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Abstract: Catechins are polyphenolic compounds—flavanols of the flavonoid family found in
a variety of plants. Green tea, wine and cocoa-based products are the main dietary sources of
these flavanols. Catechins have potent antioxidant properties, although in some cases they may act
in the cell as pro-oxidants. Catechins are reactive oxygen species (ROS) scavengers and metal ion
chelators, whereas their indirect antioxidant activities comprise induction of antioxidant enzymes,
inhibition of pro-oxidant enzymes, and production of the phase II detoxification enzymes and
antioxidant enzymes. Oxidative stress and ROS are implicated in aging and related dysfunctions, such
as neurodegenerative disease, cancer, cardiovascular diseases, and diabetes. Due to their antioxidant
properties, catechins may be beneficial in preventing and protecting against diseases caused by
oxidative stress. This article reviews the biochemical properties of catechins, their antioxidant activity,
and the mechanisms of action involved in the prevention of oxidative stress-caused diseases.
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1. Introduction
Catechins are natural polyphenolic compounds—flavan-3-ols (or flavanols), belonging to
the flavonoid family. They are found in abundant concentrations in a variety of fruits, vegetables
and plant-based beverages. The name catechin is derived from Cutch tree (Acacia catechu L.f.) [1].
High concentrations of catechin can be found in fresh tea leaves, rock-rose leaves, broad beans,
red wine, black grapes, strawberries, and apricots [2]. Apples, blackberries, broad beans, cherries,
black grapes, pears, raspberries, and chocolate are rich in epicatechin [2]. The main dietary source
of catechins is green tea [1]. Recently, the monograph of green tea was included in the European
Pharmacopoeia, where green tea is standardized for caffeine content (min 1.5%) and for total content
of catechins, expressed as (−)-epigallocatechin-3-O-gallate (min 8%) [3]. Catechin, epicatechin, and
gallate epicatechin are present in red wine where reacting with tannins they are responsible for wine
flavor [4]. Cocoa based products such as chocolate also contain catechin and epicatechin in high
amounts [5].
2. Chemical Properties of Catechins
Catechin chemically consists of two benzene rings (A- and B-rings) and a dihydropyran
heterocycle (the C-ring) with a hydroxyl group on carbon 3 [1]. There are two chiral centers
on the molecule on carbons 2 and 3. Catechin stereoisomers in cis ((−)-epicatechin) or trans
((+)-catechin) configuration, with respect to carbons 2 and 3, are flavan-3-ol compounds [1,6,7].
Through esterification with gallate groups, flavanols can form gallic acid conjugates epicatechin gallate
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(ECG), epigallocatechin (EGC), and epigallocatechin gallate (EGCG) [1,6,7] (Figure 1). Condensed
catechins are obtained via catechin polymerization [1]. The most common oligomers derived from
epicatechin are A-type and B-type procyanidins. In A-type dimers, the monomers are linked by both
a 4→8 carbon–carbon and a 2→O7 ether bond, and the monomers of the B-type dimers are linked
through 4→8 carbon–carbon bonds [1].

Figure 1. The main chemical structures of catechins.

3. Catechins as Antioxidants
Catechins appear to be able both to generate and to scavenge free radicals and show their beneficial
effects due to a combination of both mechanisms [8,9].
The antioxidant efficacy of catechins is exerted through (1) direct mechanisms—scavenging
ROS, chelating metal ions; and (2) indirect mechanisms—inducing antioxidant enzymes, inhibiting
pro-oxidant enzymes, and producing phase II detoxification enzymes and antioxidant enzymes
(Figure 2) [10]. Catechin and its diastereoisomers all have common chemical structures—phenolic
hydroxyl groups that are able to stabilize the free radicals [11]. This property is responsible for their
direct antioxidant activities where catechins can act as free radical scavengers. Phenolic hydroxyl
groups of catechins can react with reactive oxygen and reactive nitrogen species in a termination
reaction, which breaks the cycle of generation of new radicals (Figure 2). Catechins donate one electron
of phenolic OH group, thus reducing free radicals and the aromatic group maintains stability through
the resonance of the resultant aroxyl radicals [12,13]. Following interaction with the initial reactive
species, a radical form of the antioxidant is produced, which is stabilized by charge delocalization
caused by the interaction of the phenolic hydroxyl groups with the π-electrons of the benzene
ring [14]. The antioxidant potential of phenolic compounds depends on the number and arrangement
of the hydroxyl groups and the extent of structure conjugation [15,16]. The number of hydroxyl
groups in the molecule correlates positively with the antioxidant activity of phenolic compounds [15].
The relative hierarchy of effectiveness of catechins as radical scavengers is EGCG > ECG > EGC > EC >
C [15,17–20]. As free radical scavengers, catechins are able to stop radical chain reactions preventing
cellular lipids from oxidation.
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Figure 2. Antioxidant properties of catechins. ROS-reactive oxygen species, SOD-superoxide dismutase,
CAT-catalase, GSH-glutathione peroxidase, NADPH-oxidase-nicotinamide adenine dinucleotide
phosphate oxidase, COX-cyclooxygenase, iNOS-inducible nitric oxide synthase, TNF-α–tumor necrosis
factor alpha, NF-κB-nuclear factor kappa-light-chain-enhancer of activated B cells.

The antioxidant capacity of phenolic compounds is also attributed to their ability to chelate metal
ions involved in the production of free radicals [11]. Adjacent hydroxyl groups in the molecule can act
as iron chelation sites (Figure 2).
As indirect antioxidants, catechins regulate protein synthesis and signaling pathways [12].
In addition, catechins can up-regulate anti-oxidant enzymes [21,22]. Mice given 0.2% catechins in
drinking water showed significantly increased activities of superoxide dismutase (SOD), catalase
(CAT), and glutathione peroxidase (GSH) [23], which play key roles in scavenging ROS. Green
tea consumption for two weeks induced the expression of catalase in aorta of spontaneously
hypertensive rats [24]. In addition, catechins complemented the functions of glutathione participating
in vitamin E recycling [25]. Furthermore, green tea increased the plasma and tissue glutathione levels
in several animal studies [7,26–28].
Catechins can inhibit prooxidant enzymes, e.g., NADPH (nicotinamide adenine dinucleotide
phosphate)-oxidase, or modulate interaction of ligands with receptors, e.g., tumor necrosis factor
alpha (TNF-α) [12], also, they can suppress many oxidative stress-related pathways responsible for
the inflammation processes [12]. Catechins modulate the activities of redox-sensitive transcription
factors-nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) and activator protein-1
(AP-1), which are very important in the response to pathogenesis-related oxidative stress [1].
Catechins can interact with membranes via adsorption or penetration into the lipid bilayers [11].
Phenolic structures often have the potential to strongly interact with proteins due to interaction of
their hydrophobic benzene rings with protein proline residues and hydrogen-bonding potential of
the phenolic hydroxyl groups [11]. Furthermore, as catechins are structurally similar to ATP, they
could competitively bind to the enzyme ATP-binding sites. Structural/conformational properties and
hydrogen bonding are also suggested as mechanisms for catechin interactions with transcriptional
factors [11].
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4. Catechins in Oxidative Stress-Caused Diseases
Inflammation and oxidative stress are considered to be major causes of various chronic
disturbances [29,30]. Several age-associated diseases such as cancer, neurodegenerative diseases—Parkinson’s
disease, Alzheimer’s disease, cardiovascular diseases, and diabetes are linked to changes in
oxidant-antioxidant balances and free radical damage [1,31]. Due to their antioxidant properties, catechins
may be beneficial in preventing and protecting from pathologies caused by oxidative stress [1,18].
4.1. Cardiovascular Diseases
Oxidative stress is implicated in the progression of various cardiovascular diseases, including
hypertension, endothelial dysfunction, atherosclerosis, ischemic heart diseases, cardiomyopathy,
cardiac hypertrophy, and congestive heart failure [32]. ROS-caused ischemia/reperfusion injury
plays an essential role in myocardial damage during ischemic stroke and myocardial infarction [33].
The causes of cardiovascular diseases are multifactorial, also involving abnormalities in lipid
metabolism and disturbances in vascular cells [32].
Catechins from green tea decreased blood pressure and reduced the risk of stroke and coronary
heart disease [34,35]. Catechins alleviated conditions associated with vascular dysfunction, including
vascular inflammation and smooth muscle cell proliferation, blood platelet aggregation, lipoprotein
oxidation, altered lipid profile, and vascular reactivity [7]. Catechins play a crucial role in the balance
of vasoconstricting substances, such as endothelin-1, prostaglandins, angiotensin II, and vasodilating
substances, such as nitric oxide, prostacyclin and various endothelium-derived hyperpolarizing
factors [36,37]. Catechins inhibited oxidative damage and reduce lipid peroxidation in vascular
smooth muscle cells [38]. Crude extract from species of the Cistus genus—Cistus incanus L. and
Cistus monspeliensis L., rich in catechins [39–41], showed potent free radical scavenging activity,
protecting DNA from cleavage and inhibited lipid peroxidation in rat liver microsomes [42].
Epigallocatechin gallate enhanced expression of p53, p21, and NF-κB, induced the apoptosis of
vascular smooth muscle cells and prevented the development of atherosclerosis [43,44]. In addition,
catechins reduced the accumulation of cholesterol and its oxidation products in artery walls when
it was combined with free radicals in vivo, thus improving blood circulation [45]. Catechins could
normalize the levels of cholesterol, reducing the blood fat deposition [46]. Furthermore, catechins
reduced the expression of cytokines, NF-κB, intercellular adhesion molecule 1 (ICAM-1), and TNF-α
responsible for inflammation, and suppressed myocardial inflammation in rats [32,46].
Animal model studies suggested that green tea bioactive components might protect against
the development of coronary heart disease by reducing blood glucose levels and body weight [1,34].
Green tea flavonoids had insulin-like activities as well as insulin-enhancing activity. Epigallocatechin
galate inhibited intestinal glucose uptake by the sodium-dependent glucose transporter (SGLT1),
indicating its increase in controlling blood sugar [47].
4.2. Cancer
The catechins present in tea leaves inhibited the growth of cancer cells [48]. Furthermore,
catechins could possess the anti-carcinogenic activity in many experimental systems and in many
kinds of organs, including lung, liver, pancreas, esophagus, stomach, small intestine, colon, bladder,
skin, the oral cavity, prostate and mammary gland [49–53]. It has been proved that catechins could
inhibit carcinogenesis, tumor growth, cancer cell invasion, and tumor angiogenesis, by suppressing
the induction of proangiogenic factors [12,54]. In xenograft models, green tea catechins inhibited
tumour growth and suppressed metastasis of metastasis specific mouse mammary carcinoma 4T1
cells [55] and reduced tumor blood vessel formation in estrogen receptor-negative breast cancer [56].
Experimental studies demonstrated that anti-cancer activity likely resulted from the antioxidant activity
and the direct binding of green tea polyphenols to proteins, thus modulating multiple cellular signaling
pathways [57]. Regulation of the apoptotic process is a critical step in the prevention or treatment
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of cancer. Apoptosis is known to play a significant role in eliminating precancerous and cancer
cells and function as a protective mechanism [58,59]. Catechins, especially epigallocatechin galate,
induced apoptosis and cell-cycle arrest, inhibited NF-κB, and suppressed cyclooxygenase-2 (COX)
overexpression in vitro and in animal models [58]. Catechins also modulated apoptosis by altering
the expression of anti- and proapoptotic genes [60–62]. The effects of catechins on apoptosis depended
on their concentration used for the studies. Low concentrations (1 µM) induced immediate expression
of antiapoptotic bcl-xL and/or bcl-2, whereas Bax expression was reduced [63–65]. A proapoptotic
pattern of gene expression—upregulation of caspases-3 and 10, Fas and the Fas ligand, the NF-κB p105
subunit, and p53 was observed at high concentrations (50 µM) of catechins [1,66].
4.3. Neurodegenerative Diseases
Oxidative stress and ROS are implicated in aging and related neurodegenerative disorders [67,68].
Oxidative stress also plays a crucial role in cerebral ischemic stroke [69]. Catechins may protect
the neurons from excess oxidative stress, resulting in the inhibition of neurodegenerative diseases.
Misregulated iron metabolism was recently implicated as a central pathological feature in Parkinson’s
disease, and thus the iron-chelating properties of epigallocatechin gallate could be important for
its protective effects in neurodegenerative diseases [35]. Catechins suppressed morphologic and
functional regression in the brain [70] and memory regression in aged mice with accelerated
senescence [71]. Although it is not fully elucidated whether catechins pass through the blood–brain
barrier or not, epigallocatechin gallate exerted protective effects against neuronal damage after
ischemia [58]. Epigallocatechin gallate inhibited β-amyloid formation involved in Alzheimer’s
disease, modulated amyloid precursor protein cleavage, and reduced cerebral amyloidosis in mice [72].
A cross-sectional study has revealed that green tea consumption significantly reduced the risk of
cognitive dysfunction [73], and was beneficial in Alzheimer’s disease [74–77]. Moreover, the long-term
consumption of tea had an inverse correlation with the onset of Parkinson’s disease in a population
study [58,78].
In the central nervous system, senescence and neurodegeneration occur as a consequence of
mitochondrial oxidative insults and impaired electron transfer [79]. The accumulation of several
oxidation products in neurons during aging prompts the idea that consumption of antioxidant
compounds may delay neurodegenerative processes [79]. Thus, catechins may help to prevent
neurodegeneration and delay decline of brain function [79].
5. The Role of Mitochondria in Oxidative Stress and the Beneficial Effects of Catechins
Mitochondria are central players in the regulation of cell homeostasis. They are essential for energy
production but at the same time, reactive oxygen species accumulate as byproducts of the electron
transport chain causing mitochondrial damage. Oxidative stress-mediated ROS causes rapid
depolarization of mitochondrial inner membrane potential and subsequent impairment of oxidative
phosphorylation. Damaged mitochondria produce ROS, especially in the form of the superoxide
anion (O2− ) and hydrogen peroxide (H2 O2 ), which further accelerate ROS generation [32,80,81].
Opening of mitochondrial permeability transition pore is one of the crucial triggers of apoptosis [82,83].
Furthermore, in cancer cells mitochondrial respiration is suppressed and anaerobic glycolysis, which is
known as the Warburg effect, predominates [33,84,85]. In addition, mitochondrial damage is implicated
in neurodegenerative diseases [79]. The essential role of mitochondria in oxidative stress imply that
they could be also one of the targets of catechins in the cell.
In primary rat islets cultured with a monomeric catechin-rich cocoa flavanol fraction
the increased glucose-stimulated insulin secretion corresponded with enhanced mitochondrial
respiration, suggesting improvements in β-cell fuel utilization. Mitochondrial complex III, IV, and
V components were up-regulated after culture with the monomer-rich fraction, corresponding with
increased cellular ATP production [86]. Epigallocatechin gallate (the main catechin of green tea),
at the concentration of 50 µM, increased State 4 complex I-driven respiration, thus demonstrating
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uncoupling effects on rat liver mitochondria [87]. Furthermore, epigallocatechin gallate increased
oxidative phosphorylation and ATP production in both human cultured astrocytes and neurons with
different kinetic parameters and without toxicity [88]. Catechin-induced ATP production was only
blocked by sodium azide and oligomycin, inhibitors of cytochrome c oxidase (complex IV), and
ATP synthase (complex V) respectively [88]. In addition, epigallocatechin gallate (0.3 µM) increased
respiratory capacity of neuronal mitochondrial function [89]. Catechin was found to be a potent
mitochondrial permeability transition pore inducer over the whole tested concentration range, thus
implying its prooxidant action being responsible for this effect [90]. (−)-Epicatechin diminished
inhibition of mitochondrial respiration, lowered mitochondrial Ca2+ load, and preserved a pool of
NADH that correlated with higher tissue ATP levels in the reperfused heart [91]. (−)-Epicatechin
stimulated mitochondrial respiration and oxygen consumption in Panc-1 cells [92]. After oral
administration in mice, (−)-epicatechin increased respiration of cardiac mitochondria and enhanced
free radical production during State 3 respiration [93]. Our group evaluated the direct effects of
(−)-epicatechin and procyanidin B2 on the functions of cardiac mitochondria (Figure 3) [94]. The results
demonstrated uncoupling of oxidation from phosphorylation, stimulation of phosphorylation at
lower concentrations, and inhibition of respiratory chain at higher concentrations as well as
(−)-epicatechin-reduced release of cytochrome c from mitochondria [94]. These data implicated
that the beneficial effects of (−)-epicatechin and its derivatives might be due to direct modulation of
mitochondrial functions.

Figure 3. The main effects of catechins on mitochondrial functions.

Catechins have the 3-OH group, which interacts with the B-ring through a hydrogen bond,
thus placing it practically in the same plane as the A- and C-rings in their molecules [90,95,96].
Such conformation favors an interaction of these compounds with membranes. Since flavonoids are
weak acids of a hydrophobic character, it is likely that they could be potentially capable of causing
mitochondrial uncoupling [90,97,98]. As the mild mitochondrial uncoupling is implicated to be a highly
effective in vivo antioxidant strategy, catechins might be promising candidate pro-drugs alleviating
stress-related disturbances of the organism. Moreover, catechins could be widely applied as active
compounds for the design and development of novel pharmaceutical and cosmetic products.
Acknowledgments: The authors wish to thank the Open Access Centre for the Advanced Pharmaceutical and
Health technologies for the support of this study.
Conflicts of Interest: The authors declare no conflict of interest.

Molecules 2018, 23, 965

7 of 11

References
1.

2.
3.
4.
5.
6.
7.
8.

9.

10.

11.
12.
13.
14.
15.
16.
17.
18.
19.

20.
21.

22.

Braicu, C.; Ladomery, M.R.; Chedea, V.S.; Irimie, A.; Berindan-Neagoe, I. The relationship between
the structure and biological actions of green tea catechins. Food Chem. 2013, 141, 3282–3289. [CrossRef]
[PubMed]
Cabrera, C.; Artacho, R.; Gimenez, R. Beneficial effects of green tea—A review. J. Am. Coll. Nutr. 2006, 25,
79–99. [CrossRef] [PubMed]
Green tea (Camelliae sinensis non fermentata folia). In European Pharmacopoeia, 9th ed.; Council of Europe:
Strasbourg, France, 2018.
Arts, I.C.; van De Putte, B.; Hollman, P.C. Catechin contents of foods commonly consumed in The Netherlands.
2. Tea, wine, fruit juices, and chocolate milk. J. Agric. Food Chem. 2000, 48, 1752–1757. [CrossRef] [PubMed]
Kofink, M.; Papagiannopoulos, M.; Galensa, R. (−)-Catechin in cocoa and chocolate: Occurrence and analysis
of an atypical flavan-3-ol enantiomer. Molecules 2007, 12, 1274–1288. [CrossRef] [PubMed]
Rosen, T. Green tea catechins: Biologic properties, proposed mechanisms of action, and clinical implications.
J. Drugs Dermatol. 2012, 11, e55–e60. [PubMed]
Babu, P.V.; Liu, D. Green tea catechins and cardiovascular health: An update. Curr. Med. Chem. 2008, 15,
1840–1850. [CrossRef] [PubMed]
Oliveira-Marques, V.; Marinho, H.S.; Cyrne, L.; Antunes, F. Modulation of NF-kappaB-dependent gene
expression by H2 O2 : A major role for a simple chemical process in a complex biological response. Antioxid.
Redox Signal. 2009, 11, 2043–2053. [CrossRef] [PubMed]
Valko, M.; Leibfritz, D.; Moncol, J.; Cronin, M.T.; 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]
Youn, H.S.; Lee, J.Y.; Saitoh, S.I.; Miyake, K.; Kang, K.W.; Choi, Y.J.; Hwang, D.H. Suppression of MyD88- and
TRIF-dependent signaling pathways of Toll-like receptor by (−)-epigallocatechin-3-gallate, a polyphenol
component of green tea. Biochem. Pharmacol. 2006, 72, 850–859. [CrossRef] [PubMed]
Fraga, C.G.; Galleano, M.; Verstraeten, S.V.; Oteiza, P.I. Basic biochemical mechanisms behind the health
benefits of polyphenols. Mol. Aspects Med. 2010, 31, 435–445. [CrossRef] [PubMed]
Fan, F.Y.; Sang, L.X.; Jiang, M. Catechins and Their Therapeutic Benefits to Inflammatory Bowel Disease.
Molecules 2017, 22, 484. [CrossRef] [PubMed]
Bors, W.; Heller, W.; Michel, C.; Saran, M. Flavonoids as antioxidants: Determination of radical-scavenging
efficiencies. Methods Enzymol. 1990, 186, 343–355. [PubMed]
Parr, A.J.; Bolwell, G.P. Phenols in the plant and in man. The potential for possible nutritional enhancement
of the diet by modifying the phenols content or profile. J. Sci. Food Agric. 2000, 80, 985–1012. [CrossRef]
Rice-Evans, C.A.; Miller, N.J.; Bolwell, P.G.; Bramley, P.M.; Pridham, J.B. The Relative Antioxidant Activities
of Plant-Derived Polyphenolic Flavonoids. Free Radic. Res. 1995, 22, 375–383. [CrossRef] [PubMed]
Cao, G.; Sofic, E.; Prior, R.L. Antioxidant and prooxidant behavior of flavonoids: Structure-activity
relationships. Free Radic. Biol. Med. 1997, 22, 749–760. [CrossRef]
Intra, J.; Kuo, S.M. Physiological levels of tea catechins increase cellular lipid antioxidant activity of vitamin
C and vitamin E in human intestinal caco-2 cells. Chem. Biol. Interact. 2007, 169, 91–99. [CrossRef] [PubMed]
Zaveri, N.T. Green tea and its polyphenolic catechins: Medicinal uses in cancer and noncancer applications.
Life Sci. 2006, 78, 2073–2080. [CrossRef] [PubMed]
Azman, N.A.; Peiro, S.; Fajari, L.; Julia, L.; Almajano, M.P. Radical scavenging of white tea and its flavonoid
constituents by electron paramagnetic resonance (EPR) spectroscopy. J. Agric. Food Chem. 2014, 62, 5743–5748.
[CrossRef] [PubMed]
Fujisawa, S.; Kadoma, Y. Comparative study of the alkyl and peroxy radical scavenging activities of
polyphenols. Chemosphere 2006, 62, 71–79. [CrossRef] [PubMed]
Rodriguez-Ramiro, I.; Martin, M.A.; Ramos, S.; Bravo, L.; Goya, L. Comparative effects of dietary flavanols
on antioxidant defences and their response to oxidant-induced stress on Caco2 cells. Eur. J. Nutr. 2011, 50,
313–322. [CrossRef] [PubMed]
Meng, Q.; Velalar, C.N.; Ruan, R. Effects of epigallocatechin-3-gallate on mitochondrial integrity and
antioxidative enzyme activity in the aging process of human fibroblast. Free Radic. Biol. Med. 2008, 44,
1032–1041. [CrossRef] [PubMed]

Molecules 2018, 23, 965

23.

24.

25.
26.
27.
28.
29.
30.
31.

32.
33.

34.
35.

36.
37.
38.

39.
40.

41.

42.

43.

8 of 11

Khan, S.G.; Katiyar, S.K.; Agarwal, R.; Mukhtar, H. Enhancement of antioxidant and phase II enzymes by
oral feeding of green tea polyphenols in drinking water to SKH-1 hairless mice: Possible role in cancer
chemoprevention. Cancer Res. 1992, 52, 4050–4052. [PubMed]
Negishi, H.; Xu, J.W.; Ikeda, K.; Njelekela, M.; Nara, Y.; Yamori, Y. Black and green tea polyphenols
attenuate blood pressure increases in stroke-prone spontaneously hypertensive rats. J. Nutr. 2004, 134, 38–42.
[CrossRef] [PubMed]
Zhu, Q.Y.; Huang, Y.; Tsang, D.; Chen, Z.Y. Regeneration of alpha-tocopherol in human low-density
lipoprotein by green tea catechin. J. Agric. Food Chem. 1999, 47, 2020–2025. [CrossRef] [PubMed]
Babu, P.V.; Sabitha, K.E.; Shyamaladevi, C.S. Therapeutic effect of green tea extract on oxidative stress in
aorta and heart of streptozotocin diabetic rats. Chem. Biol. Interact. 2006, 162, 114–120. [CrossRef] [PubMed]
Frei, B.; Higdon, J.V. Antioxidant activity of tea polyphenols in vivo: Evidence from animal studies. J. Nutr.
2003, 133, 3275S–3284S. [CrossRef] [PubMed]
Sur-Altiner, D.; Yenice, B. Effect of black tea on lipid peroxidation in carbon tetrachloride treated male rats.
Drug Metabol. Drug Interact. 2000, 16, 123–128. [CrossRef] [PubMed]
Majumder, K.; Mine, Y.; Wu, J. The potential of food protein-derived anti-inflammatory peptides against
various chronic inflammatory diseases. J. Sci. Food Agric. 2016, 96, 2303–2311. [CrossRef] [PubMed]
Zhang, Y.J.; Gan, R.Y.; Li, S.; Zhou, Y.; Li, A.N.; Xu, D.P.; Li, H.B. Antioxidant Phytochemicals for
the Prevention and Treatment of Chronic Diseases. Molecules 2015, 20, 21138–21156. [CrossRef] [PubMed]
Shammas, M.A.; Neri, P.; Koley, H.; Batchu, R.B.; Bertheau, R.C.; Munshi, V.; Prabhala, R.; Fulciniti, M.;
Tai, Y.T.; Treon, S.P.; et al. Specific killing of multiple myeloma cells by (−)-epigallocatechin-3-gallate
extracted from green tea: Biologic activity and therapeutic implications. Blood 2006, 108, 2804–2810.
[CrossRef] [PubMed]
Bhardwaj, P.; Khanna, D. Green tea catechins: Defensive role in cardiovascular disorders. Chin. J. Nat. Med.
2013, 11, 345–353. [CrossRef]
Shay, J.; Elbaz, H.A.; Lee, I.; Zielske, S.P.; Malek, M.H.; Huttemann, M. Molecular Mechanisms and
Therapeutic Effects of (−)-Epicatechin and Other Polyphenols in Cancer, Inflammation, Diabetes, and
Neurodegeneration. Oxid. Med. Cell. Longev. 2015, 2015, 181260. [CrossRef] [PubMed]
Chacko, S.M.; Thambi, P.T.; Kuttan, R.; Nishigaki, I. Beneficial effects of green tea: A literature review.
Chin. Med. 2010, 5, 13. [CrossRef] [PubMed]
Mandel, S.; Maor, G.; Youdim, M.B. 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, 401–416. [CrossRef]
Galley, H.F.; Webster, N.R. Physiology of the endothelium. Br. J. Anaesth. 2004, 93, 105–113. [CrossRef]
[PubMed]
Schiffrin, E.L. A critical review of the role of endothelial factors in the pathogenesis of hypertension.
J. Cardiovasc. Pharmacol. 2001, 38 (Suppl. S2), S3–S6. [CrossRef] [PubMed]
Branen, L.; Hovgaard, L.; Nitulescu, M.; Bengtsson, E.; Nilsson, J.; Jovinge, S. Inhibition of tumor necrosis
factor-alpha reduces atherosclerosis in apolipoprotein E knockout mice. Arterioscler. Thromb. Vasc. Biol. 2004,
24, 2137–2142. [CrossRef] [PubMed]
Pomponio, R.; Gotti, R.; Santagati, N.A.; Cavrini, V. Analysis of catechins in extracts of Cistus species by
microemulsion electrokinetic chromatography. J. Chromatogr. A 2003, 990, 215–223. [CrossRef]
Barrajon-Catalan, E.; Fernandez-Arroyo, S.; Roldan, C.; Guillen, E.; Saura, D.; Segura-Carretero, A.; Micol, V.
A systematic study of the polyphenolic composition of aqueous extracts deriving from several Cistus genus
species: Evolutionary relationship. Phytochem. Anal. PCA 2011, 22, 303–312. [CrossRef] [PubMed]
Santagati, N.A.; Salerno, L.; Attaguile, G.; Savoca, F.; Ronsisvalle, G. Simultaneous determination of catechins,
rutin, and gallic acid in Cistus species extracts by HPLC with diode array detection. J. Chromatogr. Sci. 2008,
46, 150–156. [CrossRef] [PubMed]
Attaguile, G.; Russo, A.; Campisi, A.; Savoca, F.; Acquaviva, R.; Ragusa, N.; Vanella, A. Antioxidant activity
and protective effect on DNA cleavage of extracts from Cistus incanus L. and Cistus monspeliensis L. Cell Biol.
Toxicol. 2000, 16, 83–90. [CrossRef] [PubMed]
Lin, Y.L.; Lin, J.K. (−)-Epigallocatechin-3-gallate blocks the induction of nitric oxide synthase by
down-regulating lipopolysaccharide-induced activity of transcription factor nuclear factor-kappaB.
Mol. Pharmacol. 1997, 52, 465–472. [CrossRef] [PubMed]

Molecules 2018, 23, 965

44.
45.

46.

47.

48.
49.
50.
51.
52.

53.

54.
55.

56.

57.

58.
59.
60.
61.
62.
63.
64.

65.

9 of 11

Chen, X.Q.; Hu, T.; Han, Y.; Huang, W.; Yuan, H.B.; Zhang, Y.T.; Du, Y.; Jiang, Y.W. Preventive Effects of
Catechins on Cardiovascular Disease. Molecules 2016, 21, 1759. [CrossRef] [PubMed]
Suzuki, J.; Ogawa, M.; Izawa, A.; Sagesaka, Y.M.; Isobe, M. Dietary consumption of green tea catechins
attenuate hyperlipidaemia-induced atherosclerosis and systemic organ damage in mice. Acta Cardiol. 2005,
60, 271–276. [CrossRef] [PubMed]
Suzuki, J.; Ogawa, M.; Futamatsu, H.; Kosuge, H.; Sagesaka, Y.M.; Isobe, M. Tea catechins improve left
ventricular dysfunction, suppress myocardial inflammation and fibrosis, and alter cytokine expression in rat
autoimmune myocarditis. Eur. J. Heart Fail. 2007, 9, 152–1529. [CrossRef] [PubMed]
Tsuneki, H.; Ishizuka, M.; Terasawa, M.; Wu, J.B.; Sasaoka, T.; Kimura, I. Effect of green tea on blood glucose
levels and serum proteomic patterns in diabetic (db/db) mice and on glucose metabolism in healthy humans.
BMC Pharmacol. 2004, 4, 18. [CrossRef] [PubMed]
Arts, I.C.; Hollman, P.C.; Kromhout, D. Chocolate as a source of tea flavonoids. Lancet 1999, 354, 488.
[CrossRef]
Lambert, J.D.; Hong, J.; Yang, G.Y.; Liao, J.; Yang, C.S. Inhibition of carcinogenesis by polyphenols: Evidence
from laboratory investigations. Am. J. Clin. Nutr. 2005, 81 (Suppl. S1), 284S–291S. [CrossRef] [PubMed]
Yang, C.S.; Maliakal, P.; Meng, X. Inhibition of carcinogenesis by tea. Annu. Rev. Pharmacol. Toxicol. 2002, 42,
25–54. [CrossRef] [PubMed]
Yang, C.S.; Wang, X.; Lu, G.; Picinich, S.C. Cancer prevention by tea: Animal studies, molecular mechanisms
and human relevance. Nat. Rev. Cancer 2009, 9, 429–439. [CrossRef] [PubMed]
Xiao, H.; Hao, X.; Simi, B.; Ju, J.; Jiang, H.; Reddy, B.S.; Yang, C.S. Green tea polyphenols inhibit
colorectal aberrant crypt foci (ACF) formation and prevent oncogenic changes in dysplastic ACF in
azoxymethane-treated F344 rats. Carcinogenesis 2008, 29, 113–119. [CrossRef] [PubMed]
Guan, F.; Liu, A.B.; Li, G.; Yang, Z.; Sun, Y.; Yang, C.S.; Ju, J. Deleterious effects of high concentrations of
(−)-epigallocatechin-3-gallate and atorvastatin in mice with colon inflammation. Nutr. Cancer 2012, 64,
847–855. [CrossRef] [PubMed]
Jung, Y.D.; Ellis, L.M. Inhibition of tumour invasion and angiogenesis by epigallocatechin gallate (EGCG),
a major component of green tea. Int. J. Exp. Pathol. 2001, 82, 309–316. [CrossRef] [PubMed]
Baliga, M.S.; Meleth, S.; Katiyar, S.K. Growth inhibitory and antimetastatic effect of green tea polyphenols
on metastasis-specific mouse mammary carcinoma 4T1 cells in vitro and in vivo systems. Clin. Cancer Res.
2005, 11, 1918–1927. [CrossRef] [PubMed]
Rodenberg, J.M.; Brown, P.H. A novel look into estrogen receptor-negative breast cancer prevention with
the natural, multifunctional signal transduction inhibitor deguelin. Cancer Prev. Res. 2009, 2, 915–918.
[CrossRef] [PubMed]
Wang, Z.; Fan, J.; Liu, M.; Yeung, S.; Chang, A.; Chow, M.S.; Pon, D.; Huang, Y. Nutraceuticals for prostate
cancer chemoprevention: From molecular mechanisms to clinical application. Expert Opin. Investig. Drugs
2013, 22, 1613–1626. [CrossRef] [PubMed]
Shirakami, Y.; Sakai, H.; Kochi, T.; Seishima, M.; Shimizu, M. Catechins and Its Role in Chronic Diseases.
Adv. Exp. Med. Biol. 2016, 929, 67–90. [PubMed]
Shankar, S.; Ganapathy, S.; Hingorani, S.R.; Srivastava, R.K. EGCG inhibits growth, invasion, angiogenesis
and metastasis of pancreatic cancer. Front. Biosci. 2008, 13, 440–452. [CrossRef] [PubMed]
Chen, L.;
Zhang, H.Y. Cancer preventive mechanisms of the green tea polyphenol
(−)-epigallocatechin-3-gallate. Molecules 2007, 12, 946–957. [CrossRef] [PubMed]
Liu, J.; Xing, J.; Fei, Y. Green tea (Camellia sinensis) and cancer prevention: A systematic review of randomized
trials and epidemiological studies. Chin. Med. 2008, 3, 12. [CrossRef] [PubMed]
Sutherland, B.A.; Rahman, R.M.; Appleton, I. Mechanisms of action of green tea catechins, with a focus on
ischemia-induced neurodegeneration. J. Nutr. Biochem. 2006, 17, 291–306. [CrossRef] [PubMed]
Beliveau, R.; Gingras, D. Role of nutrition in preventing cancer. Can. Fam. Phys. 2007, 53, 1905–1911.
D’Archivio, M.; Santangelo, C.; Scazzocchio, B.; Vari, R.; Filesi, C.; Masella, R.; Giovannini, C. Modulatory
effects of polyphenols on apoptosis induction: Relevance for cancer prevention. Int. J. Mol. Sci. 2008, 9,
213–228. [CrossRef] [PubMed]
Yamauchi, R.; Sasaki, K.; Yoshida, K. Identification of epigallocatechin-3-gallate in green tea polyphenols as
a potent inducer of p53-dependent apoptosis in the human lung cancer cell line A549. Toxicol. In Vitro 2009,
23, 834–839. [CrossRef] [PubMed]

Molecules 2018, 23, 965

66.

67.
68.
69.
70.

71.

72.

73.

74.

75.
76.

77.
78.
79.
80.
81.

82.
83.

84.
85.
86.

10 of 11

Weinreb, O.; Amit, T.; Mandel, S.; Youdim, M.B. 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]
Sasaki, T.; Unno, K.; Tahara, S.; Shimada, A.; Chiba, Y.; Hoshino, M.; Kaneko, T. Age-related increase of
superoxide generation in the brains of mammals and birds. Aging Cell 2008, 7, 459–469. [CrossRef] [PubMed]
Halliwell, B. Role of free radicals in the neurodegenerative diseases: Therapeutic implications for antioxidant
treatment. Drugs Aging 2001, 18, 685–716. [CrossRef] [PubMed]
Allen, C.L.; Bayraktutan, U. Oxidative stress and its role in the pathogenesis of ischaemic stroke. Int. J. Stroke
2009, 4, 461–470. [CrossRef] [PubMed]
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, 1027–1034. [CrossRef] [PubMed]
Unno, K.; Takabayashi, F.; Yoshida, H.; Choba, D.; Fukutomi, R.; Kikunaga, N.; Kishido, T.; Oku, N.;
Hoshino, M. Daily consumption of green tea catechin delays memory regression in aged mice. Biogerontology
2007, 8, 89–95. [CrossRef] [PubMed]
Lee, J.W.; Lee, Y.K.; Ban, J.O.; Ha, T.Y.; Yun, Y.P.; Han, S.B.; Oh, K.W.; Hong, J.T. 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, 1987–1993.
[CrossRef] [PubMed]
Kuriyama, S.; Hozawa, A.; Ohmori, K.; Shimazu, T.; Matsui, T.; Ebihara, S.; Awata, S.; Nagatomi, R.; Arai, H.;
Tsuji, I. Green tea consumption and cognitive function: A cross-sectional study from the Tsurugaya Project 1.
Am. J. Clin. Nutr. 2006, 83, 355–361. [CrossRef] [PubMed]
Fernando, W.; Somaratne, G.; Goozee, K.G.; Williams, S.; Singh, H.; Martins, R.N. Diabetes and Alzheimer’s
Disease: Can Tea Phytochemicals Play a Role in Prevention? J. Alzheimer's Dis. 2017, 59, 481–501. [CrossRef]
[PubMed]
Cheng, X.; Zhang, L.; Lian, Y.J. Molecular Targets in Alzheimer’s Disease: From Pathogenesis to Therapeutics.
Biomed. Res. Int. 2015, 2015, 760758. [CrossRef] [PubMed]
Xicota, L.; Rodriguez-Morato, J.; Dierssen, M.; de la Torre, R. Potential Role of (−)-Epigallocatechin-3-Gallate
(EGCG) in the Secondary Prevention of Alzheimer Disease. Curr. Drug Targets 2017, 18, 174–195. [CrossRef]
[PubMed]
Feng, L.; Chong, M.S.; Lim, W.S.; Lee, T.S.; Kua, E.H.; Ng, T.P. Tea for Alzheimer Prevention. J. Prev.
Alzheimer's Dis. 2015, 2, 136–141.
Kandinov, B.; Giladi, N.; Korczyn, A.D. Smoking and tea consumption delay onset of Parkinson’s disease.
Parkinsonism Relat. Disord. 2009, 15, 41–46. [CrossRef] [PubMed]
Assuncao, M.; Andrade, J.P. Protective action of green tea catechins in neuronal mitochondria during aging.
Front. Biosci. 2015, 20, 247–262.
Dhalla, N.S.; Temsah, R.M.; Netticadan, T. Role of oxidative stress in cardiovascular diseases. J. Hypertens.
2000, 18, 655–673. [CrossRef] [PubMed]
Park, J.; Lee, J.; Choi, C. Mitochondrial network determines intracellular ROS dynamics and sensitivity to
oxidative stress through switching inter-mitochondrial messengers. PLoS ONE 2011, 6, e23211. [CrossRef]
[PubMed]
Giorgio, V.; Guo, L.; Bassot, C.; Petronilli, V.; Bernardi, P. Calcium and regulation of the mitochondrial
permeability transition. Cell Calcium 2018, 70, 56–63. [CrossRef] [PubMed]
Halestrap, A.P.; Richardson, A.P. The mitochondrial permeability transition: A current perspective on its
identity and role in ischaemia/reperfusion injury. J. Mol. Cell. Cardiol. 2015, 78, 129–141. [CrossRef]
[PubMed]
Warburg, O. On respiratory impairment in cancer cells. Science 1956, 124, 269–270. [PubMed]
Warburg, O. On the origin of cancer cells. Science 1956, 123, 309–314. [CrossRef] [PubMed]
Rowley, T.J.T.; Bitner, B.F.; Ray, J.D.; Lathen, D.R.; Smithson, A.T.; Dallon, B.W.; Plowman, C.J.; Bikman, B.T.;
Hansen, J.M.; Dorenkott, M.R.; et al. Monomeric cocoa catechins enhance beta-cell function by increasing
mitochondrial respiration. J. Nutr. Biochem. 2017, 49, 30–41. [CrossRef] [PubMed]

Molecules 2018, 23, 965

87.

88.

89.

90.

91.

92.
93.

94.

95.
96.
97.
98.

11 of 11

Mezera, V.; Endlicher, R.; Kucera, O.; Sobotka, O.; Drahota, Z.; Cervinkova, Z. Effects of Epigallocatechin
Gallate on Tert-Butyl Hydroperoxide-Induced Mitochondrial Dysfunction in Rat Liver Mitochondria and
Hepatocytes. Oxid. Med. Cell. Longev. 2016, 2016, 7573131. [CrossRef] [PubMed]
Castellano-Gonzalez, G.; Pichaud, N.; Ballard, J.W.; Bessede, A.; Marcal, H.; Guillemin, G.J.
Epigallocatechin-3-gallate induces oxidative phosphorylation by activating cytochrome c oxidase in human
cultured neurons and astrocytes. Oncotarget 2016, 7, 7426–7440. [CrossRef] [PubMed]
Nichols, M.; Zhang, J.; Polster, B.M.; Elustondo, P.A.; Thirumaran, A.; Pavlov, E.V.; Robertson, G.S. Synergistic
neuroprotection by epicatechin and quercetin: Activation of convergent mitochondrial signaling pathways.
Neuroscience 2015, 308, 75–94. [CrossRef] [PubMed]
Dorta, D.J.; Pigoso, A.A.; Mingatto, F.E.; Rodrigues, T.; Prado, I.M.; Helena, A.F.; Uyemura, S.A.; Santos, A.C.;
Curti, C. The interaction of flavonoids with mitochondria: Effects on energetic processes. Chem. Biol. Interact.
2005, 152, 67–78. [CrossRef] [PubMed]
Yamazaki, K.G.; Andreyev, A.Y.; Ortiz-Vilchis, P.; Petrosyan, S.; Divakaruni, A.S.; Wiley, S.E.; De La Fuente, C.;
Perkins, G.; Ceballos, G.; Villarreal, F.; et al. Intravenous (−)-epicatechin reduces myocardial ischemic injury
by protecting mitochondrial function. Int. J. Cardiol. 2014, 175, 297–306. [CrossRef] [PubMed]
Elbaz, H.A.; Lee, I.; Antwih, D.A.; Liu, J.; Huttemann, M.; Zielske, S.P. Epicatechin stimulates mitochondrial
activity and selectively sensitizes cancer cells to radiation. PLoS ONE 2014, 9, e88322. [CrossRef] [PubMed]
Panneerselvam, M.; Ali, S.S.; Finley, J.C.; Kellerhals, S.E.; Migita, M.Y.; Head, B.P.; Patel, P.M.; Roth, D.M.;
Patel, H.H. Epicatechin regulation of mitochondrial structure and function is opioid receptor dependent.
Mol. Nutr. Food Res. 2013, 57, 1007–1014. [CrossRef] [PubMed]
Kopustinskiene, D.M.; Savickas, A.; Vetchy, D.; Masteikova, R.; Kasauskas, A.; Bernatoniene, J. Direct effects
of (−)-epicatechin and procyanidin B2 on the respiration of rat heart mitochondria. Biomed. Res. Int. 2015,
2015, 232836. [CrossRef] [PubMed]
Arora, A.; Nair, M.G.; Strasburg, G.M. Structure-activity relationships for antioxidant activities of a series of
flavonoids in a liposomal system. Free Radic. Biol. Med. 1998, 24, 1355–1363. [CrossRef]
Silva, M.M.; Santos, M.R.; Caroco, G.; Rocha, R.; Justino, G.; Mira, L. Structure-antioxidant activity
relationships of flavonoids: A re-examination. Free Radic. Res. 2002, 36, 1219–1227. [CrossRef] [PubMed]
Ravanel, P. Uncoupling activity of a series of flavones and flavonols on isolated plant mitochondria.
Phytochemistry 1986, 25, 1015–1020. [CrossRef]
van Dijk, C.; Driessen, A.J.; Recourt, K. The uncoupling efficiency and affinity of flavonoids for vesicles.
Biochem. Pharmacol. 2000, 60, 1593–1600. [CrossRef]
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

