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Abstract: As the population ages, neurodegenerative diseases such as Parkinson’s disease (PD) and
Alzheimer’s disease (AD) impose a heavy burden on society and families. The pathogeneses of PD
and AD are complex. There are no radical cures for the diseases, and existing therapeutic agents for
PD and AD have diverse side effects. Tea contains many bioactive components such as polyphenols,
theanine, caffeine, and theaflavins. Some investigations of epidemiology have demonstrated that
drinking tea can decrease the risk of PD and AD. Tea polyphenols can lower the morbidity of PD and
AD by reducing oxidative stress and regulating signaling pathways and metal chelation. Theanine can
inhibit the glutamate receptors and regulate the extracellular concentration of glutamine, presenting
neuroprotective effects. Additionally, the neuroprotective mechanisms of caffeine and theaflavins may
contribute to the ability to antagonize the adenosine receptor A2AR and the antioxidant properties,
respectively. Thus, tea bioactive components might be useful for neuronal degeneration treatment in
the future. In the present paper, the neuro protection and the mechanisms of tea and its bioactive
components are reviewed. Moreover, the potential challenges and future work are also discussed.

Keywords: neuronal degeneration; Parkinson’s disease; Alzheimer’s disease; polyphenols; theanine;
caffeine; theaflavins

1. Introduction

With the accelerated aging population in the world, the prevalence of neurodegenerative diseases
such as Parkinson’s disease (PD) and Alzheimer’s disease (AD) is increasing over time. The World
Alzheimer Report has shown that the number of people with dementia worldwide was 46.8 million
in 2015 and it will be 131.5 million in 2050 [1]. Over 80% of dementias in the world are caused by
AD, which imposes a heavy burden on society and family [2]. The occurrence of AD is affected by
many factors, including genetic components, oxidative stress, inflammation, neurofibrillary tangle
accumulation, amyloid beta peptide (Aβ), mitochondrial dysfunction, hormone imbalances, mitotic
disorders, and so on [3]. The pathogenic mechanisms of AD have not been fully clarified, and current
treatment is mainly through drugs acting on different neurotransmitter systems. Existing drugs are
mainly receptor antagonists of N-methyl D-aspartate (NMDA) and inhibitors of acetylcholinesterase,
which have low efficacy and side effects. PD is the second most common neurodegenerative disease
in elderly people. It is characterized by a large number of non-motor and motor symptoms, and
the reason may be that the synthesis of dopamine is reduced after pathological changes in the
substantia nigra [4,5]. The pathogenic mechanisms of PD involve genetic mutations, oxidative stress,
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mitochondrial respiration defects, inflammation, abnormal protein aggregation, and environmental
factors [6–8]. Treatment for PD mainly aims at alleviating its clinical symptoms. Some therapeutic
agents including rotigotine, levodopa, trastal, selegiline, and ropinirole have been used to treat PD
patients due to their relatively high efficacy, although some adverse effects remain [9].

Tea is a popular beverage consumed daily in more than 160 countries. It is well-known for
possessing polyphenols, theanine, caffeine, and other natural bioactive components, which are very
important for the taste and flavor of tea. For instance, polyphenols, caffeine, and theanine give
astringent, bitter, and fresh tastes to tea cream, respectively. In addition, aroma is an important
factor affecting tea sensory quality, and more than 600 volatiles have been identified from the aroma
of tea [10]. Additionally, tea volatiles generated from Maillard reactions could decrease brainwave
distribution, relieve stress, and have sedative effects, but the mechanisms have not been made clear
yet [11–13]. During the last decade, many studies have proven that tea has neuroprotective functions.
Furthermore, compared with western medicine, the neuroprotective effects of tea have the advantages
of multi-target, non-toxic, and good synergistic effects. The effects of the polyphenols, theanine,
caffeine, and theaflavins in the tea production to neuro function have attracted much attention. In the
present paper, the aim is to give a narrative review providing comprehensive understanding of the
neuroprotective effects and mechanisms of tea bioactive components, including tea polyphenols,
theanine, caffeine, and theaflavins. Furthermore, challenges and future expectations are also discussed
in this review.

2. Epidemiological Evidence

Many population-based cohort investigations have demonstrated that drinking tea is related
to a lower risk of cognitive impairment. A follow-up study for 5.7 years involving 13,645 Japanese
over 65 years old showed that green tea consumption significantly reduced the risk of dementia [14].
A study among 278 PD patients revealed that the onset of PD was delayed by 7.7 years when tea
consumption was more than 3 cups/day [15].

A series of population-based cross-sectional studies have indicated that drinking tea was related
to reduced impairment to cognition. Studies showed that regular consumption of tea, particularly
black tea, oolong tea, or green tea was conducive to attention, balance, gait, and basic activities of daily
living [16,17]. However, another study of 1003 Japanese aged ≥70 years showed that these people
needed higher consumption of green tea [18].

Many meta-analysis studies have shown that tea intake might have neuroprotective effects.
Data from 26 previous observations including 52,503 participants showed that daily tea consumption
could significantly lower the risk of cognitive decline, cognitive impairment, and mild cognitive
impairment in elderly [19]. A study including 34,4895 participants showed that consumption increases
of caffeine (200 mg/day) and tea (2 cups/day) decreased PD risk by 17% and 26%, respectively [20].

Although there are many epidemiological studies showing that consumption tea is related with
the neuroprotective effects, several inconsistent results are also reported. For instance, a survey
including 1409 participants (71% ages 65–79 years) showed that drinking coffee was related to the
prevention of AD, while drinking tea had no such function [21]. That might partially be explained
by the relatively uncommon tea drinking among the participants, of which only 61 had dementia
(48 with AD), which might significantly influence the results. In addition, it is not negligible that
people in the survey area may prefer to drink coffee rather than drink tea. Furthermore, there is
no relation between tea consumption and AD, and the heterogeneity may be caused by a variety
of many factors such as age, gender, and lifestyles [19]. For example, increasing evidence indicates
that diabetes mellitus may increase the risk of AD [22]. Finally, it is worth mentioning that most of
the epidemiological data are from Asia, however, some evidence obtained from USA, Sweden, and
Finland [20] also showed the applicability of tea on neuroprotection to other populations. In summary,
tea may have neuroprotective effects, and Table 1 summarizes the epidemiological studies in the
last decade.
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Table 1. Epidemiologic studies for tea consumption effects to neuro function.

Reference Study Design Location Study Sample Main Results

Tomata et al. [14] Cohort study Japan
5.7-year follow-up (13,645
participants aged 65 years

or more)

Green tea consumption
related to reduced dementia
incidence, with interval (CI)

(0.61–0.87)

Eskelinen et al. [21] Population-based
cohort study North Karelia 1409 participants (71%) aged

65 to 79 years

Midlife tea consumption
was not related to AD or
dementia, while midlife

coffee related to decreased
AD or dementia risk

Kandinov et al. [15]

Population
Cardiovascular Risk
Factors, Aging, and

Dementia
(CAIDE) study

Tel Aviv Sourasky
Medical Center, UK

278 patients who noticed
first motor symptoms of PD
(4 groups, aged <50, 51–60,

61–70, >70 years)

Tea consumption
>3 cups/day delayed PD

onset by 7.7 years

Ng et al. [16] Cross-sectional study Singapore 2398 adults aged ≥ 55 years

Regular drinking of tea,
especially oolong tea or
black tea, was related to

better functional and
physical performance

Feng et al. [17] Cross-sectional study Singapore 716 Chinese adults aged ≥
55 years

Tea consumption was
conductive to cognitive

performance

Kuriyama et al. [18] Cross-sectional study Tsurugaya, Japan 1003 Japanese aged
≥70 years

Higher level green tea
consumption was related to
lower cognitive impairment

Ma et al. [19] Meta-analysis Asia, Europe,
Australia, and USA

52, 503 participants aged
≥50 years

Tea drinking could decrease
the attack of cognitive

decline, cognitive
impairment, and mild
cognitive impairment

in elderly

Qi and Li [20] Meta-analysis Asia, USA

Tea consumption (34,4895
participants), caffeine

consumption (49, 2 724
participants) aged

30–85 years

Tea consumption could
decrease PD risk with a
linear relation, and the

consumption increment of
caffeine (200 mg/day) and
tea (2 cups/day) decreased

PD risk by 17% and
26%, respectively

3. Neuroprotective Effects and Mechanisms of Tea Polyphenols

Tea polyphenols (TPs) are complexes of many phenolic compounds, accounting for 24–36%
(dry weight) of tea fresh leaves. After processing, tea is divided into unfermented tea (green tea,
white tea), semi-fermented tea (oolong tea), fully fermented tea (black tea), and post-fermented tea
(dark tea) based on the degree of fermentation. Unfermented teas contain more catechins, while fully
fermented tea and post-fermented tea contain more theaflavins and thearubigins. TPs are one of
the main bioactive substances in tea. Catechins and their derivatives are the predominant TPs in
unfermented teas, comprising 60–80% of total TPs, which include epigallocatechin gallate (EGCG),
epigallocatechin (EGC), epicatechin (EC), and epicatechin-3-gallate (ECG). Among them, the most
active and abundant compound is EGCG. Studies have shown that TPs, particularly EGCG, have
antioxidant, anti-inflammatory, anti-microbial, anti-cancer, and neuroprotective properties [23,24].
In the last decade, the neuroprotective effects and mechanisms of TPs have attracted much more
attention. Prior research has revealed that EGCG can cross the blood brain barrier, and its
neuroprotective effect has been demonstrated in both in vivo and in vitro studies [25–27].

3.1. Anti-Oxidative Stress

The brain, as the most oxygen-consuming organ in the human body, is easily damaged
by oxidative stress, such as various free radicals and redox-active metals [28]. TPs are natural
antioxidants extracted from tea with radical eliminating capacity. In addition, EGCG has been
reported to scavenge free radicals by directly or indirectly blocking free radical chain reactions,
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activating intracellular antioxidant enzyme activity [29], chelating metal ions [30], reducing lipid
peroxidation [31], and releasing intracellular calcium [32]. Additionally, EGCG protects neuronal cells
against oxidative stress-induced death and apoptosis [30].

A series of studies in both in vivo and in vitro on PD or AD have demonstrated that TPs have the
neuroprotective effects through their anti-oxidative properties. Studies have shown that catechins can
significantly attenuate 6-hydroxydopamine (6-OHDA)-induced oxidative stress in rats and SH-SY5Y
cells, and the mechanisms may be associated with increasing glutathione and tyrosine hydroxylase
levels, reducing reactive oxygen species (ROS) contents, as well as regulating ROS-(nitric oxide)
NO pathways [33–35]. Chronic administration of catechins (0.05%) (the equivalent human dose is
8.79 mg/kg) could prevent oxidative stress-induced brain aging, which was related to an increase
in the activities of glutathione peroxidase and superoxide dismutase in the serum of aged mice [36].
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) is a neurotoxin that can cause symptoms similar
to PD by destroying neurons which produce dopamine in the substantia nigra. EGCG can reduce
MPTP-induced oxidative stress damage to PD mice, and its mechanism may be associated with
inhibiting the expression level of inducible nitric oxide synthase (iNOS) [37]. As well, EGCG
can alleviate hypoxic-ischemic-induced brain injury by reducing iNOS activity [38], significantly
attenuating the production of Aβ, and reducing oxidative stress by suppressing the expressions of
β-site amyloid precursor protein-cleaving enzyme 1 mRNA and protein [39].

3.2. Modulation of Cell Signaling Pathways

A large amount of evidence has indicated that TPs exert a neuroprotective role in
neurodegenerative diseases through antioxidation and the regulation of signaling pathways. Indeed,
it has been demonstrated that a variety of intracellular signaling pathways play an important
role in the neuroprotective effect of EGCG, including phosphatidylinositide 3 kinase (PI3K)/AKT
signaling pathways, mitogen activated protein kinases (MAPKs), and protein kinase C (PKC). PKC
is serine-threonine kinase, composed of three types of isoforms: conventional (α, βI, βII, γ), novel
(δ, ε, θ, η, µ), and atypical (λ, ζ), is critical for regulating cell survival and death, cell metabolism,
and differentiation and transcription [40–43]. In addition, PKC is related to the amalgamation of
different kinds of memories [44,45]. In support of this, activated PKC has been shown to prevent
Aβ-induced toxic effects on hippocampal neurons [46]. Thus, the activation of PKC may serve as a
treatment of the aging brain, such as in AD [47,48]. There are multiple studies showing that TPs might
play a neuroprotective role by attenuating PKC signaling pathways. Some studies have reported that
the neuroprotection mechanisms of EGCG against cell deaths induced by Aβ and 6-OHDA involve
the activation of PKC in PC12 and SH-SY5Y cells [49,50]. Moreover, a previous study showed that
EGCG may promote the degradation of Bad protein associated with apoptosis by activating the PKC
pathway, thereby increasing cell survival rate and providing neuroprotection [51]. Accordingly, EGCG
(maximal effect 1 µM) could prevent cytoclasis and death induced by GF 109203X (Bisindolylmaleimide,
an inhibitor of PKC). Furthermore, the results suggest that PKC, particularly PKCγ, plays an important
role in the neuroprotective effects of EGCG [52]. More interestingly, a recent study demonstrated that
EGCG could protect cells from stress damage by regulating extracellular signal-regulated kinase 1/2
(ERK1/2) and PKCα signaling pathways [53].

MAPKs are also serine/threonine kinases that participate in a variety of cellular activities
including cell survival, death, proliferation, and differentiation [54]. MAPKs consist of three
subfamilies including p38 MAPKs, the c-Jun NH2-terminal kinases (JNK) and ERK1/2 (p42/p44) [55].
ERK1/2 is involved in the regulation of cell proliferation and differentiation and p38 mediates
inflammation and apoptosis, etc., while JNK responds to cellular stress such as radiation, osmotic
pressure, oxidative stress, and temperature change [56,57]. Cyclic adenosine monophosphate
(cAMP)-response element binding protein (CREB) plays an important regulatory role in neuronal
generation, synaptic plasticity, learning, and memory and could mediate neuroprotective effects [58].
Schroeter et al. [59] showed that treatment with EC (100–300 nmol/L) in vitro stimulated AKT and
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ERK1/2 phosphorylation, which mediated CREB phosphorylation in neurons, thus modulating
synaptic function and enhancing neuroprotection. Furthermore, a study showed that EGCG protected
cells against oxyhaemoglobin-induced injury after subarachnoid haemorrhage via inhibition of the
p38α pathway [60]. Moreover, 25 µmol/L EGCG may provide neuroprotection by inhibiting JNK
activation and caspase 3 collapse in the thrombin-induced model of intracerebral hemorrhage [61].
Thus, the role of MAPKs signaling in neurodegenerative diseases is gradually emerging, indicating
the manipulation of these signal transduction pathways as a potential strategy for therapeutic
interventions [54,62].

PI3K/AKT has been proven to regulate various cell responses, such as cell proliferation,
differentiation, and transformation [63,64]. Moreover, it participates in learning, memory, and synaptic
plasticity [65–67]. In addition, oxidative stress occurs and the protein expression of acetylcholinesterase
is increased by activating the PI3K/AKT signaling pathway of the central neurons with high levels
of glucose [68]. In recent years, studies have found that the PI3K/AKT signaling pathway exerts
enormous influence on the occurrence and development of neurodegenerative diseases [69,70].
For instance, EGCG could protect PC12, N18D3, or G93A mutant cells from oxidative stress through
the PI3K/AKT signaling pathway [71–73]. Accordingly, a recent study found that EGCG in vitro
(10 nmol/L) and in vivo (2.5 mg/kg) (the equivalent human dose is 0.27 mg/kg) could significantly
improve neuronal survival and hippocampal neurogenesis by activating the PI3K/AKT signaling
pathway [74]. In summary, there is an increasing amount of evidence revealing that TPs may play
a neuroprotection role via activating the PI3K/AKT and PKC pathways and inhibiting the MAPKs
pathway [24].

3.3. Metal Chelators Activity

Numerous studies have shown that the accumulation of metals such as iron, copper, and zinc is
one of main pathological features of neurodegeneration diseases [75]. It is suspected that the metal
(iron, copper, and zinc) environment in the cerebral cortex changes as the age increases and induces
neurotoxicity, leading to neurodegenerative disease [76]. AD has two major pathological characters
including Aβ and tau protein accumulation, however, PD is mainly characterized by aggregated
α-synuclein within the pars compacta of the substantia nigra. In recent years, increasing evidence
suggests that metal ions are involved in Aβ deposition and tau hyperphosphorylation, resulting in the
formation of neurofibrillary tangles and amyloid plaques during AD development [77]. Many studies
indicate that iron levels increase in the substantia nigra pars compacta (SNpc) of PD patients [78].
Therefore, metal chelators may be a novel clinical approach for AD and PD.

It has been demonstrated that EGCG has properties of metal chelation, as EGCG possesses
3’,4’-dihydroxyl and gallate groups in the B and C rings, respectively. Thus, ferric metal may be
neutralized to an inactive form and may inhibit metal-induced oxidative stress that then protects
the neuronal cells against damage [75,79]. It has been reported that EGCG has the ability to regulate
amyloid precursor protein (APP) along with the presence of an iron responsive element and to reduce
the toxic levels of Aβ [79,80]. Additionally, EGCG could protect mice from MPTP-induced neurotoxic
damage by reducing iron and α-synuclein accumulation in SNpc [81]. Hung et al. [82] found that
EGCG and other flavonoids have copper chelating properties by electrochemical measurements, and
have potential as neuroprotective agents. In summary, EGCG may act as a metal chelator for AD and
PD treatments.

4. Neuroprotective Effect and Mechanism of Theanine

Theanine is a unique amino acid of tea, accounting for 1–2% (dry weight) in tea fresh leaves. It has
the positive health effects of improving learning and memory abilities, sedation, relaxation, anticancer
properties, etc. [83,84]. Theanine can cross the blood brain barrier via the leucine-preferring transport
system [85].
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In recent years, numerous studies have shown that theanine has a neuroprotective effect.
Nozawa et al. [86] found that 50% of neurons died in vitro when exposed to glutamate in a certain
concentration. However, if pretreated with theanine, the probability of death was significantly
decreased. Glutamate is the most abundant and widely available excitatory amino acid in the central
nervous system and involves many important physiological functions in the brain. The increase in
extracellular glutamate levels may induce a massive calcium ion influx and enhance formation of
ROS, eventually leading to neuronal cell death [87]. In order to alleviate the toxicity of glutamate,
the antagonists of glutamate receptors such as N-methyl-D-aspartate receptor (NMDAR) and
α-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid receptor (AMPAR) have attracted more and
more attention for neuroprotection in the last decade [88,89]. However, they have dose-limiting side
effects [90]. Theanine, similar to glutamate in the chemical structure, can compete for the binding site
of glutamate, such as NMDAR and AMPAR, thereby inhibiting the death of neurons. Consequently,
theanine is a competitive antagonist of glutamate receptors [91,92]. Furthermore, Kakuda et al. [93]
have found that theanine exerts inhibiting effects on the three glutamate receptors including NMDA,
AMPA, and kainate receptor, suggesting it may provide neuroprotection, although the IC50 (50%
inhibitory concentration) of theanine binding on NMDA receptor is about 10-fold lower than that of
AMPA and kainate receptors. Zukhurova et al. [94] first demonstrated that theanine could protect rats
from cerebral ischemia-reperfusion injury induced by glutamate receptor agonists, and the mechanism
may be related to theanine as a glutamate receptor antagonist. These results show that theanine has
neuroprotective effects by inhibiting the receptors of glutamate.

Theanine has an antagonistic effect to glutamate receptors, but the antagonistic effect is very
weak [93]. Glutamine, derived from glutamate, is synthesized by glutamine synthetase. More recent
evidence suggests that the glutamate-glutamine cycle formed between neurons and astrocytes is an
important pathway for the regulation of glutamate concentration in the brain [95]. Theanine can
inhibit the transport of glutamine and regulate the glutamate-glutamine cycle in the neurons [96]
and, thus, provide neuroprotection. In addition, theanine could promote neurogenesis by increasing
the expression of glutamine transporter slc38a1 [97,98]. The results further suggest that theanine
may regulate the extracellular glutamine concentration in the neurons and by doing so may exert
neuroprotective effects on neurodegenerative diseases.

Theanine is degraded to glutamate in normal cells, which increases the intracellular concentration
of glutamine and glutathione, thus attenuating oxidative damage [99]. In addition, theanine
pretreatment in PC12 cells reduces cadmium toxicity via antioxidant action [100]. Furthermore,
pretreatment with theanine exerts neuroprotective effects against dopamine-induced [101] or
3-nitropropionic acid-induced [102] neurotoxicity, and the possible mechanisms are the increased levels
of glutathione, which serves as an important free radical scavenger in the body, anti-inflammation,
the preservation of striatal neurotransmitter homeostasis, and inhibition of the production of NO.
In conclusion, theanine might be useful clinically as a neuroprotective agent in the future.

5. Neuroprotective Effects and Mechanisms of Caffeine

Caffeine is the dominant purine alkaloid in normal cultivated tea leaves and can stimulate
the central nervous system [103]. Additionally, caffeine dose-dependently enhances cognitive and
physical function by blocking adenosine receptors (ARs) [104]. ARs, including A1R, A2AR, A2BR,
and A3R, are coupled to G-protein expressed in different cells. Furthermore, receptors of A2AR and
A2BR are conjugated to stimulate Gs proteins, and receptors of A1 and A3 are conjugated to inhibit
Gi proteins, respectively. Activation of these receptors leads to activation and inhibition of neural
excitability, respectively [105,106]. Caffeine has a chemical structure very similar to adenosine, thus, it
binds to adenosine receptors (particularly A1R and A2AR) as a competitive antagonist of adenosine.
The inhibition of A2AR enhances the affinity of dopamine D2 ligands to D2 receptors and, furthermore,
promotes the neurotransmission of dopamine. In addition to blocking adenosine receptors, caffeine
has other effects at the cellular level, such as the inhibition of phosphodiesterase [107], modulation of
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calcium release from the intracellular calcium pool [108], and interference with GABA (γ-aminobutyric
acid)-A receptors [109].

Numerous epidemiological and experimental studies have demonstrated that caffeine is
negatively related to the incidence of neuro degenerative diseases [106]. Furthermore, the
neuroprotection mechanism of caffeine has not been fully clarified, and the most likely mechanism
depends on the ability of caffeine to antagonize A2AR. A series of studies have shown that
A2AR antagonists have the ability to reduce Aβ-induced, aluminum chloride (AlCl3)-induced, or
glutamate-induced toxicity and inhibit tau hyperphosphorylation which may be implicated in the
progression of AD [110–113]. Furthermore, in a mouse AD model, activation of upregulated A2AR can
cause the abolishment of long-term synaptic potentiation (LTP) in CA3 pyramidal cells, and A2AR
antagonists revert the inhibition of LTP [114], which may provide theoretical support for the treatment
of early AD patients. In addition, treatment with the antagonists of A2AR or A2AR deletion significantly
improves memory in the THY-Tau22 mouse model [115]. As well, pretreatment with caffeine can
protect SH-SY5Y cells against Aβ and AlCl3 induced damage due to the inhibition of mutual A1R
and A2AR [110]. Furthermore, caffeine treatment is associated with the reduced tau pathology and
improved memory in the THY-Tau22 mouse model [116].

Studies have shown that A2AR antagonists attenuated indirect-pathway spiny-projection neuron
adaptations following dopamine depletion in PD models [117]. More recently, A2AR antagonists were
shown to be involved in the control of α-synuclein aggregation and prevention of the associated
neurotoxicity, which suggests that A2AR antagonists may act as potential drugs for PD treatment [118].
Furthermore, pretreatment with 25 mg/kg caffeine (the equivalent human dose is 2.75 mg/kg)
significantly attenuates striatal degeneration and the loss of striatal dopamine in the MPTP model
of PD, which is attributed to the A2AR [5,119]. Furthermore, both in vivo and in vitro studies have
showed that caffeine and A2AR antagonists provide neuroprotection against neurovirulence induced
by 6-OHDA [120,121]. Overall, caffeine as an A2AR antagonist may be a promising clinical agent in
AD and PD.

The prominent pathology is axon degeneration in many neurodegenerative diseases, while
the survival and growth of axons requires nicotinamide mononucleotide adenylyl transferase 2
(NMNAT2) [122], Furthermore, the levels of NMNAT2 are significantly decreased in AD [123].
Most recently, a study screening 1280 compounds with an NMNAT2-Meso Scale Discovery (MSD)
platform showed that 24 compounds, including caffeine, had a significant impact on NMNAT2
levels, and NMNAT2 levels were upregulated by activating the cAMP signaling pathway or by
exciting neurotransmission [124]. More interestingly, caffeine was identified as a positive modulator
of NMNAT2 and restored the expression of NMNAT2 to normal levels in both in vitro and in vivo,
thereby increasing neuronal viability [124].

6. Neuroprotective Effects and Mechanisms of Theaflavins

Theaflavins (TFs) are the main bioactive compounds of black tea, consisting of theaflavin
(TF), theaflavin-3,3′-digallate (TFDiG), theaflavin-3′-gallate (TF3′G), and theaflavin-3-gallate (TF3G),
which contribute to the color and quality of black tea. Furthermore, TFs have effective antioxidant
properties resulting from free radical elimination and metal chelation [125,126]. Additionally,
TFs possess many biological activities, such as anti-inflammation [127], anti-carcinogen [128],
bacteriostat [129], and anti-viral [130].

In the last decade, many studies have shown that TFs have neuroprotective effects on neuronal
degeneration diseases. TFs are at least equal in efficacy to EGCG at the inhibition of Aβ and
α-synuclein induced toxicity due to their antioxidant properties [131]. Similarly, TFs protect PC12
cells from oxidative stress induced by H2O2 [132]. Furthermore, pretreatment with TFs at low
concentrations prevented SH-SY5Y cell apoptosis induced by 6-OHDA, possibly by inhibiting
the production of ROS and NO [133]. In addition, TFs have neuroprotective effects against
MPTP-induced PD, which may be due to their abilities of antioxidation and antiapoptosis [134].
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Based on the above results, we hypothesize that TFs have the possibility to be effective therapeutic
agents for neurodegenerative diseases.

7. The Interaction between Tea Bioactive Components

At present, most studies are aimed at the effects of a single tea bioactive component or
monomer on the nervous system alone. However, tea is composed of many interacting bioactive
components, and a single tea bioactive component cannot fully reflect its normal physiological function.
Therefore, it is essential to study the interaction between tea bioactive components. Dodd et al. [135]
and Haskell et al. [136] have found that caffeine combined with theanine (amounting to 1–2 cups
of tea) is beneficial for focusing attention and improving reaction speed and accuracy. Additionally,
Park et al. [137] found that EGCG can inhibit fast/slow wave ratios induced by caffeine, which
suggests that EGCG could reverse caffeine-induced anxiety. The synergistic mechanisms between
catechin monomers and theanine, catechin monomers and caffeine, or theanine and caffeine remain to
be elucidated.

8. Conclusions and Future Expectations

In vivo and in vitro studies have indicated that TPs, theanine, caffeine, and TFs show
neuroprotective effects on neurodegenerative disease such as PD and AD. Most of the epidemiological
investigations showed that drinking tea reduced the risk of cognitive impairment. Topics related to
neuroprotection and the mechanisms of tea have been research hotspots in the field of tea and health
research in recent years. Compared with western medicine, the neuroprotective effects of tea have
the advantages of being multi-target, non-toxic, and having good synergistic effects. Because of the
complex pathological mechanisms of neurodegenerative diseases, the multi-target therapy strategy
has gradually become a trend, and the development of clinical drug synthesis is also multi-target
role-oriented. Tea can play a neuroprotective role through multi-component interactions, but the
research in this area is relatively less and not deep enough.

The development of a drug must pass through the cell stage and animal stage before entering
the clinical trial stage. In general, because in vivo experiments are influenced by complex factors
such as neuroendocrine and immunity, there is not necessarily a conversion relationship between
in vitro and in vivo doses. Generally, the doses between humans and animals can be converted by
body surface area calculation method, but there are also significant difficulties with respect to the large
differences in drug resistance between humans and animals and between different animals. Moreover,
Singh et al. [24] and Mandel et al. [138] have determined that the neuroprotective effects of EGCG
are dose-dependent, and EGCG promotes cell survival at low doses, however, it promotes cell death
at high doses. Similarly, caffeine consumption (3–5 mg/kg) could reduce the risk of AD and PD in
both epidemiological and preclinical studies [106] and theanine at a high concentration (47.5 mg/day)
could reduce the risk of dementia in the elderly [139]. However, it should be noted that there is still a
long way to go to develop tea bioactive components as drugs for the treatment of neurodegenerative
diseases because individual metabolic differences will lead to differential responses [23].

EGCG has several limitations, including poor stability, low solubility, and low bioavailability in
the body, which substantially affects its efficacy [140]. There has been some research on improving
the biological activity of EGCG by structural modification, including methylation modification,
glycosylation modification, nano-carrier embedding, and other technologies, thereby achieving its
targeted transport [141–143]. Caffeine is a commonly used nerve stimulant and food additive, and its
pharmacological effects are extensive and complex. Furthermore, the intake of caffeine at different
doses and at different times may produce different pharmacological effects, and sometimes even
the opposite. Thus, further clinical studies are essential to investigate the therapeutic doses of
caffeine in neurodegenerative diseases. In addition, the underlying mechanisms of caffeine need
to be explored in depth [106]. Theanine has a neuroprotective effect, but the underlying mechanisms
are not fully clarified. Therefore, further animal and clinical studies are necessary for understanding
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the mechanisms of theanine in neurodegenerative diseases, which can provide the theoretical basis
for developing clinical medicine. At present, the neuroprotection of TFs is mostly based on the
results from in vivo and in vitro studies, and many mechanisms of action need to be further studied.
In addition, the application of TFs is mainly limited by instability and the difficulty of separation and
purification. Therefore, investigating techniques of extraction and preparation would be beneficial
to the development and utilization of TFs. To date, tea volatiles have been shown to contribute
to positive mood, but the mechanisms need to be further studied. More importantly, tea volatile
extraction methods must be developed, such as solid phase micro-extraction, simultaneous distillation
and extraction, and steam distillation under reduced pressure, which would provide a material bases
for the study of the effects of tea volatiles on the nervous system [12,144]. In summary, the in-depth
study of these series of problems will further explain the neuroprotective effects and mechanisms of
tea bioactive components.
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27. Pogačnik, L.; Pirc, K.; Palmela, I.; Skrt, M.; Kim, K.S.; Brites, D.; Brito, M.A.; Ulrih, N.P.; Silva, R.F. Potential
for brain accessibility and analysis of stability of selected flavonoids in relation to neuroprotection in vitro.
Brain Res. 2016, 1651, 17–26. [CrossRef] [PubMed]

28. Valko, M.; Leibfritz, D.; Moncol, J.; Cronin, M.T.D.; Mazur, M.; Telser, J. Free radicals and antioxidants in
normal physiological functions and human disease. Int. J. Biochem. Cell. Biol. 2007, 39, 44–84. [CrossRef]
[PubMed]

29. He, M.; Zhao, L.; Wei, M.J.; Yao, W.F.; Zhao, H.S.; Chen, F.J. Neuroprotective effects of
(−)-epigallocatechin-3-gallate on aging mice induced by D-galactose. Biol. Pharm. Bull. 2009, 32, 55–60.
[CrossRef] [PubMed]

30. Weinreb, O.; Amit, T.; Mandel, S.; Youdim, M.B.H. Neuroprotective molecular mechanisms of
(−)-epigallocatechin-3-gallate: A reflective outcome of its antioxidant, iron chelating and neuritogenic
properties. Genes Nutr. 2009, 4, 283–296. [CrossRef] [PubMed]

31. Lee, H.; Bae, J.H.; Lee, S.R. Protective effect of green tea polyphenol EGCG against neuronal damage and
brain edema after unilateral cerebral ischemia in gerbils. J. Neurosci. Res. 2004, 77, 892–900. [CrossRef]
[PubMed]

32. Bae, J.H.; Mun, K.C.; Park, W.K.; Lee, S.R.; Suh, S.I.; Baek, W.K.; Yim, M.B.; Kwon, T.K.; Song, D.K.
EGCG attenuates AMPA-induced intracellular calcium increase in hippocampal neurons. Biochem. Biophys.
Res. Commun. 2002, 290, 1506–1512. [PubMed]

http://dx.doi.org/10.1007/s00421-005-1402-8
http://www.ncbi.nlm.nih.gov/pubmed/15976995
http://dx.doi.org/10.3945/ajcn.111.023200
http://www.ncbi.nlm.nih.gov/pubmed/22277550
http://dx.doi.org/10.1016/j.parkreldis.2008.02.011
http://www.ncbi.nlm.nih.gov/pubmed/18434232
http://dx.doi.org/10.1007/s12603-013-0354-7
http://www.ncbi.nlm.nih.gov/pubmed/24522468
http://dx.doi.org/10.1007/s12603-010-0095-9
http://www.ncbi.nlm.nih.gov/pubmed/20617284
http://dx.doi.org/10.1093/ajcn/83.2.355
http://www.ncbi.nlm.nih.gov/pubmed/16469995
http://dx.doi.org/10.1371/journal.pone.0165861
http://www.ncbi.nlm.nih.gov/pubmed/27824892
http://dx.doi.org/10.1111/ggi.12123
http://www.ncbi.nlm.nih.gov/pubmed/23879665
http://dx.doi.org/10.3233/JAD-2009-0920
http://www.ncbi.nlm.nih.gov/pubmed/19158424
http://dx.doi.org/10.3390/molecules22050849
http://www.ncbi.nlm.nih.gov/pubmed/28531120
http://dx.doi.org/10.1080/13543776.2016.1203419
http://www.ncbi.nlm.nih.gov/pubmed/27338088
http://dx.doi.org/10.1186/s12937-016-0179-4
http://www.ncbi.nlm.nih.gov/pubmed/27268025
http://dx.doi.org/10.1089/pho.2011.3073
http://www.ncbi.nlm.nih.gov/pubmed/22029866
http://dx.doi.org/10.1021/jf062816a
http://www.ncbi.nlm.nih.gov/pubmed/17256961
http://dx.doi.org/10.1016/j.brainres.2016.09.020
http://www.ncbi.nlm.nih.gov/pubmed/27639810
http://dx.doi.org/10.1016/j.biocel.2006.07.001
http://www.ncbi.nlm.nih.gov/pubmed/16978905
http://dx.doi.org/10.1248/bpb.32.55
http://www.ncbi.nlm.nih.gov/pubmed/19122281
http://dx.doi.org/10.1007/s12263-009-0143-4
http://www.ncbi.nlm.nih.gov/pubmed/19756809
http://dx.doi.org/10.1002/jnr.20193
http://www.ncbi.nlm.nih.gov/pubmed/15334607
http://www.ncbi.nlm.nih.gov/pubmed/11820792


Molecules 2018, 23, 512 11 of 17

33. Teixeira, M.D.; Souza, C.M.; Menezes, A.P.; Carmo, M.R.; Fonteles, A.A.; Gurgel, J.P.; Lima, F.A.; Viana, G.S.;
Andrade, G.M. Catechin attenuates behavioral neurotoxicity induced by 6-OHDA in rats. Pharmacol. Biochem.
Behav. 2013, 110, 1–7. [CrossRef] [PubMed]

34. Pinto, N.B.; Alexandre, B.D.S.; Neves, K.R.T.; Silva, A.H.; Leal, L.K.A.M.; Viana, G.S.B. Neuroprotective
properties of the standardized extract from Camellia sinensis (green tea) and its main bioactive components,
epicatechin and epigallocatechin gallate, in the 6-OHDA model of Parkinson’s disease. Evid. Based
Complement. Alternat. Med. 2015, 2015, 161092. [CrossRef]

35. Guo, S.H.; Bezard, E.; Zhao, B.L. Protective effect of green tea polyphenols on the SH-SY5Y cells against
6-OHDA induced apoptosis through ROS-NO pathway. Free Radical Biol. Med. 2005, 39, 682–695. [CrossRef]
[PubMed]

36. Li, Q.; Zhao, H.; Zhao, M.; Zhang, Z.; Li, Y. Chronic green tea catechins administration prevents oxidative
stress-related brain aging in C57BL/6J mice. Brain Res. 2010, 1353, 28–35. [CrossRef] [PubMed]

37. Ji, S.K.; Kim, J.M.; Jeong-Ja, O.; Jeon, B.S. Inhibition of inducible nitric oxide synthase
expression and cell death by (−)-epigallocatechin-3-gallate, a green tea catechin, in the
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine mouse model of Parkinson’s disease. J. Clin. Neurosci. 2010, 17,
1165–1168.

38. Sutherland, B.A.; Shaw, O.M.; Clarkson, A.N.; Jackson, D.N.; Sammut, I.A.; Appleton, I. Neuroprotective
effects of (−)-epigallocatechin gallate following hypoxia-ischemia-induced brain damage: Novel
mechanisms of action. FASEB 2005, 19, 258–260. [CrossRef] [PubMed]

39. Zhang, Z.X.; Li, Y.B.; Zhao, R.P. Epigallocatechin gallate attenuates β-amyloid generation and oxidative
stress involvement of PPARγ in N2a/APP695 cells. Neurochem. Res. 2017, 42, 468–480. [CrossRef] [PubMed]

40. Maher, P. How protein kinase C activation protects nerve cells from oxidative stress-induced cell death.
J. Neurosci. 2001, 21, 2929–2938. [PubMed]

41. Idris, I.; Gray, S.; Donnelly, R. Protein kinase C activation: isozyme-specific effects on metabolism and
cardiovascular complications in diabetes. Diabetologia 2001, 44, 659–673. [CrossRef] [PubMed]

42. Musashi, M.; Ota, S.; Shiroshita, N. The role of protein kinase C isoforms in cell proliferation and apoptosis.
Int. J. Hematol. 2000, 72, 12–19. [PubMed]

43. Müller, J.M.; Krauss, B.; Kaltschmidt, C.; Baeuerle, P.A.; Rupec, R.A. Hypoxia induces c-fos transcription via
a mitogen-activated protein kinase-dependent pathway. J. Biol. Chem. 1997, 272, 23435–23439. [CrossRef]
[PubMed]

44. Birnbaum, S.G.; Yuan, P.X.; Wang, M.; Vijayraghavan, S.; Bloom, A.K.; Davis, D.J.; Gobeske, K.T.; Sweatt, J.D.;
Manji, H.K.; Arnsten, A.F.T. Protein kinase C overactivity impairs prefrontal cortical regulation of working
memory. Science 2004, 306, 882–884. [CrossRef] [PubMed]

45. Vianna, M.R.M.; Barros, D.M.; Silva, T.; Choi, H.; Madche, C.; Rodrigues, C.; Medina, J.H.; Izquierdo, I.
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 2000, 150,
77–84. [CrossRef] [PubMed]

46. Han, Y.S.; Zheng, W.H.; Bastianetto, S.; Chabot, J.G.; Quirion, R. Neuroprotective effects of resveratrol
against β-amyloid-induced neurotoxicity in rat hippocampal neurons: involvement of protein kinase C.
Br. J. Pharmacol. 2004, 141, 997–1005. [CrossRef] [PubMed]

47. Talman, V.; Pascale, A.; Jäntti, M.; Amadio, M.; Tuominen, R.K. Protein kinase C activation as a potential
therapeutic strategy in Alzheimer’s disease: Is there a role for embryonic lethal abnormal vision-like proteins?
Basic Clin. Pharmacol. Toxicol. 2016, 119, 149–160. [CrossRef] [PubMed]

48. 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, 560–569. [CrossRef] [PubMed]

49. Levites, Y.; Amit, T.S.; Mandel, S.; Youdim, M.B.H. Neuroprotection and neurorescue against a beta toxicity
and PKC-dependent release of nonamyloidogenic soluble precursor protein by green tea polyphenol
(−)-epigallocatechin-3-gallate. FASEB 2003, 17, 952–954. [CrossRef] [PubMed]

50. Levites, Y.; Amit, T.; Youdim, M.B.H.; 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, 30574–30580. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.pbb.2013.05.012
http://www.ncbi.nlm.nih.gov/pubmed/23714698
http://dx.doi.org/10.1155/2015/161092
http://dx.doi.org/10.1016/j.freeradbiomed.2005.04.022
http://www.ncbi.nlm.nih.gov/pubmed/16085186
http://dx.doi.org/10.1016/j.brainres.2010.07.074
http://www.ncbi.nlm.nih.gov/pubmed/20682303
http://dx.doi.org/10.1096/fj.04-2806fje
http://www.ncbi.nlm.nih.gov/pubmed/15569775
http://dx.doi.org/10.1007/s11064-016-2093-8
http://www.ncbi.nlm.nih.gov/pubmed/27889855
http://www.ncbi.nlm.nih.gov/pubmed/11312276
http://dx.doi.org/10.1007/s001250051675
http://www.ncbi.nlm.nih.gov/pubmed/11440359
http://www.ncbi.nlm.nih.gov/pubmed/10979203
http://dx.doi.org/10.1074/jbc.272.37.23435
http://www.ncbi.nlm.nih.gov/pubmed/9287359
http://dx.doi.org/10.1126/science.1100021
http://www.ncbi.nlm.nih.gov/pubmed/15514161
http://dx.doi.org/10.1007/s002130000396
http://www.ncbi.nlm.nih.gov/pubmed/10867979
http://dx.doi.org/10.1038/sj.bjp.0705688
http://www.ncbi.nlm.nih.gov/pubmed/15028639
http://dx.doi.org/10.1111/bcpt.12581
http://www.ncbi.nlm.nih.gov/pubmed/27001133
http://dx.doi.org/10.1016/j.phrs.2007.04.013
http://www.ncbi.nlm.nih.gov/pubmed/17553691
http://dx.doi.org/10.1096/fj.02-0881fje
http://www.ncbi.nlm.nih.gov/pubmed/12670874
http://dx.doi.org/10.1074/jbc.M202832200
http://www.ncbi.nlm.nih.gov/pubmed/12058035


Molecules 2018, 23, 512 12 of 17

51. Kalfon, L.; Youdim, M.B.H.; Mandel, S.A. Green tea polyphenol (−)-epigallocatechin-3-gallate promotes the
rapid protein kinase C- and proteasome-mediated degradation of Bad: implications for neuroprotection.
J. Neurochem. 2010, 100, 992–1002. [CrossRef] [PubMed]

52. 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.
[CrossRef] [PubMed]

53. Zhao, X.L.; Liu, F.Q.; Jin, H.M.; Li, R.J.; Wang, Y.H.; Zhang, W.Q.; Wang, H.C.; Chen, W.Q. Involvement
of PKCα and ERK1/2 signaling pathways in EGCG’s protection against stress-induced neural injuries in
Wistar rats. Neuroscience 2017, 346, 226–237. [CrossRef] [PubMed]

54. Schroeter, H.; Boyd, C.; Spencer, J.P.E.; Williams, R.J.; Cadenas, E.; Rice-Evans, C. MAPK signaling in
neurodegeneration: influences of flavonoids and of nitric oxide. Neurobiol. Aging. 2002, 23, 861–880.
[CrossRef]

55. Johnson, G.L.; Lapadat, R. Mitogen-activated protein kinase pathways mediated by ERK, JNK, and p38
protein kinases. Science 2002, 298, 1911–1912. [CrossRef] [PubMed]

56. Vaudry, D.; Stork, P.J.; Lazarovici, P.; Eiden, L.E. Signaling pathways for PC12 cell differentiation: Making
the right connections. Science 2002, 296, 1648–1649. [CrossRef] [PubMed]

57. Kim, E.K.; Choi, E.J. Pathological roles of MAPK signaling pathways in human diseases. Biochim. Biophys.
ActaMol. Basis Dis. 1802, 1802, 396–405. [CrossRef] [PubMed]

58. Barco, A.; Marie, H. Genetic approaches to investigate the role of CREB in neuronal plasticity and memory.
Mol. Neurobiol. 2011, 44, 330–349. [CrossRef] [PubMed]

59. Schroeter, H.; Bahia, P.; Spencer, J.P.E.; Sheppard, O.; Rattray, M.; Cadenas, E.; Rice-Evans, C.; Williams, R.J.
(−)epicatechin stimulates ERK-dependent cyclic AMP response element activity and up-regulates GluR2 in
cortical neurons. J. Neurochem. 2007, 101, 1596–1606. [CrossRef] [PubMed]

60. Chen, Y.; Huang, L.Y.; Zhang, H.Y.; Sun, H.Y.; Zhou, W.K. EGCG protective mitochondrial dysfunction after
subarachnoid haemorrhage via inhibition p38 alpha pathway. J. Funct. Foods. 2016, 23, 115–123. [CrossRef]

61. He, Q.Q.; Bao, L.; Zimering, J.; Zan, K.; Zhang, Z.; Shi, H.; Zu, J.; Yang, X.X.; Hua, F.; Ye, X.C. The
protective role of (−)-epigallocatechin-3-gallate in thrombin-induced neuronal cell apoptosis and JNK-MAPK
activation. Neuroreport 2015, 26, 416–423. [CrossRef] [PubMed]

62. Murugaiyah, V.; Mattson, M.P. Neurohormetic phytochemicals: An evolutionary–bioenergetic perspective.
Neurochem. Int. 2015, 89, 271–280. [CrossRef] [PubMed]

63. Liu, P.; Cheng, H.; Roberts, T.M.; Zhao, J.J. Targeting the phosphoinositide 3-kinase pathway in cancer.
Nat. Rev. Drug Discovery. 2009, 8, 627–644. [CrossRef] [PubMed]

64. Vara, J.A.F.; Casado, E.; de Castro, J.; Cejas, P.; Belda-Iniesta, C.; Gonzalez-Baron, M. PI3K/AKT signalling
pathway and cancer. Cancer Treat. Rev. 2004, 30, 193–204. [CrossRef] [PubMed]

65. Horwood, J.M.; Dufour, F.; Laroche, S.; Davis, S. Signalling mechanisms mediated by the phosphoinositide
3-kinase/AKT cascade in synaptic plasticity and memory in the rat. Eur. J. Neurosci. 2006, 23, 3375–3384.
[CrossRef] [PubMed]

66. Saraceno, G.E.; Caceres, L.G.; Guelman, L.; Castilla, R.; Udovin, L.D.; Ellisman, M.H.; Brocco, M.A.; Capani, F.
Consequences of excessive plasticity in the hippocampus induced by perinatal asphyxia. Exp. Neurol. 2016,
286, 116–123. [CrossRef] [PubMed]

67. Zhang, J.; Wei, S.Y.; Yuan, L.; Kong, L.L.; Zhang, S.X.; Wang, Z.J.; Wu, M.N.; Qi, J.S. Davunetide improves
spatial learning and memory in Alzheimer’s disease-associated rats. Physiol. Behav. 2017, 174, 67–73.
[CrossRef] [PubMed]

68. Liu, Y.W.; Zhang, L.; Li, Y.; Cheng, Y.Q.; Zhu, X.; Zhang, F.; Yin, X.X. Activation of mTOR signaling mediates
the increased expression of ache in high glucose condition: in vitro and in vivo evidences. Mol. Neurobiol.
2016, 53, 4972–4980. [CrossRef] [PubMed]

69. Hers, I.; Vincent, E.E.; Tavaré, J.M. AKT signalling in health and disease. Cell. Signal. 2011, 23, 1515–1527.
[CrossRef] [PubMed]

70. Heras-Sandoval, D.; Pérez-Rojas, J.M.; Hernández-Damián, J.; Pedraza-Cchaverri, J. The role of
PI3K/AKT/mTOR pathway in the modulation of autophagy and the clearance of protein aggregates
in neurodegeneration. Cell. Signal. 2014, 26, 2694–2701. [CrossRef] [PubMed]

http://dx.doi.org/10.1111/j.1471-4159.2006.04265.x
http://www.ncbi.nlm.nih.gov/pubmed/17156130
http://dx.doi.org/10.3389/fncel.2013.00281
http://www.ncbi.nlm.nih.gov/pubmed/24421757
http://dx.doi.org/10.1016/j.neuroscience.2017.01.025
http://www.ncbi.nlm.nih.gov/pubmed/28131624
http://dx.doi.org/10.1016/S0197-4580(02)00075-1
http://dx.doi.org/10.1126/science.1072682
http://www.ncbi.nlm.nih.gov/pubmed/12471242
http://dx.doi.org/10.1126/science.1071552
http://www.ncbi.nlm.nih.gov/pubmed/12040181
http://dx.doi.org/10.1016/j.bbadis.2009.12.009
http://www.ncbi.nlm.nih.gov/pubmed/20079433
http://dx.doi.org/10.1007/s12035-011-8209-x
http://www.ncbi.nlm.nih.gov/pubmed/21948060
http://dx.doi.org/10.1111/j.1471-4159.2006.04434.x
http://www.ncbi.nlm.nih.gov/pubmed/17298385
http://dx.doi.org/10.1016/j.jff.2016.02.035
http://dx.doi.org/10.1097/WNR.0000000000000363
http://www.ncbi.nlm.nih.gov/pubmed/25839175
http://dx.doi.org/10.1016/j.neuint.2015.03.009
http://www.ncbi.nlm.nih.gov/pubmed/25861940
http://dx.doi.org/10.1038/nrd2926
http://www.ncbi.nlm.nih.gov/pubmed/19644473
http://dx.doi.org/10.1016/j.ctrv.2003.07.007
http://www.ncbi.nlm.nih.gov/pubmed/15023437
http://dx.doi.org/10.1111/j.1460-9568.2006.04859.x
http://www.ncbi.nlm.nih.gov/pubmed/16820027
http://dx.doi.org/10.1016/j.expneurol.2016.08.017
http://www.ncbi.nlm.nih.gov/pubmed/27578426
http://dx.doi.org/10.1016/j.physbeh.2017.02.038
http://www.ncbi.nlm.nih.gov/pubmed/28257938
http://dx.doi.org/10.1007/s12035-015-9425-6
http://www.ncbi.nlm.nih.gov/pubmed/26374551
http://dx.doi.org/10.1016/j.cellsig.2011.05.004
http://www.ncbi.nlm.nih.gov/pubmed/21620960
http://dx.doi.org/10.1016/j.cellsig.2014.08.019
http://www.ncbi.nlm.nih.gov/pubmed/25173700


Molecules 2018, 23, 512 13 of 17

71. Koh, S.H.; Kim, S.H.; Kwon, H.; Park, Y.; Kim, K.S.; Song, C.W.; Kim, J.; Kim, M.H.; Yu, H.J.;
Henkel, J.S. 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, 72–81. [CrossRef] [PubMed]

72. Koh, S.H.; Kim, S.H.; Kwon, H.; Kim, J.G.; Kim, J.H.; Yang, K.H.; Kim, J.; Kim, S.U.; Yu, H.J.; Do, B.R.
Phosphatidylinositol-3 kinase/AKT and GSK-3 mediated cytoprotective effect of epigallocatechin gallate on
oxidative stress-injured neuronal-differentiated N18D3 cells. Neurotoxicology 2004, 25, 793–802. [CrossRef]
[PubMed]

73. Koh, S.H.; Kwon, H.; Kim, K.S.; Kim, J.; Kim, M.H.; Yu, H.J.; Kim, M.; Lee, K.W.; Do, B.R.; Jung, H.K.
Epigallocatechin gallate prevents oxidative-stress-induced death of mutant Cu/Zn-superoxide dismutase
(G93A) motoneuron cells by alteration of cell survival and death signals. Toxicology 2004, 202, 213–225.
[CrossRef] [PubMed]

74. Ortiz-López, L.; Márquez-Valadez, B.; Gómez-Sánchez, A.; Silva-Lucero, M.D.C.; Torres-Pérez, M.;
Téllez-Ballesteros, R.I.; Ichwan, M.; Meraz-Rios, M.A.; Kempermann, G.; Ramirez-Rodriguez, G.B. Green
tea compound epigallo-catechin-3-gallate (EGCG) increases neuronal survival in adult hippocampal
neurogenesis in vivo and in vitro. Neuroscience 2016, 322, 208–220.

75. Jomova, K.; Vondrakova, D.; Lawson, M.; Valko, M. Metals, oxidative stress and neurodegenerative disorders.
Mol. Cell. Biochem. 2010, 345, 91–104. [CrossRef] [PubMed]

76. Barnham, K.J.; Bush, A.I. Biological metals and metal-targeting compounds in major neurodegenerative
diseases. Chem. Soc. Rev. 2014, 43, 6727–6749. [CrossRef] [PubMed]

77. Wang, P.; Wang, Z.Y. Metal ions influx is a double edged sword for the pathogenesis of Alzheimer’s disease.
Ageing Res. Rev. 2017, 35, 265–290. [CrossRef] [PubMed]

78. Jiang, H.; Wang, J.; Rogers, J.; Xie, J.X. Brain iron metabolism dysfunction in Parkinson’s disease.
Mol. Neurobiol. 2017, 54, 3078–3101. [CrossRef] [PubMed]

79. Avramovichtirosh, Y.; Reznichenko, L.; Mit, T.; Zheng, H.; Fridkin, M.; Weinreb, O.; Mandel, S.;
Youdim, M.B.H. 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, 403–411. [CrossRef]

80. Rogers, J.T.; Randall, J.D.; Cahill, C.M.; Eder, P.S.; Huang, X.; Gunshin, H.; Leiter, L.; McPhee, J.; Sarang, S.S.;
Utsuki, T. An iron-responsive element type II in the 5′-untranslated region of the Alzheimer’s amyloid
precursor protein transcript. J. Biol. Chem. 2002, 277, 45518–45528. [CrossRef] [PubMed]

81. Mandel, S.; Maor, G.; Youdim, M.B.H. Iron and alpha-synuclein in the substantia nigra of MPTP-treated
mice. J. Mol. Neurosci. 2004, 24, 401–416. [CrossRef]

82. Hung, V.W.S.; Bressan, L.P.; Seo, K.; Kerman, K. Electroanalysis of natural compounds as copper chelating
agents for Alzheimer’s disease therapy. Electroanal 2016, 27, 2670–2678. [CrossRef]

83. Mu, W.; Zhang, T.; Jiang, B. An overview of biological production of L-theanine. Biotechnol. Adv. 2015, 33,
335–342. [CrossRef] [PubMed]
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