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Redox Chemistry of Green Tea Polyphenols: Therapeutic Benefits in 
Neurodegenerative Diseases 
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Abstract: Evidence for the medicinal and health benefits of polyphenols in green tea for the prevention of chronic 
diseases such as heart disease, various types of cancer and neurodegenerative diseases is advancing. Their in vivo 
effectiveness and molecular mechanisms are difficult to elucidate and remain a challenging task. We review the redox 
responsiveness and amyloid protein perturbation biophysical properties of the major green tea polyphenol constituent (-)-
epigallocatechin-3-gallate [EGCG]. 
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INTRODUCTION 

 Alzheimer’s disease (AD) is an age related and incurable 
neurodegenerative disease characterized by the progressive 
loss of neurons of the hippocampus and the cortex, leading 
to impairment of memory and a progressive cognitive 
decline [1]. A characteristic feature of the pathological 
hallmarks of AD is the presence of highly stable misfolded 
amyloid protein aggregates localized in neurites (axons or 
dendrites) and in cell bodies of neurons termed 
neurofibrillary tangles, protein aggregates mainly composed 
of hyper-phosphorylated tau, and of senile plaques, protein 
aggregates mainly composed of beta-amyloid. In tissue 
culture experiments, the accumulation of beta-amyloid 
induces cell death of primary hippocampal neurons and 
neuronal cell lines (human neuroblastoma SH-SY5Y cells). 
Amyloid precursor protein (APP), the precursor protein of 
beta-amyloid, can be cleaved by processing enzymes α, β, or 
γ secretases to form either the soluble (mediated by α 
secretase) or the insoluble, toxic form of amyloid protein 
(mediated by β and γ secretase). Thus the aggregated form of 
beta-amyloid is believed to contribute to neurodegeneration 
in AD patients. 

DIETARY SUPPLEMENTATION 

 The role of human nutrition in the evolution of longevity 
and aging diseases is of paramount importance [2]. 
Emerging research has shown that the effects of the diet on 
the brain are linked with lifestyle factors such as exercise 
and sleep that are translated into the activation of molecular 
mechanisms involved in synaptic plasticity which has 
significant impact on human health and on therapeutic 
interventions. Next to water, tea is the most popular 
beverage consumed. We are not aware of any reports of any 
toxic effects linked to tea drinking, so the attraction of using 
green tea extract as green therapeutic agents is enormous.  
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Tea plants biosynthesize secondary metabolites as a defense 
mechanism to combat invading pathogens. The major 
polyphenol constituents of green tea are catechins or flavan-
3-ols such as (-)-epigallocatechin-3-gallate [EGCG], (-)-
epigallocatechin [EGC], (-)-epicatechin-3-gallate [ECG], (-)-
epicatechin [EC], as illustrated in Fig. (1). The most 
abundant and active compound in green tea (Camellia 
sinensis) is (EGCG), which is extensively studied for its 
cancer-preventive and anti-cancer activities [3,4] as well as 
its cellular targets. Epidemiological studies have indicated 
that green tea consumption is associated with the reduced 
risk of cancers, especially associated with the reduced risk of 
late stage of cancers. This risk reduction may be attributed 
not only to proteasome inhibition but also to numerous other 
intracellular molecules [4] targeted by EGCG that are 
involved in cell cycle regulation, apoptosis, angiogenesis, 
and metastasis. Nevertheless the molecular mechanisms 
concerning cancer prevention in animals and humans by tea 
catechins have not been proven.  

OXIDATIVE STRESS IN AD 

 There is now considerable scientific evidence indicating 
that oxidative damage to the brain is an early event in the 
pathogenesis of AD since mild cognitive impairment has 
been linked with elevated levels of lipid, protein, DNA and 
RNA oxidations [5,6]. The continuous and steady 
accumulation of oxidative damage to biomolecules leads to 
age-related reduction in human function and lifespan. 
Oxidative metabolic pathways that generate adenosine 
triphosphate (ATP), the biological currency of energy, 
require that the mitochondrial electron transport chain redox-
reduces oxygen to water. In the event of electron leak, 
superoxide radicals [⋅O2] escape from the mitochondrial 
matrix as reactive oxygen species [ROS] causing cellular 
oxidative damage. Levels of mitochondrial oxidized DNA 
bases [7] have been found around 10-fold higher than their 
nuclear counterparts. Also mitochondrial dysfunction, aging, 
leads to ROS by increased levels of hydrogen peroxide 
[H2O2] and ultimately the generation of highly toxic 
hydroxyl radicals [⋅HO] and oxidative damage. High 
concentrations of ROS can result in oxidative damage to 
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brain lipids, proteins and nucleic acids which contribute to 
pathologic conditions associated with aging and age–related 
neurodegenerative diseases such as AD. Brain lipid 
peroxidation yields malondialdehyde, 4-hydroxynonenal 
(HNE), F2-isoprostanes and acrolein. Levels of isoprostanes 
derived from free radical oxidation of docosahexaenoic acid 
are increased in brain cortex [8,9,10]; increased 
concentrations of free radical-catalyzed peroxidation 
products of arachidonic acid are also detected in plasma, 
urine and cerebrospinal fluid of patients with AD [11]. 
Apolipoprotein E4 increases Aβ production and also reduces 
its clearance [12,13] with the extent of lipid peroxidation in 
Alzheimer’s disease linked to the apoE genotype 
[10,11,14,15]. Elevated levels of the known neurotoxic 
substances acrolein and HNE were found in the 
hippocampus/parahippocampal gyrus (HPG), superior and 
middle temporal gyrus (SMTG) and cerebellum (CER) of 
subjects with mild cognitive impairment relative to control 
subjects [16,17,18]. The utilization of redox proteomics has 
identified the specific elevation of oxidatively modified 
proteins including α-enolase, heat shock cognate 71 (HSC 
71), creatine kinase BB (CK BB), glutamine synthase (GS) 
and ubiquitin carboxy-terminal hydrolase l-1 (UCHL-1) in 
the hippocampus as well as the partietal lobe in AD patients 
[19]. 

EGCG REDOX ACTIVITY 

 Phenolic compounds found in green tea can act as 
powerful antioxidants, possess free iron scavenging activities 
and may provide therapeutic intervention in the prevention 
of oxidative damage in the pathogenesis of cancer [20] and 
potentially AD. The application of density functional theory 
for the calculation of the gas-phase bond dissociation 
enthalpy (BDE) of the O-H bond in green tea catechins 
predicted the order of antioxidant activity [21] as EC < ECG 

< EGC < EGCG. The antioxidant activity of EGCG by the 
quenching of ROS and or intercept free radicals is most 
likely by a H-atom transfer [HAT] reaction whereby the 
resultant phenoxy radical is stabilized by intramolecular 
hydrogen bonding as illustrated in Scheme 1. This occurs in 
acidic solution/cellular environment. The pyrogallyl moiety 
of the 3-gallate-group can also potentially undergo HAT and 
contribute to the antioxidant activity. However in 
heterogeneous systems such as in water-lipid environments 
in membranes and in the brain, the antioxidant capacity of 
phenolic groups is related not only by the intrinsic properties 
such as O-H BDE or shape/steric hindrance but also to 
physiochemical features such as phase partitioning, 
diffusion, solubility, micelle-formation, all of which are 
impacted by hydrophobicity. The influence of the 
physiochemical hydrophobic-hydrophilic nature of 
polyphenolic groups on their antioxidant activity and 
function is not well understood. The HAT - Variational 
transitional state calculations [22] related to the antioxidant-
lipid peroxy radical have revealed that the effective 
antioxidant mechanism of the catechol/pyrogallyl groups can 
be attributed to a very compact reactant complex. This 
complex is illustrated in Scheme 1 and is composed of 
hydrogen bonds between two OH groups of the catechol 
group and two oxygen atoms of lipid peroxyl radical 
resulting in an extremely narrow adiabatic potential-energy 
profile facilitating hydrogen abstraction by the peroxyl 
radical with a significant quantum-mechanical tunneling 
effect increasing the reaction rate of peroxyl radical 
quenching [22]. The EGCG oxidized α-hydroxy-ortho-
quinone product may react with nucleophiles, electrophiles 
and undergo dimerisation and this needs further 
investigation. Furthermore, molecular dynamics simulations 
[23] to study the binding interactions of green tea catechins 
compounds with lipid bilayers also supported the suggestion 
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Fig. (1). The chemical structure of the main polyphenols found in green tea. 
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that the biological effects of catechins parallel the degree of 
hydrogen bonding effects with cell membranes and the 
implication that the gallate ester side chain enhances the 
biological efficacy of catechins.  

ANTIOXIDANT ACTIVITY OF GREEN TEA 
POLYPHENOLS [GTP]  

 In in vitro models of cancer, green tea polyphenols have 
been shown to act as antioxidants as Jurkat T cells subjected 
to oxidative damage by addition of iron II (Fenton) were 
protected by a green tea extract (10 mg/mL), containing high 
amounts of EGCG. The protective effect was attributed to 
the antioxidant capacity of the extract [24], and likely due to 
HAT by green tea polyphenols [25]. Green tea extract also 
prevented H2O2-induced cell death in bladder cancer and 
normal urothelium cells [26]. The Folin–Ciocalteu assay for 
total phenolic content has been used to show that green tea 
contains roughly 300 mg/g (expressed as EGCG) of dried 
leaves [27]. The beneficial effects of green tea polyphenols 
[28,29] are attributed to their redox responsiveness in OS 
environments, antioxidant/prooxidant activity, HAT, IP, 
EGCG-protein adduct formation, EGCG/amyloid bonding 
interactions. The galloylated catechins are more lipophilic, 
are more potent antioxidants [30] due to their higher efficacy 
for divalent chelation of metal ions Cu(II) and Fe(II) and 
inhibit their redox generation of free radicals [31,59]. GTP 
plasma levels in humans increased after 42 days of the 
consumption of 2 cups of GT containing about 250 mg 
polyphenols; plasma peroxide levels decreased [24]. Green 
tea polyphenols have been reported to have antioxidant 
effects in vivo. A 4% increase in human plasma antioxidant 
capacity, was found 40 min after drinking 400mL of green 
tea, and peak values were found in urine samples after 1 h 
[32]. The antioxidant capacity of plasma, measured by the 
trolox equivalent anti-oxidant capacity (TEAC) assay, after 
consuming 150, 300, and 450mL of green tea (2.5, 5.0, and 
7.5g of dried green tea leaves, respectively) increased in a 
dose-dependent fashion [33]. 

 Enhanced plasma antioxidant capacity by 15.6%, 
measured by a fluorescence-based assay, was found in 

humans that consume a green tea extract (18.6 mg/ day), and 
the effect was greatest in smokers [20]. Antioxidant capacity 
of human plasma, measured by the trolox equivalent 
antioxidant capacity assay, was enhanced to a greater extent 
(1.4%) by consumption of green tea poly-phenols (461.9 
mg/day) in tablet form compared to a green tea beverage 
(697.1 mg/day) [34], suggesting tablets may be an effective 
way to enhance plasma antioxidant capacity by green tea 
polyphenols. This difference may be due to pharmacokinetic 
differences in delivery of polyphenols by tablet compared to 
beverage. Polyphenols in beverage may be ingested and 
absorbed more slowly than in tablet. The elevation in 
antioxidant power of human plasma could be the basis for a 
role of green tea in cancer preventive effects, yet the effects 
are likely to be due mainly to metabolites of green tea 
polyphenols [35,36,37].  

PRO-OXIDANT EFFECTS OF GREEN TEA IN VITRO 
EFFECTS 

 When EGCG and EGC are mixed with dilute H2O2 for 
two days, conditions that simulate potential cellular 
oxidative stress environments, ring A cleaved oxidation 
products most likely formed via hydroxylation/oxidation/ 
decarboxylation pathways were isolated and characterized as 
shown in Scheme 2 [38]. EGCG also undergoes other 
oxidative reactions leading to dimerization products that 
occur at physiological pH (7.4) [39]. Green tea polyphenols 
can accelerate in vitro pro-oxidant effects at high pH. EPR 
analysis has shown that EGCG and ECG readily form free 
radicals during autoxidation in alkaline (pH 13) conditions 
by radical oxidation of the B and D rings [40] as outlined in 
Scheme 3. Surprisingly, oxidation of EGCG by superoxide 
radical anion formed the unstable D-ring radical followed by 
degradation to the more stable gallic radical. No radical-
degradation mechanism was proposed for the cleavage or 
substitution of the galloyl group at the C-3 flavanol position 
and this needs to be investigated. The O2-alkaline 
autoxidation produced neutral radicals with one deprotonated 
hydroxyl group whereas the superoxide radical anion 
scavenging effect on the D ring of EGCG resulted mainly in 
formation of a monoanion radical with two deprotonated 
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hydroxyl groups as shown in Scheme 3. Interestingly only 
pyrogallol priority free radical oxidized polyphenol products 
were observed although such autoxidation of catechol groups 
have been observed [41, 42]. This underscores the types of 
pro-oxidant reactions green tea catechins may affect in 
complex cellular oxidative environments in the presence of 
oxygen, superoxide anion, hydroxide radicals, hydrogen 
peroxide, copper and iron. Indeed the pro-oxidant capacity of 
green tea catechins is considered an integral part of their 
cancer inhibition and induction of apoptosis mechanism of 
action [42,43,44]. 

The amount of administered/consumed green tea polyphenol 
may be the crucial factor that controls/determines whether 
green tea polyphenols act as antioxidants or pro-oxidants in 
vitro. EGC and EGCG, both generate hydrogen peroxide at 
concentrations greater than 10 millimolar [mM] [45]. 

 This was shown in lymphoblastoid cell lines, where both 
EGCG and ascorbic acid at levels of 1–10 mM offered DNA 
protection against bleomycin, yet the protective effects were 
lost at 100 mM [46]. Green tea polyphenols do not appear to 
induce ROS-mediated DNA damage below concentrations of 
10 mM, but rather prevent hydrogen peroxide-mediated 

DNA damage in a dose-dependent manner at lower 
concentrations. In general, concentrations of green tea 
polyphenols in excess of 10 mM upset redox balance when 
added to cells, creating a pro-oxidant environment. This may 
also be true in vivo, as the total concentration of green tea 
polyphenols can exceed 10 mM in human biological samples 
[47]. 

EGCG β-AMYLOID DETOXIFICATION 

 EGCG protein binding is non-specific and this may 
explain its diverse activities. From a screening of a library of 
over 5000 natural substances using a membrane filter 
retardation assay identified EGCG [IC50 ~2µM] as the most 
potent green tea polyphenol inhibitor of mutant hungtingtin 
exon 1 [48]. The amyloid aggregation assays indicated that 
the presence of the gallate esters rather than the antioxidative 
properties of polyphenols are crucial for the inhibitory effect 
in vitro. EGCG also diverts amyloid-β and α-synclein into 
alternative and benign folding trajectories avoiding the 
deleterious conformations frequented during amyloido-
genesis resulting in the assembly of large spherical EGCG-
stabilized oligomers unable to seed fibrillogenesis and 
importantly exert neuroprotection by the modulation of the 
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protein kinase C pathway (PKC) [49,50]. Other dietary 
flavonoids [51,52,53] have been found to possess 
neuroprotective effects in cell cultures, in vitro and in vivo 
suggesting that flavonoids may function by a similar 
mechanism. Herbal medicines containing flavonoids have 
been reported to have beneficial effects in treating cognitive 
decline and dementia [54, 55]. Recent research indicated that 
baicalin protects rat cortical neurons from amyloid β-induced 
toxcicity by its inhibition of lipoxygenase [56]. Interestingly, 
baicalein and its quinone oxidized derivative that forms a 
Schiff base with a lysine in α-synuclein prevented 
fibrillization in addition to their ability to disaggregate 
exisiting fibrils by stabilizing a soluble oligomeric form [57]. 

NEUROPROTECTIVE EFFECTS OF EGCG 

EGCG 

• was found to elevate the activity of SOD and catalase, 
the two major oxygen-radical species metabolizing 
enzymes in mice striatum [58, 59] 

• possesses neuroprotective effects against a variety of 
toxic insults and inflammatory neuronal injuries 
[51,60,61,62,] 

• inhibited inflammatory stress-induced neuronal cell 
death in the case of ischemia/reperfusion-induced 
brain injury [63,64] 

• has anti-β-secretase activity in vitro [65] 

• enhances the release of soluble APP (a neuron 
protective form of amyloid precursor protein) in 
human SH-SY5Y neuroblastoma and 
pheochromocytoma (PC12) cells as well as in the 
hippocampus of a mouse brain [31,66,] 

• elevated N-terminal APP cleavage producing soluble 
APP-α through α-secretase activity in murine neuron-
like cells transfected with Swedish mutant form of 

APP (SweAPP N2a cells) as well as transgenic mice 
carrying Swedish mutant APP (Tg APPsw line 2576) 
[67] 

• prevents LPS-induced Aβ production by the 
inhibition of secretase activity, and improved effects 
on the memory deficiency in LPS-induced AD mice 
models [68] 

• directly binds/interacts/transforms mature α-synclein 
and amyloid-β fibrils into nontoxic smaller, 
amorphous protein aggregates [69] 

• pre-treatment of neurons prevented Aβ-induced 
mitochondrial dysfunction, impairment of NMDA, 
Ca2+ influx and ROS production [70] 

 Isothermal titration calorimetry (ITC) of in vitro studies 
of the interactions between EGCG and Aβ under different 
experimental conditions of EGCG and Aβ concentrations, 
pH, temperatures, salt concentrations provided an analysis of 
the thermodynamic parameters which significantly influence 
the EGCG-Aβ interactions [71]. The stoichiometry (N) is 
linearly related to the EGCG/Aβ ratio at pH 7.4 assuming 
EGCG stability. As indicated previously and shown in Table 
1. below, not only the nature of the redox activity of EGCG 
but also the binding interactions is affected by the applied 
dose of EGCG. The EGCG - Aβ binding was enhanced by 
increasing temperature, salt concentration and at pH values 
from pI of Aβ. 

GREEN TEA POLYPHENOL/METABOLITES AND 
BIOAVAILABILITY  

 The considerable challenge of correlating the biological 
activities of plant products like green tea polyphenols from 
in vitro to possible benefits in vivo is its bioavailability, 
[72,73,74,75,76,77,78,79]. The low bioavailability of EGCG 
can be related to such factors as: (a) the instability of EGCG 
in neutral and alkaline conditions [39] (b) poor cellular 
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uptake because of its hydrophilicity and poor hydrophobicity 
to be absorbed by cells and (c) metabolic transformations 
such as methylation, glucuronidation and sulfation after 
absorption [80,81]. There is in vitro evidence that 
formulation factors may potentially enhance the tea 
polyphenol profile in the small intestine [82]. Moreover, 
unraveling the role of colonic microbiota in the analysis of 
the bioconversion of polyphenols into their metabolites [83] 
is complex and requires further investigation. It is also 
unclear the extent green tea polyphenols can penetrate the 
blood brain barrier in sufficient concentrations for effective 
neuroprotection however peracetylated- [84] or nanolipidic-
EGCG particles [85] improved in vitro efficacy and more 
than doubled its oral bioavailability in vivo and has potential 
therapeutic applications. 

CONCLUSION 

 Biomedical research is investigating the mechanisms 
whereby green tea promotes good health and lowers the risk 
of major chronic diseases such as heart disease, various types 
of cancer and neurodegenerative diseases. Epigallocatechin 
gallate is the major active component of the green tea 
polyphenols and evidence suggests the polyphenols have 
multiple bioactivities: 1) Their concentration determines its 
antioxidant or oxidant function. They decrease the oxidation 
of LDL cholesterol and lower the risk of heart disease, and 
may inhibit action of ROS mediating the oxidation of DNA 
associated with carcinogenesis. 2) They induce detoxifying 
enzymes, glucuronosyl transferases, eliminating active forms 
of carcinogens and other toxicants, accounting for the lower 
cancer risk. 3) They lower the duplication rates of cancer 
cells and the growth of cancer inhibited, with increased 
apoptosis and lower angiogenesis. 4) Alter intestinal 
bacterial flora, suppressing undesirable bacteria and favoring 
growth of beneficial bacteria. 5) Result in inhibition of aging 
phenomena, and diseases associated with the formation of 
ROS. 6) Antagonize amyloidogenesis characteristic of 
Alzheimer’s and Parkinson’s diseases. Their mechanism of 
action in vivo may differ according to the cellular redox 
status, bioavailability at proposed site of action and nature of 
binding interaction. There is no doubt that more surprises, 
good and bad, are certainly ahead. Still, we should keep high 
our expectation that the green tea polyphenols and related 
compounds have yet to yield all their secrets and therapeutic 
opportunities for neuroprotection. 
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