiated PC12 cells from
oxidative-radical-stress-induced apoptosis through its effect on
phosphoinositide 3-kinase/Akt and glycogen synthase kinase-3. Mol Brain
Res. 2003;118(1-2):72–81.

160. Gassen M, Youdim M. Free radical scavengers: chemical concepts and
clinical relevance. J Neural Transm Suppl. 1999;56:193–210. Available from:
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&
dopt=Citation&list_uids=10370913\npapers2://publication/uuid/759E0CAC-
63AC-40CD-8ACF-39061989DB3E. PMID:10370913.

161. Mandel S, Grünblatt E, Riederer P, Gerlach M, Levites Y, Youdim MBH.
Neuroprotective strategies in Parkinson’s disease: An update on progress.
CNS Drugs. 2003; 729–62. PMID:12873156.

162. Weinreb O, Mandel S, Youdim MBH. Gene and protein expression profiles of
anti- and pro-apoptotic actions of dopamine, R-apomorphine, green tea
polyphenol (-)-epigallocatechine-3-gallate, and melatonin. Ann N Y Acad
Sci. 2003;993:351–61; discussion 387–93. Available from: http://www.ncbi.
nlm.nih.gov/pubmed/12853328. PMID:12853328.

163. Weinreb O, Mandel S, Youdim MBH. cDNA gene expression profile
homology of antioxidants and their antiapoptotic and proapoptotic
activities in human neuroblastoma cells. FASEB J. 2003;17(8):935–7.

164. Beal MF, Rascol, Marek, Olanow, Kordower, Isacson, et al. Bioenergetic
approaches for neuroprotection in Parkinson’s disease. Ann Neurol. 2003:53
Suppl 3:S39-47. PMID:12666097.

165. Mattson MP, Kroemer G. Mitochondria in cell death: Novel targets for
neuroprotection and cardioprotection. Trends Mol Med. 2003; 196–205.
PMID:12763524.

166. Masuda M, Suzui N, Weinstein IB. Effects of epigallocatechin-3-gallate on
growth, epidermal growth factor receptor signaling pathways, gene
expression, and chemosensitivity in human head and neck squamous cell
carcinoma cell lines. Clin Cancer Res. 2001;7(12):4220–9.

167. Hastak K, Gupta S, Ahmad N, Agarwal MK, Agarwal ML, Mukhtar H. Role of
p53 and NF-kappaB in epigallocatechin-3-gallate-induced apoptosis of
LNCaP cells. Oncogene. 2003;22(31):4851–9. Available from: http://www.
ncbi.nlm.nih.gov/pubmed/12894226. PMID:12894226.

168. Hofmann CS, Sonenshein GE. Green tea polyphenol epigallocatechin-3
gallate induces apoptosis of proliferating vascular smooth muscle cells via
activation of p53. FASEB J Off Publ Fed Am Soc Exp Biol. 2003;17(6):702–4.

169. Pool H, Quintanar D, Figueroa JDD, Marinho Mano C, Bechara JEH, Godínez
L a., et al. Antioxidant Effects of Quercetin and Catechin Encapsulated into
PLGA Nanoparticles. J Nanomater. 2012;2012:1–12. Available from: http://
www.hindawi.com/journals/jnm/2012/145380/.

170. Wu TH, Yen FL, Lin LT, Tsai TR, Lin CC, Cham TM. Preparation,
physicochemical characterization, and antioxidant effects of quercetin
nanoparticles. Int J Pharm. 2008;346:160–8.

171. Pardeshi C, Rajput P, Belgamwar V, Tekade A, Patil G, Chaudhary K, et al.
Solid lipid based nanocarriers: an overview. Acta Pharm. 2012;62(4):433–72.
Available from: http://www.ncbi.nlm.nih.gov/pubmed/23333884. PMID:
23333884.

172. Karikalan K, Mandal AK. Bioreduction of gold metal to nanoparticles by tea
(Camellia sinensis) plant extracts. J Plant Crop. 2015;43(1):40–5.

173. Prakash RT, Mandal AKA. Effect of alcohol on release of green tea
polyphenols from casein nanoparticles and its mathematical modeling. Res
J Biotechnol. 2015;10(8):99–104.

174. Karikalan K, Kaur G, Mandal A. Nano-encapsulation of tea polyphenols/
catechin in poly (D, L-lactic-co-glycolic acid) biopolymer and its biological
activity. Int J tea Sci. 2013;9(2-3):71–5.

175. Xu Z, Chen S, Li X, Luo G, Li L, Le W. Neuroprotective effects of (−)-
epigallocatechin-3-gallate in a transgenic mouse model of amyotrophic
lateral sclerosis. Neurochem Res. 2006;31(10):1263–1269. PMID: 17021948.

176. Romeo L, Intrieri M, D‘Agata V, Mangano NG, Oriani G, Ontario ML,
Scapagnini G. The major green tea polyphenol, (−)-epigallocatechin- 3-
gallate, induces heme oxygenase in rat neurons and acts as an effective
neuroprotective agent against oxidative stress. JACN. 2009:28 Suppl: 492S–
499S. PMID: 20234037.

177. Kang KS, Wen Y, Yamabe N, Fukui M, Bishop SC, Zhu BT. (2010a). Dual
beneficial effects of (−)-epigallocatechin-3-gallate on levodopa methylation
and hippocampal neurodegeneration: in vitro and in vivo studies. PLoS.
2010:5(8);e11951. PMID: 20700524.

178. Chen CM, Lin JK, Liu, SH, Lin-Shiau SY. Novel regimen through com-
bination of memantine and tea polyphenol for neuroprotection against
brain excitotoxicity. J Neurosci Res. 2008:86;2696–2704. PMID: 18478543.

179. Chang-Mu C, Jen-Kun L, Shing-Hwa L, Shoei-Yn LS. Characterization of
neurotoxic effects of NMDA and the novel neuroprotection by
phytopolyphenols in mice. Behav Neurosci. 2010:124;541–553. PMID:
20695653.

180. Kim SJ, Jeong HJ, Lee KM, Myung NY, An NH, Yang WM, Park SK, Lee HJ,
Hong SH, Kim HM, Um JY. Epigallocatechin-3-gallate suppresses NF-kappaB
activation and phosphorylation of p38 MAPK and JNK in human
astrocytoma U373MG cells. J Nutr Biochem. 2007:18(9);587–596. PMID:
17446059.

181. Weinreb O, Amit T, Youdim MB. A novel approach of proteomics and
transcriptomics to study the mechanism of action of the antioxidant-iron
chelator green tea polyphenol (−)-epigallocatechin-3-gallate. Free Radic Biol
Med. 2007: 43(4);546–556. PMID: 17640565.

182. Levites Y, Amit T, Mandel S, Youdim MB. Neuroprotection and neurores-
cue against Abeta toxicity and PKC-dependent release of
nonamyloidogenic soluble precursor protein by green tea polyphenol
(−)-epigallocatechin-3- gallate. FASEB J. 2003:17 (8);952–954. PMID:
12670874.

183. Bieschke J, Russ J, Friedrich RP, Ehrnhoefer DE, Wobst H, Neugebauer K,
Wanker EE. EGCG remodels mature alpha-synuclein and amyloid-beta fibrils
and reduces cellular toxicity. PNAS. 2010:107(17);7710–7715. PMID:
20385841.

184. Hudson SA, Ecroyd H, Dehle FC, Musgrave IF, Carver JA. (−)-
Epigallocatechin-3-gallate (EGCG) maintains kappa-casein in its pre-fibrillar
state without redirecting its aggregation pathway. J Mol Biol. 2009:392(3);
689–700. PMID: 19616561.

185. Ehrnhoefer DE, Bieschke J, Boeddrich A, Herbst M, Masino L, Lurz R,
Engemann S, Pastore A, Wanker EE. EGCG redirects amyloidogenic
polypeptides into unstructured, off-pathway oligomers. Nat Struct Mol Biol.
2008:15(6);558–566. PMID: 18511942.

186. Obregon DF, Rezai-Zadeh K, Bai Y, Sun N, Hou H, Ehrhart J, Zeng J, Mori T,
Arendash GW, Shytle D, Town T, Tan J. ADAM10 activation is required for green
tea (−)-epigallocatechin-3-gallate-induced alpha-secretase cleavage of amyloid
precursor protein. J Biol Chem. 2006:281(24): 16419–16427. PMID: 16624814.

187. Lee JW, Lee YK, Ban JO, Ha TY, Yun YP, Han SB, Oh KW, Hong JT. Green tea
(−)-epigallocatechin-3-gallate inhibits beta-amyloid-induced cognitive
dysfunction through modification of secretase activity via inhibition of ERK
and NF-kappaB pathways in mice. J Nutr. 2009:139(10);1987–1993. PMID:
19656855.

Singh et al. Nutrition Journal  (2016) 15:60 Page 17 of 17

http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&id=15784165&retmode=ref&cmd=prlinks%5Cnpapers3://publication/uuid/B50605F0-D753-4CB7-9762-970DA9EC35D1
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&id=15784165&retmode=ref&cmd=prlinks%5Cnpapers3://publication/uuid/B50605F0-D753-4CB7-9762-970DA9EC35D1
http://www.ncbi.nlm.nih.gov/pubmed/17971449
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=10370913%5Cnpapers2://publication/uuid/759E0CAC-63AC-40CD-8ACF-39061989DB3E
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=10370913%5Cnpapers2://publication/uuid/759E0CAC-63AC-40CD-8ACF-39061989DB3E
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=10370913%5Cnpapers2://publication/uuid/759E0CAC-63AC-40CD-8ACF-39061989DB3E
http://www.ncbi.nlm.nih.gov/pubmed/12853328
http://www.ncbi.nlm.nih.gov/pubmed/12853328
http://www.ncbi.nlm.nih.gov/pubmed/12894226
http://www.ncbi.nlm.nih.gov/pubmed/12894226
http://www.hindawi.com/journals/jnm/2012/145380/
http://www.hindawi.com/journals/jnm/2012/145380/
http://www.ncbi.nlm.nih.gov/pubmed/23333884

	Abstract
	Introduction
	Current status of knowledge
	Green tea polyphenols
	EGCG a potential therapeutic agent for neurodegenerative diseases

	Neuroprotective properties of EGCG
	Free radical scavenging and antioxidant action
	Iron chelating activity
	Lipid peroxidation
	Modulation of cell signalling pathways, cell survival and death genes
	Activation of PKC signalling pathway
	Inhibition of MAPK signalling pathway
	Activation of PI3K/Akt signalling pathway
	Modulation of cell death and cell survival genes


	New treatment approach
	Conclusion
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgment
	Author details
	References

