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Abstract Oxidative stress plays a critical role in the development of cardiovascu-
lar diseases. Catechins are major components of green tea with many biological
functions, including antioxidative, anti-inflammatory, and anticarcinogenic effects.
Antioxidative effects of tea catechins are characterized by the ability to inhibit
free radical generation and to scavenge free radicals, among other effects. They
also influence activation of transcription factors such as nuclear factor kappa B, a
multipotential promoter of inducible nitric oxide synthase and adhesion molecules.
Although these characteristics of catechins have been well documented, antioxida-
tive effects of catechins on cardiovascular diseases have not been well investigated.
In this chapter, we review recent clinical and experimental papers to reveal the
antioxidative effects of catechins in cardiovascular diseases. We performed oral
administration of catechins in murine and rat models of cardiac transplantation,
myocarditis, and myocardial ischemia to reveal the effects of catechins on the oxida-
tive stress–induced ventricular and arterial remodeling. From our results and those
of other investigations, we conclude that catechins are potent agents for the treat-
ment and prevention of oxidative stress–related cardiovascular diseases because they
are critically involved in the suppression of the stress. In this chapter, we review
these reports and other investigations.
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1 Introduction

Green tea has favorable effects to prevent cardiovascular diseases; tea consumption
is known to be associated with lower mortality of clinical myocardial infarc-
tion [1, 2]. Recently, it has been reported that green tea consumption reduced
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cardiovascular disease mortality in the Japanese population [3–5]. Catechins are
key components of green tea with many biological functions, including antioxida-
tive, anti-inflammatory, and anticarcinogenic effects [6–9]. Antioxidative effects of
tea catechins are characterized by the ability to inhibit free radical generation and
to scavenge free radicals, among other effects [6]. They also influence activation
of transcription factors such as nuclear factor kappa B (NF-κB), a multipoten-
tial promoter of inducible nitric oxide synthase and adhesion molecules [10]. The
major tea catechins are epigallocatechin-3 gallate (EGCG), epigallocatechin (EGC),
epicatechin-3 gallate (ECG), and epicatechin (EC). Among them, EGCG is the most
active polyphenol [11] and primarily responsible for the green tea effect [12]. In
addition, EGCG demonstrated potent antioxidant properties [13]. EGCG possesses
two triphenolic groups in its structure, which are reported to be important for its
strong activity [14]. Luczay et al. arranged their antioxidative properties as follows:
EGCG = EGC >> ECG = EC [15–17]. Antioxidative properties of catechins are
manifested by their abilities to inhibit free radical generation, to scavenge free radi-
cals, and to chelate transition metal ions, which are catalysts of free radical reactions
[16]. Based on the standard one-electron reduction potential values, catechins can
scavenge free radicals generated in an organism [18–21]. It is also noteworthy that
EGCG is thought to act as an antioxidant in biological systems. Yin et al. revealed
that EGCG increased cell viability, decreased reactive oxygen species (ROS) for-
mation, and improved mitochondrial membrane potential in hippocampal neurons
that had been exposed to lead. They concluded that EGCG is a potential agent in the
treatment of chronic lead intoxication through its antioxidative character [22].

Oxidative stress is an important factor in organ and tissue injury [23]. Oxidative
stress is defined as damage to cells, tissues, and organs caused by ROS. ROS are
generated exogenously and intracellularly and include superoxide anion, hydrogen
peroxide, hydroxyl radicals, and peroxynitrite. The principal intracellular sources of
ROS include the mitochondrial electron transport system, peroxisomes, cytochrome
P-450, and NADPH oxidase enzymes [24]. It is also known that exogenous factors
involved in the generation of ROS are inflammatory cytokines, chemotherapeutic
drugs, and toxins. Antioxidants constitute the defense mechanism against oxida-
tive stress injury and include both enzymes and nonenzymatic factors. Copper–zinc
and manganese superoxide dismutase (CuZn-SOD and Mn-SOD), catalase, and glu-
tathione peroxidase (GPX) are key antioxidant enzymes. In contrast, glutathione
and vitamins A, C, and E are also known to be the major nonenzymatic antioxidant
molecules. The balance between ROS production and antioxidant defenses defines
the degree of oxidative stress [25]. Whereas ROS play an important role in cell
proliferation, differentiation, and apoptosis [26–28], oxidant signals can alter and
denature nucleic acids, carbohydrates, lipids, and proteins, resulting in cell toxicity.
The deleterious effects of oxidative stress have been reported in the pathophysiology
of aging [24, 25] and neoplastic [29], hypertensive [30, 31], cardiovascular [32–34],
and chronic kidney diseases [35–38].

Although the characteristics of tea catechins have been well documented [39],
their effects on oxidative stress in cardiovascular diseases have not been well
investigated. Recently, we have reported the effects of tea catechins on oxidative
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stress–related cardiovascular diseases, such as myocardial ischemia [40], acute
myocarditis [41], and rejection after heart transplantation [42]. In this chapter, we
review these reports and other investigations.

2 Catechins Suppress Oxidative Stress in Myocardial Ischemia

Myocardial ischemia and ventricular remodeling causes significant damage lead-
ing to cardiac death. It is well known that NF-κB–related inflammation is enhanced
by ischemia and reperfusion of myocardium. Oxidative stress is known to cause
adverse effects by increasing the infarct size or altering ventricular remodeling
[43]. Results from Askari et al. [44] revealed the relationship between inflam-
mation and modulation of left ventricular remodeling. Several leukocyte-derived
enzymes are responsible for the increase of oxidative stress in the myocardium after
acute myocardial infarction [45]. In ischemic conditions, superoxide is generated
by nicotinamide adenine dinucleotide phosphate oxidase [46], hypochlorous acid
by myeloperoxidase (MPO) [47], and peroxynitrite from inducible nitric oxide syn-
thase [48]. The systems lead to the oxidation of proteins and lipids in the infarct
zone. By identifying the oxidation products present after inflammation, the respon-
sible oxidant systems should be elucidated. It is noteworthy that statins can block
inflammation in several of these systems by limiting the generation of superox-
ide [49, 50]. Results from previous studies suggest that altered protease activation
may contribute to remodeling [51]. Oxidative stress directly affects protease acti-
vation, and the phenotype observed in MPO-knockout mice was similar to that
observed in urokinase and plasminogen-knockout mice [52]. Protease activation
follows a well-described cascade of events. Urokinase cleaves plasminogen to plas-
min, whereas plasmin can cleave pro–matrix metalloproteinase-9 to its active form,
matrix metalloproteinase-9 (MMP-9). Urokinase is inhibited by binding to the plas-
minogen activator inhibitor-1 (PAI-1), leading to the generation of an irreversibly
inactivated molecule. Each of these proteases has been shown to significantly affect
the inflammatory response after acute myocardial infarction [53].

Activation of NF-κB induces adhesion molecules, cytokines, and MMPs involved
in myocardial ischemia. Thus, decoy against NF-κB reduces myocardial inflam-
mation induced by ischemia/reperfusion injury [54]. As proinflammatory factors
are key components in the positive feedback loop of inflammation, the inhibition
is an effective therapy for myocardial reperfusion injury by preventing inflamma-
tion [55–58]. The effects of catechins are induced by the suppression of several
inflammatory factors including ROS induced by NF-κB [10]. To clarify the role
of catechins in the ischemic heart, we produced a rat myocardial ischemia model
by ligation of the left anterior descending coronary artery, and this was continued
for 28 days. After ischemic injury, the nontreated ischemia group showed signifi-
cant decline of blood pressure compared with the nontreated sham-operated group.
However, catechin administration suppressed the decline of the blood pressure
compared with that of the nontreated ischemia group. Echocardiography revealed
that the nontreated ischemia group showed significantly impaired left ventricular
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contraction compared with that of the nontreated sham-operated group. However,
the catechin treatment significantly improved left ventricular wall motion compared
with that of the nontreated ischemia group. Pathologically, the anterior wall of each
heart of the nontreated ischemia group was completely fibrotic, and the remain-
ing area showed interstitial fibrosis and cell infiltration. However, catechin-treated
hearts showed significantly less infarct size, infarct length, left ventricular circum-
ference, and left ventricular inner diameter than those of the nontreated ischemia
group. Immunohistochemically, increased numbers of CD4, CD8, CD11b, inter-
cellular adhesion molecule-1 (ICAM-1), and ED-1 positive infiltrating cells were
observed in the nontreated ischemia group, whereas catechin administration sup-
pressed the numbers significantly. To prove the effect of catechins on NF-κB, we
performed a sensitive multiwell colorimetric assay. It revealed that increased NF-
κB activity was observed in hearts in the nontreated ischemia group. However,
this enhanced NF-κB activity was abolished by the catechin treatment. Finally, to
reveal the role of MMPs, the infarct region and myocardium were separated under
a dissecting microscope and used with zymography as previously reported. This
showed that increased gelatinase (MMP-2 and MMP-9) activity was observed in
hearts in the nontreated ischemia group. However, this enhanced gelatinase activity
was decreased by catechin administration [40]. We clearly revealed that catechins
prevented chronic ventricular remodeling after ischemic injury because of the sup-
pression of proinflammatory factors. Oxidation and inflammation have a significant
role in left ventricular remodeling after acute myocardial infarction. Administration
of catechin, a compound that downregulates the oxidative stress–induced modula-
tion of the biological function of components of the MMP cascade, could inhibit
the negative remodeling that occurs after myocardial infarction and improve patient
outcomes.

3 Catechins Suppress Oxidative Stress in Myocarditis

Myocarditis is a serious disease in humans. Patients with myocarditis may present
with rapidly progressive heart failure, shock, or arrhythmia in its severe form.
Although acute myocardial inflammation is an essential etiology for the progres-
sion, no effective treatment has been elucidated [59–63]. Experimental autoimmune
myocarditis (EAM) is a rat model that is characterized by severe myocardial dam-
age and multinucleated giant cell infiltration. This has been used as a disease
model of human acute myocarditis [64–68]. Liu et al. investigated the therapeu-
tic role of thioredoxin-1 (TRX-1), a redox-regulatory protein with anti-oxidant and
anti-inflammatory effects, in a murine myocarditis model [69]. They revealed that
TRX-1 attenuates myocarditis by suppressing chemokine expressions and leukocyte
chemotaxis in the murine model. TRX-1 is well known as a scavenger of ROS. The
study using 8-OHdG, a marker for tissue oxidative damage, showed that 8-OHdG
was strongly expressed in the heart with myocarditis, whereas the area immunopos-
itive for 8-OHdG was much smaller in the heart with TRX-1 treatment. It also has
been reported that, in the initial stage of EAM, cardiac dendritic cells and infiltrating
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macrophages and neutrophils attack the cardiomyocytes, forming rosette figures as
a sign of active cardiomyocytolysis. Subsequently, the infiltration by macrophages
and T lymphocytes plays a crucial role in the generation of myocarditis [70]. A
recent study showed that ROS are involved in the antigen-presenting function of
dendritic cells and that antioxidants suppress the activation of dendritic cells [71].
TRX-1 has radical scavenging functions; thus, administration of TRX-1 may also
attenuate the activation of dendritic cells in this model. Shioji et al. [72] also reported
that the suppression of dendritic cell functions by immunoglobulin therapy in the
early phase attenuated giant cell autoimmune myocarditis. The evidence strongly
suggests that the reducing activity of TRX-1 plays an important therapeutic role
in EAM. In addition, chemokines, such as macrophage inflammatory protein-1
(MIP-1) and MIP-2, have recently been reported to be involved in the recruit-
ment of inflammatory cells in EAM [73–76]. In the study, the cardiac expression of
chemokines was markedly suppressed by TRX-1. Thus, the authors concluded that
the attenuation of EAM by TRX-1 is due to its suppression of chemokine-induced
chemotaxis of inflammatory cells in the initial phase of EAM.

To clarify the role of catechins in myocarditis, we produced a rat EAM model.
The rats were supplemented with diet containing catechins or diet with saline
without catechins for controls. After the induction of EAM, the catechins signifi-
cantly reduced the heart weight/body weight ratio compared with that of nontreated
EAM controls. Echocardiogram revealed the catechins improved cardiac function
compared with that of the controls. Pathologically, nontreated control EAM ani-
mals showed severe myocardial cell infiltration and fibrotic lesions. However, the
catechin treatment showed significantly less myocardial cell infiltration and fibro-
sis areas compared with those in controls. Immunohistochemistry revealed that
enhanced expression of CD4, CD8, CD11b, ICAM-1, and NF-κB in infiltrating
and arterial endothelial cells was observed in nontreated EAM hearts, whereas the
catechins suppressed the expression. To examine expression of cytokine mRNA
in EAM hearts, RNase protection assay was used. Tumor necrosis factor (TNF)-α
mRNA level was markedly decreased in the catechin-treated group compared with
that of the control group. On the other hand, mRNA levels of Th2 cytokines
such as interleukin (IL)-4 and IL-10 in the catechin-treated group were markedly
enhanced compared with those of the control group. We revealed that myocardial
cell infiltration, fibrosis, and proinflammatory cytokines were enhanced in the EAM
progression, and the catechins suppressed the development of these changes with
suppressed cytokine expression and oxidative stress [41].

4 Catechins Suppress Oxidative Stress in Transplant Rejection

Transplantation has been established in humans; however, acute rejection and
graft arterial diseases (GADs) are still problems [77–80]. Systemic biomarkers
of oxidative stress are increased in kidney transplant recipients [81–86]. Fuentes
et al. demonstrated the effects of N-acetylcysteine (NAC) on oxidative stress,
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lipids, and renal function in 25 patients with renal transplantation. They revealed
that NAC treatment increased high-density lipoprotein cholesterol and antioxidant
molecules in relation to glutathione peroxidase, with a positive relationship on renal
function [87]. Moratalla et al. showed a possible causal influence of subclinical
glucose metabolism impairment on the presentation of left ventricular diastolic dys-
function via the impaired oxidative stress status in kidney transplantation [88].
In cardiac transplantation, Nilakantan et al. examined whether continuous treat-
ment of recipients with the superoxide dismutase (SOD) mimetic manganese (III)
tetrakis (1-methyl-4-pyridyl) porphyrin pentachloride (MnTmPyP) provided pro-
tection using rat acute cardiac transplant models. They revealed that the beneficial
effect of MnTmPyP on graft function was related to oxidative stress and by decreas-
ing apoptotic signaling, rather than by an effect on inflammatory cytokine gene
expression [89]. Murata et al. also showed that a single injection of the macrocyclic
SOD mimetic M40401 before revascularization decreased the extent of develop-
ment of coronary artery disease in rat cardiac allografts [90]. The study suggests that
ROS play a critical role in reperfusion injury in cardiac allografts. To confirm the
antioxidative effects of catechins on rejection, we have used a class II allo-mismatch
combination of mice to perform cardiac transplantation [91]. Some recipient mice
were orally supplemented with tea catechins; the other transplanted mice were sup-
plemented with normal water without the catechins for control. Although severe
myocardial cell infiltration and fibrosis was observed in nontreated allografts at
day 60, tea catechins markedly attenuated myocardial cell infiltration and fibrosis.
Immunohistochemically, enhancement of CD4, CD8, CD11b, ICAM-1, and vas-
cular cell adhesion molecule (VCAM)-1 expression was observed in nontreated
allograft myocardium and coronary arteries. However, catechin markedly attenuated
expression of all these factors. RNase protection assay was used to examine expres-
sion of cytokine mRNA in hearts. Levels of Th2 cytokine IL-10 was significantly
elevated in the catechin-treated group compared with that of the nontreated group
[42]. In the study, we have demonstrated that tea catechins reduced both myocar-
dial remodeling and GAD formation with suppression of cell adhesion molecules.
Because blockade of cell adhesion molecule resulted in suppression of rejection and
induction of immunologic tolerance [92–95], adhesion molecule–related oxidative
stress is critical in transplantation. Therefore, catechins may be clinically effective
for suppression of transplant rejection because they effectively suppress oxidative
stress.

5 Summary and Future Direction

In this review, we summarize the beneficial effects of catechins in cardiovascu-
lar diseases focusing on oxidative stress. Catechins exert cardiovascular protective
effects through multiple mechanisms, including not only antioxidative but also
anti-inflammatory, antihypertensive, antiproliferative, antithrombogenic, and lipid-
lowering effects [96–100]. Although epidemiologic studies have shown a positive
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correlation between green tea consumption and cardiovascular health, detailed
pathophysiology of catechin effects against oxidative stress has not yet been clar-
ified. Therefore, further investigation is needed to develop a new antioxidative
strategy to suppress clinical diseases using catechins or their related compounds.
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