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ABSTRACT

Atrial fibrillation (AF) is the most common cardiac arrhythmia in clinical practice. Systemic inflammatory state, oxidative stress injury,
and atrial fibrosis are identified as the main mechanisms for AF. Considering the multifactorial mechanisms of AF, a novel therapeutic agent

with multi-bioactivities should be presented. Regular consumption of green tea has been associated with a reduced risk of coronary heart

disease and against a large number of pathologic conditions. Recent results indicate that green tea extract, especially (-)-epigallocatechin-3-

gallate, could effectively decrease inflammatory factors secretion, antagonize oxidation, and inhibit matrix metalloproteinase activities.
Inhibition of inflammation, modulation of oxidative stress, and targeting tissue fibrosis represent new approaches in tackling AF; therefore,
green tea may be an innovative therapeutic candidate to prevent the occurrence, maintenance, and recurrence of AF. J. Cell. Biochem. 112:

1709-1712, 2011. © 2011 Wiley-Liss, Inc.
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A trial fibrillation (AF) has a high morbidity, mortality
and disability, and serious impact on quality of life.
Conventional antiarrhythmic drug approaches have limited
effectiveness and are associated with risks of serious complications.
Structural remodeling has been observed in both clinical and
experimental AF paradigms, and is an important feature of the AF
substrate. The precise mechanisms underling AF are not fully
elucidated, but recent investigations have provided valuable
insights that inflammatory conditions and oxidative stress play a
significant role in the pathological process. A better understanding
of the mechanisms of AF will be benefit for identifying new
therapies for preventing AF.

Recently, green tea has received considerable attention for a
positive correlation between its consumption and cardiovascular
health. Tea leaves are a rich source of extractable polyphenols,
commonly referred to catechins. The major polyphenolic compounds
in catechins, especially (-)-epigallocatechin-3-gallate (EGCg) [Astill
et al., 2001; Yao et al., 2005; Friedman et al., 2005], exert vascular
protective effects through multiple mechanisms, including anti-
inflammatory, anti-oxidative [Balentine et al., 1997], and inhibiting
the gelatinolytic activity of MMPs [Demeule et al., 2000; Maeda et al.,
2003]. Although many studies have demonstrated that green tea has
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powerful protective effect against cardiovascular disease, whether
it has effect on AF is still poorly unknown. Accumulating evidences
have elucidated that catechins can downregulate of the inflammatory
response and anti-oxidative activities through inhibition of synthesis
and release of pro-inflammatory mediators, scavenging free
radicals, inhibiting accumulation of fibrillar collagen deposits, or
inhibiting transcription factors such as nuclear factor kB(NF-«B).
Hence, we hypothesize that green tea could serve as a novel
therapeutic compound in managing AF.

Much attention has been devoted in the past few years to assess the
role of inflammation in AF. The contribution of the inflammatory
cascade to the onset of AF is suggested by the high incidence of AF
in postoperative cardiac surgeries, a state of intense inflammatory
process [Bruins et al., 1997; Ommen et al., 1997; Gabay and Kushner,
1999]. The frequent occurrence of AF in patients with inflammatory
conditions such as myocarditis and pericarditis has raised the
possibility that AF is associated with local inflammation [Spodick,
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1976; Morgera et al., 1992]. Further evidences on this issue have
come from the increase in inflammatory markers such as C-reactive
protein (CRP), high-sensitivity CRP (hs-CRP), and interleukin-6
in both paroxysmal and persistent AF, compared to control
subjects.[Chung et al., 2001; Dernellis and Panaretou, 2001; Aviles
et al., 2003; Blake and Ridker, 2003; Conway et al., 2004; Sata et al.,
2004; Psychari et al.,, 2005] Moreover, longer duration of AF
has been found to be associated with higher hs-CRP levels compared
with shorter duration of AF, which indicates that there is a link
between AF burden and systemic inflammation [Chung et al., 2001;
Watanabe et al., 2005].

Cytokines are produced by activated cells, usually monocytes and
macrophages, they are paramount in activating the inflammatory
cascade and in the production of acute-phase proteins, such as CRP.
Among the molecules involved in inflammation, nuclear factor kB
(NF-kB) is a key upstream regulator, which also is a key transcription
regulator, coupling redox state to alterations in gene transcriptional
regulation in such states as injury and inflammation stress
[Dudley et al., 2005], so it seems possible that NF-kB may mediate
the pathogenesis of AF. NF-kB is associated with the cytoplasmic
inhibitory protein IkBa in inactive form [Gerritsen et al., 1997].
Cellular stimulation with NF-kB agonists results in the phosphor-
ylation and degradation of IkBa, allowing the p50/65 heterodimers
of NF-kB to translocate to nucleus and initiate expression of target
genes [Read et al.,, 1994; Brown et al., 1995; Ouchi et al., 2000].
A recent study by Aneja et al. [2004] observed administration
of EGCg during myocardial ischemia reperfusion significantly
decreased IkB kinase activity, resulting in the reduction of IkBa
degradation and NF-kB activity. In addition, EGCg can directly
inhibit the phosphorylation of IkB, thereby preventing NF-xB
translocation to the nucleus [Nomura et al., 2000]. In consistent with
these results, Suzuki et al. [2006] reported a decreased activity of
NF-«kB in murine cardiac transplants after oral administration
of green tea polyphenols (20 mg/kg/day) for 60 days.

As discussed above, EGCg as one of the major and the most active
components of green tea, has been shown to have protective effect
to inflammatory state in AF through inhibit the phosphorylation
of IkB, suppression of NF-«B activity and decrease circulation IL-6,
CRP, and hs-CRP.

Emerging evidences implicate that oxidative stress and inflamma-
tion are relevant players in atrial structural remodeling. Inflam-
matory cell infiltration and calcium overload during high atrial rate
may promote oxidative damage in atrial tissue which promotes
atrial fibrosis and facilitates AF continuation. Ramlawi et al. [2007]
have reported that patients who exhibit postoperative atrial
fibrillation (PAF) after cardiac surgery have significantly increased
acute oxidative stress with an elevation in total peroxide levels in
serum, which translates into increased myocardial oxidation.
Carnes et al. have shown that AF induced by rapid pacing in dogs
decreases tissue ascorbate levels and increases protein nitration, a
marker of oxidative and nitrosative stress. Biochemical evidence of

oxidation by peroxynitrite and hydroxyl radicals, both downstream
products of oxygen radical generation, has also been demonstrated
in experimental models of AF [Mihm et al., 2001]. Examination of
gene transcriptional profiles of human atrial tissue of AF patients
showed a shift toward the pro-oxidative gene expression [Kim et al.,
2003]. The main contributors to atrial oxidative stress were
myocardial NADPH-oxidase and uncoupled NO synthase [Kim
et al., 2005]. Together, these findings suggest the presence of
a causal relationship between pro-oxidative cellular redox state
and AF.

Tea catechins have been largely studied for their anti-oxidantive
capacities and considered as important antioxidants. Due to the
number and arrangement of the phenolic hydroxyl groups,
catechins are excellent electron donors and efficient scavengers
of free radicals such as superoxide anions, singlet oxygen, nitric
oxide, and peroxynitrite [Jovanovic and Simic, 2000; Paquay et al.,
2000]. Nishikawa et al. [2007] reported that EGCg inhibited cytosolic
subunits of NADPH oxidase from translocating into membrane
suggesting inhibition of NADPH oxidase activity in cutaneous
mastocytoma cells. Catechins may also reduce the oxidative stress
by modulating the reactive oxygen species generating enzymes
such as inducible NO synthase (iNOS). Agnetti et al. [2005] also
evaluated that green tea extract (GTE) supplementation counter-
acted on iNOS induction and activity in cardiomyocytes. Chan et al.
[1997] investigated that EGCg may reduces NO production by
two mechanisms: reduction of inducible nitric oxide synthase
gene expression and inhibition of enzyme activity. Being able to
reduce NO production at both iNOS mRNA accumulation and
enzyme activity, EGCg will provide a distinctive advantage as a
novel antioxidant agent.

Since AF has been shown to be associated with oxidative stress,
the question of whether antioxidant agents could decrease AF rates
has been raised. Interestingly, administration of the antioxidant
ascorbate attenuated atrial peroxynitrite formation and electro-
physiological remodeling in a canine model of rapid atrial pacing
[Carnes et al., 2001]. Similarly, statins have been shown recently to
reduce angiotensin II-stimulated (but not basal) NAD(P)H oxidase
activity in human right atrial appendage [Maack et al., 2003] and to
attenuate effective refractory period reduction and AF inducibility
in dogs exposed to rapid atrial pacing [Shiroshita-Takeshita et al.,
2004]. Therefore, green tea like other antioxidant agent is proposed
to be a dietary supplement in the prevention of AF.

Although tachycardia-induced electrical remodeling creating a
substrate for persistent AF, led to the concept that *Atrial
Fibrillation Begets Atrial Fibrillation” [Wijffels et al., 1995], the
subsequent structural remodeling plays an important role in
progressing sustained AF, producing fibrosis that alters atrial
tissue composition and function. Tissue fibrosis results from an
accumulation of fibrillar collagen deposits, which has been
documented in lone-AF patients compared with sinus rhythm
control subjects [Frustaci et al.,, 1997]. Pathologically produced

1710

THERAPY OF ATRIAL FIBRILLATION

JOURNAL OF CELLULAR BIOCHEMISTRY



collagen differs from that in normal myocardium, with altered
ratios of collagen subtypes [Xu et al., 2004; Grammer et al., 2005].
Dense and disorganized collagen weave fibrils physically
separate remaining myocytes [Rossi, 1998], and can create a barrier
to impulse propagation. Meanwhile studies by Xu et al. reported
that the increased level of collagen I associated with selective
down regulation of TIMP-2, along with up regulation of MMP-2
expression and activity in atrium, correlates with left atrial
dimension and the maintenance and recurrence of AF in end-stage
heart failure. Additionally, a striking increase in both abundance
and activity of atrium MMP-2 and MMP-9 in patients with
permanent AF suggests the importance of these two gelatinases not
only in the ECM remodeling of the failing heart but also in the
development of sustained AF.

There is considerable evidence demonstrating the inhibitory
effect on MMP-2 and MMP-9 caused by EGCg which was confirmed
by gelatin zymography and was observed with both various rat
tissues and human brain tumors [Demeule et al., 2000]. Moreover,
studies by El Bedoui et al. [2005] reported that EGCg prevents MMP-
2 expression and its activation via the direct inhibition of the
physiological activator of MMP-2 in vascular smooth muscle
cells (VSMCs). In addition, EGCG prevented TNFa-induced
expression of matrix metalloproteinase-9 (MMP-9) in VSMC
[Kim and Moon, 2005]. Cheng et al. [2003] investigated that EGCg
forms a reversible complex with MMP-2, resulting in the inhibition
of gelatinolytic activity of MMP-2.

The above evidence suggests that EGCg may have the favorable
effect on AF occurrence might be because of its ability to
inhibit the expression and activity of MMP-2 and MMP-9 which
subsequently ameliorate tissue fibrosis by collagen deposition.

EGCg has strong effect of inhibiting overproduction of inflamma-
tory cytokines and mediators, meanwhile it may also reduce the
oxidative stress by inhibiting of NADPH oxidase activity and
modulating the ROS generating enzymes such as iNOS, so that green
tea could be regarded as a promising drug of blocking the the
initiation and progress of inflammation and oxidation in AF.
Furthermore, EGCg can inhibit the gelatinolytic activity of MMP-2
and MMP-9, subsequently ameliorate structural remodeling of
tissue fibrosis by reducing collagen deposition, acting as an effective
anti-fibrotic agent in the myocardium. Therefore, green tea may be a
therapeutic modality for AF.

The above discussion suggests that green tea may have a
useful therapeutic effect in AF through their anti-inflammatory,
anti-oxidative, and attenuation of atrial structural remodeling.
Current evidences suggest that the protective effect of green tea on
cardiovascular disease mainly contribute to its catechins, especially
EGCg. Meanwhile, other catechins of green tea whether have similar
effects on inflammatory response and oxidative stress are still

uncertain. More detailed and profound analysis of molecular actions
in myocardium is necessary before safe clinical use of tea
polyphenols will become possible for treatment of AF.

Though there is still no document to illustrate the function
of green tea in AF. In this prospect, we attempt to correlate its
functional effects to molecular signal transductive pathways and
focus on molecular targets of naturally occurring compounds of
green tea in the management of AF by inhibiting the activation of
transcription factors, cytokines, and key enzymes reaction.

REFERENCES

Agnetti G, Bordoni A, Angeloni C, Leoncini E, Guarnieri C, Caldarera CM,
Biagi PL, Hrelia S. 2005. Green tea modulation of inducible nitric
oxide synthase in hypoxic/reoxygenated cardiomyocytes. Biochimie
87(5):457-460.

Aneja R, Hake PW, Burroughs TJ, Denenberg AG, Wong HR, Zingarelli B.
2004. Epigallocatechin, a green tea polyphenol, attenuates myocardial
ischemia reperfusion injury in rats. Mol Med 10:55-62.

Astill C, Birch MR, Dacombe C, Humphrey PG, Martin PT. 2001. Factors
affecting the caffeine and polyphenol contents of black and green tea
infusions. J Agric Food Chem 49:5340-5347.

Aviles RJ, Martin DO, Apperson-Hansen C, Houghtaling PL, Rautaharju P,
Kronmal RA, Tracy RP, Van Wagoner DR, Psaty BM, Lauer MS, Chung MK.
2003. Inflammation as a risk factor for atrial fibrillation. Circulation
108:3006-3010.

Balentine DA, Wiseman SA, Bouwens LC. 1997. The chemistry of tea
flavonoids. Crit Rev Food Sci Nutr 37:693-704.

Blake GJ, Ridker PM. 2003. C-reactive protein and other inflammatory risk
markers in acute coronary syndromes. J Am Coll Cardiol 41:37S-42S.

Brown K, Gerstberger S, Carlson L, Franzoso G, Siebenlist U. 1995. Control of
I kappa B-alpha proteolysis by site-specific, signal-induced phosphorylation.
Science 267:1485-1488.

Bruins P, te Velthuis H, Yazdanbakhsh AP, Jansen PG, van Hardevelt FW,
de Beaumont EM, Wildevuur CR, Eijsman L, Trouwborst A, Hack CE.
1997. Activiation of the complement system during and after
cardiopulmonary bypass surgery: Postsurgery activation involves C-reactive
protein and is associated with postoperative arrhythmia. Circulation 96:
3542-3548.

Carnes CA, Chung MK, Nakayama T, Nakayama H, Baliga RS, Piao S,
Kanderian A, Pavia S, Hamlin RL, McCarthy PM, Bauer JA, Van Wagoner
DR. 2001. Ascorbate attenuates atrial pacing-induced peroxynitrite forma-
tion and electrical remodeling and decreases the incidence of postoperative
atrial fibrillation. Circ Res 89:E32-E38.

Chan MM, Fong D, Ho CT, Huang HI. 1997. Inhibition of inducible nitric
oxide synthase gene expression and enzyme activity by epigallocatechin
gallate, a natural product from green tea. Biochem Pharmacol 54(12):1281-
1286.

Cheng XW, Kuzuya M, Kanda S, Maeda K, Sasaki T, Wang QL, Tamaya-Mori
N, Shibata T, Iguchi A. 2003. Epigallocatechin-3-gallate binding to MMP-2
inhibits gelatinolytic activity without influencing the attachment to extra-
cellular matrix proteins but enhances MMP-2 binding to TIMP-2. Arch
Biochem Biophys 415:126-132.

Chung MK, Martin DO, Sprecher D, Wazni O, Kanderian A, Carnes CA, Bauer
JA, Tchou PJ, Niebauer MJ, Natale A, Van Wagoner DR. 2001. C-reactive
protein elevation in patients with atrial arrhythmias: Inflammatory mechan-
isms and persistence of atrial fibrillation. Circulation 104:2886-2891.

Conway DS, Buggins P, Hughes E, Lip GY. 2004. Relationship of interleukin-6
and C-reactive protein to the prothrombotic state in chronic atrial fibrilla-
tion. J Am Coll Cardiol 43:2075-2082.

JOURNAL OF CELLULAR BIOCHEMISTRY

1711

THERAPY OF ATRIAL FIBRILLATION



Demeule M, Brossard M, Pagé M, Gingras D, Béliveau R. 2000. Matrix
metalloproteinase inhibition by green tea catechins. Biochimica et Biophy-
sica Acta 1478(1):51-60.

Dernellis J, Panaretou M. 2001. C-reactive protein and paroxysmal atrial
fibrillation: Evidence of the implication of an inflammatory process in
paroxysmal atrial fibrillation. Acta Cardiol 56:375-380.

Dudley SC, Jr, Hoch NE, McCann LA, Honeycutt C, Diamandopoulos L, Fukai
T, Harrison DG, Dikalov SI, Langberg J. 2005. Atrial fibrillation increases
production of superoxide by the left atrium and left atrial appendage: Role of
the NADPH and xanthine oxidases. Circulation 112:1266-1273.

El Bedoui J, Oak MH, Anglard P, Schini-Kerth VB. 2005. Catechins prevent
vascular smooth muscle cell invasion by inhibiting MT1-MMP activity and
MMP-2 expression. Cardiovasc Res 67(2):317-325.

Friedman M, Kim S-Y, Lee S-J, Han G-P, Han J-S, Lee R-K, Kozukue N. 2005.
Distribution of catechins, theaflavins, caffeine, and theobromine in 77 teas
consumed in the United States. J Food Sci 70:C550-C559.

Frustaci A, Chimenti C, Bellocci F, Morgante E, Russo MA, Maseri A. 1997.
Histological substrate of atrial biopsies in patients with lone atrial fibrilla-
tion. Circulation 96:1180-1184.

Gabay C, Kushner I. 1999. Acute phase proteins and other systemic responses
to inflammation. N Engl J Med 340:448-454.

Gerritsen ME, Williams AJ, Neish AS, Moore S, Shi Y, Collins T. 1997. CREB-
binding protein/p300 are transcriptional coactivators of p65. Proc Natl Acad
Sci USA 94:2927-2932.

Grammer JB, Bohm J, Dufour A, Benz M, Lange R, Bauernschmitt R. 2005.
Atrial fibrosis in heart surgery patients decreased collagen III/I ratio in
postoperative atrial fibrillation. Basic Res Cardiol 100:288-294.

Jovanovic SV, Simic MG. 2000. Antioxidants in nutrition. Ann NY Acad Sci
899:326-334.

Kim CH, Moon SK. 2005. Epigallocatechin-3-gallate causes the p21/WAF1-
mediated G1-phase arrest of cell cycle and inhibits matrix metalloproteinase-
9 expression in TNF-alpha-induced vascular smooth muscle cells. Arch
Biochem Biophys 435:264-272.

Kim Yh, Lim DS, Lee JH, Shim WJ, Ro YM, Park GH, Becker KG, Cho-Chung
YS, Kim MK. 2003. Gene expression profiling of oxidative stress on atrial
fibrillation in humans. Exp Mol Med 35:336-349.

Kim YM, Guzik TJ, Zhang YH, Zhang MH, Kattach H, Ratnatunga C, Pillai R,
Channon KM, Casadei B. 2005. A myocardial Nox2 containing NAD(P)H
oxidase contributes to oxidative stress in human atrial fibrillation. Circ Res
97:629-636.

Maack C, Kartes T, Kilter H, Schafers H-J, Nickenig G, Bohm M, Laufs U. 2003.
Oxygen free radical release in human failing myocardium is associated with
increased activity of Rac1-GTPase and represents a target for statin treat-
ment. Circulation 108:1567-1574.

Maeda K, Kuzuya M, Cheng XW, Asai T, Kanda S, Tamaya-Mori N, Sasaki T,
Shibata T, Iguchi A. 2003. Green tea catechins inhibit the cultured smooth
muscle cell invasion through the basement barrier. Atherosclerosis 166:23-30.

Mihm MJ, Yu F, Carnes CA, Reiser PJ, McCarthy PM, Van Wagoner DR, Bauer
JA. 2001. Impaired myofibrillar energetics and oxidative injury during
human atrial fibrillation. Circulation 104:174-180.

Morgera T, Di Lenarda A, Dreas L, Pinamonti B, Humar F, Bussani R, Silvestri
F, Chersevani D, Camerini F. 1992. Electrocardiography of myocarditis
revisited: Clinical and prognostic significance of electrocardiographic
changes. Am Heart J 124:455-467.

Nishikawa H, Wakano K, Kitani S. 2007. Inhibition of NADPH oxidase
subunits translocation by tea catechin EGCG in mast cell. Biochem Biophys
Res Commun 362:504-509.

Nomura M, Ma W, Chen N, Bode AM, Dong Z. 2000. Inhibition of 12-0-
tetradecanoylphorbol-13-acetate-induced NF-kappaB activation by tea
polyphenols, (-)-epigallocatechin gallate and theaflavins. Carcinogenesis
21:1885-1890.

Ommen S, Odell J, Stanton M. 1997. Atrial arrhythmias after cardiothoracic
surgery. N Engl J Med 336:1429-1434.

Ouchi N, Kihara S, Arita Y, Okamoto Y, Maeda K, Kuriyama H, Hotta K,
Nishida M, Takahashi M, Muraguchi M, Ohmoto Y, Nakamura T, Yamashita S,
Funahashi T, Matsuzawa Y. 2000. Adiponectin, an adipocyte-derived plasma
protein, inhibits endothelial NF-kappaB signaling through a cAMP-depen-
dent pathway. Circulation 102(11):1296-1301.

Paquay JB, Haenen GR, Stender G, Wiseman SA, Tijburg LB, Bast A. 2000.
Protection against nitric oxide toxicity by tea. J Agric Food Chem 48:5768-
5772.

Psychari SN, Apostolou TS, Sinos L, Hamodraka E, Liakos G, Kremastinos DT.
2005. Relation of elevated C-reactive protein and interleukin-6 levels to left
atrial size and duration of episodes in patients with atrial fibrillation. Am J
Cardiol 95:764-767.

Ramlawi B, Otu H, Mieno S, Boodhwani M, Sodha NR, Clements RT, Bianchi
C, Sellke FW. 2007. Oxidative stress and atrial fibrillation after cardiac
surgery: A case-control study. Ann Thorac Surg 84:1166-1172.

Read MA, Whitley MZ, Williams AJ, Collins T. 1994. NF-kappa B and I kappa
B alpha: An inducible regulatory system in endothelial activation. J Exp Med
179:503-512.

Rossi MA. 1998. Pathologic fibrosis and connective tissue matrix in left
ventricular hypertrophy due to chronic arterial hypertension in humans.
J Hypertens 16:1031-1041.

Sata N, Hamada N, Horinouchi T, Amitani S, Yamashita T, Moriyama Y,
Miyahara K. 2004. C-reactive protein and atrial fibrillation. Is inflammation a
consequence or a cause of atrial fibrillation? Jpn Heart J 45:441-445.

Shiroshita-Takeshita A, Schram G, Lavoie J, Nattel S. 2004. Effect of
simvastatin and antioxidant vitamins on atrial fibrillation promotion by
atrial-tachycardia remodeling in dogs. Circulation 110:2313-2319.

Spodick DH. 1976. Arrhythmias during acute pericarditis. A prospective
study of 100 consecutive cases. JAMA 235:39-41.

Suzuki J, Ogawa M, Sagesaka YM, Isobe M. 2006. Tea catechins
attenuate ventricular remodeling and graft arterial diseases in murine cardiac
allografts. Cardiovasc Res 69:272-279.

Watanabe T, Takeishi Y, Hirono O, Itoh M, Matsui M, Nakamura K, Tamada Y,
Kubota I. 2005. C-reactive protein elevation predicts the occurrence of atrial
structural remodeling in patients with paroxysmal atrial fibrillation. Heart
Vessels 20:45-49.

Wijffels MC, Kirchhof CJ, Dorland R, Allessie MA. 1995. Atrial fibrillation
begets atrial fibrillation. A study in awake chronically instrumented goats.
Circulation 92:1954-1968.

Xu J, Cui G, Esmailian F, Plunkett M, Marelli D, Ardehali A, Odim J, Laks H,
Sen L. 2004. Atrial extracellular matrix remodeling and the maintenance of
atrial fibrillation. Circulation 109:363-368.

Yao L, Caffin N, D’Arcy B, Jiang Y, Shi J, Singanusong R, Liu X, Datta N,
Kakuda Y, Xu Y. 2005. Seasonal variations of phenolic compounds in
Australia-grown tea (Camellia sinensis). J Agric Food Chem 53:6477-6483.

1 7 1 2 THERAPY OF ATRIAL FIBRILLATION

JOURNAL OF CELLULAR BIOCHEMISTRY



