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Abstract Green tea catechins have been extensively

studied for their cancer preventive effects. Accumulating

evidence has shown that green tea catechins, like (-)-

epigallocatechin-3-gallate, have strong anti-oxidant activ-

ity and affect several signal transduction pathways relevant

to cancer development. Here, we review the biological

properties of green tea catechins and the molecular

mechanisms of their anticancer effects, including the sup-

pression of cancer cell proliferation, induction of apoptosis,

and inhibition of tumor metastasis and angiogenesis. We

summarize the efficacy of a single catechin and the syn-

ergetic effects of multiple catechins. We also discuss the

enhanced anticancer effects of green tea catechins when

they are combined with anticancer drugs. The information

present in this review might promote the development of

strategy for the co-administration of green tea catechins

with other anticancer drugs to increase the potency of

currently available anticancer medicine. This new strategy

should in turn lower the cytotoxicity and cost of anticancer

treatment.
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Abbreviations

ACE Angiotensin-converting enzyme

AP-1 Activator protein-1

Apaf-1 Apoptosis protease activating factor-1

ARE Antioxidant response elements

Bad Bcl2 antagonist of cell death

Bax Bcl-2 associated x protein

Bcl-2 B cell lymphoma-2

Bid BH3-interacting domain death agonist

CDKs Cyclin-dependent kinases

CIs Confidence intervals

CLL Chronic lymphocytic leukemia

COX-2 Cyclooxygenase-2

CSCs Cancer stem cells

Cyt-c Cytochrome-c

EC (-)-Epicatechin

ECG (-)-Epicatechin-3-gallate

EGC (-)-Epigallocatechin

EGCG (-)-Epigallocatechin-3-gallate

ERK Extracellular-regulated protein kinase

FADD Fas-associated protein with death domain

FOXO Forkhead box protein O

GCG (-)-Gallocatechin gallate

GST Glutathione S-transferases

HBP1 HMG box-containing protein 1

HGF/SF Hepatocyte growth factor/scatter factor

Htert Human telomerase reverse transcriptase

IAP Inhibitor of apoptosis proteins

IGF Insulin-like growth factor

IGFBP3 Insulin-like growth factor binding protein 3

IKK Inhibitor of nuclear factor kappa-B kinase
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IL-6 Interleukin 6

IL-8 Interleukin 8

iNOS Inducible nitric oxide synthase

JNK c-jun N-terminal kinase

MAPK Mitogen activated protein kinases

mdm2 Murine double mimute 2

MEK3 Mitogen-activated protein kinase 3

MEKK1 Mitogen-activated protein kinase kinase 1

MMPs Matrix metallo proteinases

MT1-MMP Membrane-type 1 matrix metalloproteinase

NF-jB Nuclear factor-jB

nHDFs Neonatal human dermal fibroblasts

Nrf2 Nuclear factor erythroid 2-related factor

OR Odds ratio

PCNA Proliferating cell nuclear antigen

PI3K Phosphoinositide 3-kinases

Poly E Polyphenon E

PRAP Poly(ADP-ribose) polymerase

ROS Reactive oxygen species

RTK Receptor tyrosine kinases

RR Relative risk

SOD Superoxide dismutase

Stat3 Signal transducer and activator of

transcription 3

TCOP Tea catechin oxy-polymers

TIMP Tissue inhibitor of metalloproteinase

TNF-a Tumor necrosis factor a
TRAIL TNF-related apoptosis-inducing ligand

VEGF Vascular endothelial growth factor

uPA Urokinase-type plasminogen activator

XIAP X-linked inhibitor of apoptosis protein

Introduction

Green tea is derived from the dried leaves of Camellia

sinensis and is one of the most commonly consumed

beverages all around the world. Green tea has been studied

extensively for its cancer preventive effects. As the second

most popular beverage in the world, these studies have

great impact on the combat against cancer. Accumulated

data from different disease models has verified the antitu-

mor property of green tea extracts, especially green tea

catechins. Green tea extracts contain primarily catechins

(monomeric flavonoids) (*70 %), minor flavanols (mainly

quercetin, kaemfferol, myricetin, and their glycosides)

(*10 %), and polymeric flavonoids (*20 %) [1]. The

major catechins in green tea are (-)-epicatechin (EC), (-)-

epigallocatechin (EGC), (-)-epicatechin-3-gallate (ECG),

and (-)-epigallocatechin-3-gallate (EGCG) [2]. Of note,

EGCG is the major catechin that accounts for 50 to 80 % of

the total catechins in green tea [3]. EGCG is also the most

potent compound in green tea extract, because it affects a

range of signaling and metabolic pathways that may result

in cancer cell growth inhibition, apoptosis, and inhibition

of tumor angiogenesis and metastasis [2, 4, 5].

Polyphenolic structure is a common feature of green tea

catechins. The four main catechins, including EGCG,

EGC, ECG and EC, have the same catechin backbone,

which is featured by a di-hydroxyl or tri-hydroxyl substi-

tutions on the B ring and a m-5,7-dihydroxyl substitutions

on the A ring [2] (Fig. 1). The polyphenolic structure

makes catechins strong antioxidants and metal ion chela-

tors (discussed below). The polyphenolic structure of green

tea catechins makes them good donors for hydrogen

bonding, which increases the water solubility of EGCG and

contributes to EGCG’s high affinity to proteins and nucleic

acids [6].

In this review, we compile the recent the experimental

findings and results from human epidemiological studies on

the cancer prevention activity of green tea catechins. We

compare the differences in the biological activity of various

green tea catechins and discuss their synergetic effect on

Fig. 1 Structure of the four main catechins. Polyphenolic structure is

a common feature of green tea catechins. The four main catechins,

including EGCG, EGC, ECG and EC, have the same catechin

backbone, which is featured by a di-hydroxyl or tri-hydroxyl

substitutions on the B ring and a m-5,7-dihydroxyl substitutions on

the A ring
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cancer prevention and inhibition. We also discuss the

molecular mechanism of green tea catechins anticancer

activity, including the influences on the key events relevant

to cancer initiation and progression. Based on their syn-

ergistic effects with other anticancer compounds, we dis-

cuss and propose the potentiality of green tea catechins as

an effective adjuvants to cancer treatment.

Differences in biological activities and synergetic effects

Each catechin monomer has its unique bioactivity, bio-

availability, metabolism pattern, and physiological phar-

macokinetic [7]. It has been reported that tea polyphenols

inhibit the growth of human lung cancer cell line PC-9, with

the order of potency: EGCG[ECG [EGC � EC [8]. In

study done with human prostate cancer DU145 cell line, the

efficiencies of different green tea catechins in growth sup-

pression, apoptosis induction, reactive oxygen species

(ROS) formation and mitochondrial depolarization are

similar, i.e. ECG[EGCG[EGC[EC [9]. Differences in

biological activity may be related to different chemical

structures of green tea catechins. For instance, gallate

moiety is present in ECG and EGCG but not in EGC and

EC, while the 5-hydroxyl group is in EGC but not in EC.

Catechins from green tea extracts exert synergistic or

additive effects on cancer prevention. EC has weak or no

activity when used alone. Upon combination with EGCG,

synergistic inhibition of cell growth and induction of

apoptosis were observed in HT29 cells, colon cancer cells,

lung cancer cells etc. [10, 11]. Masahito Shimizu et al.

reported the effect of increasing concentrations of EC

(1–100 lg/mL) in combination with 0–10 lg/mL of EGCG

on induction of apoptosis. When EC was used alone, sig-

nificant increase in apoptosis was only observed at the

concentration of 100, and 10 lg/mL of EGCG caused sta-

tistically insignificant increase in apoptosis. However, the

combination of as little as 1 lg/mL of EC and 10 lg/mL of

EGCG caused a two to three folds of increase in apoptosis

[12]. Co-treatment with ECG and EC, EGC and EC syn-

ergistically induced apoptosis in human lung cancer cell

line PC-9, mediated by enhanced incorporation of tea

polyphenols into the cells. Studies also showed a synergistic

effects by co-treatment with EC and other tea polyphenols

on apoptosis, growth inhibition, and tumor necrosis factor a
(TNF-a) release in PC-9 Cells [8]. The potency order

observed was: EGCG ? EC[ECG ? EC[EGC ? EC.

Polyphenon E (Poly E), a standardized and well-charac-

terized decaffeinated extract of green tea, contains about 60 %

EGCG, 7 % EC, 12 % EGC, 1 % ECG, and 2 % GCG [13].

Both Poly E and EGCG have bioactivities including antioxi-

dant modulation of enzyme systems form metabolizing

chemical carcinogens, inhibition of nitrosylation reactions,

scavenging of activated metabolites of chemical carcinogens,

inhibition of tumor promotion, and induction of apoptosis

[14]. In terms of cancer prevention effect, Shimizu et al. [12]

reported that Poly E was better than EGCG alone, because the

mixture of catechins exert synergistic cancer cell growth

inhibitory effects. EGCG is the most powerful active com-

pound in Poly E. However, pure EGCG may be ineffective

when it is administered by diet, because of its instability and

rapid degradation. The presence of other tea catechins might

affect absorption, biological activity, and other properties of

EGCG in Poly E and it has been shown that there are syner-

gistic effects among EGCG, EGC, ECG and EC [15]. For

example, even though EGCG only constitutes 60 % of Poly E,

same concentration of Poly E and EGCG had comparable

cancer cell growth inhibitory effect, which was due to the

synergistic effects of other component in Poly E [12].

Catechins: from bench to clinic

Different catechins inhibit cancer cell growth by targeting

different pathways. Understanding the specific mechanism

has become important and valuable. Until now, cancer-

preventive effect of tea polyphenols, especially EGCG, has

been demonstrated by epidemiological, preclinical, and

clinical studies. In cell lines, studies have shown that green

tea catechins can affect a range of signaling and metabolic

pathways [2]. These molecular events may result in cancer

cell growth inhibition, apoptosis, and inhibition of inva-

sion, angiogenesis and metastasis [2, 16]. Inhibition of

tumorigenesis by tea extracts and tea polyphenols has also

been demonstrated in different animal models, including

those for cancer of the skin, lung, esophagus, stomach,

colon, bladder, liver, pancrease, prostate, and mammary

glands and so on [2].

Although the epidemiological studies of green tea have

been reported in many literatures, the preventive effect of

tea consumption on the risk of human cancer is inconclu-

sive [17]. This is mainly because of the lack of accuracy in

assessing tea consumption, the different lifestyles associ-

ated with tea consumption, the individual differences in

genetic polymorphism, variation of etiological factors for

cancer in different populations, and some other con-

founding factors. Only when these factors can be effec-

tively managed, a clearer relationship between tea

consumption and the risk of cancer can be accurately

evaluated in epidemiological studies [2].

The quantity and ways of tea consumption are closely

related to its effect on cancer development. The lack of a

preventive effect of tea consumption against tumor for-

mation observed in many studies is likely due to the low

quantity of tea consumed. For example, a studies found a

reduced risk of stomach cancer with intake of green tea
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(relative risk (RR)/odds ratio (OR) = 0.86, 95 % confi-

dence interval (CI) 0.74–1.00) through a meta-analysis

[18]. It was also reported that there were significant cor-

relation between high/medium/low green tea consumption

and non-drinking risk of esophageal cancer among female

(High: RR/OR = 0.32, 95 % CI 0.10–0.54. Medium: RR/

OR = 0.43, 95 % CI 0.21–0.66. Low: RR/OR = 0.45,

95 % CI 0.10–0.79) [19]. In a case control study on

esophageal cancer in the south China, a significantly

increased risk of esophageal cancer was observed in par-

ticipants who drank tea at high temperature, especially

among drinkers and smokers [20].

Genetic polymorphism in the population may also affect

the relationship between tea consumption and the risk of

cancer. For example, a nested case control study of Sin-

gapore Chinese found that the intaking frequency of green

tea was associated with the risk of breast cancer (P for

trend = 0.039) among women with high-activity angio-

tensin-converting enzyme (ACE) genotype. However, there

was no association between intake frequencies of green tea

and risk of breast cancer among those women with low-

activity ACE genotype [21]. Another study evaluated the

effects of smoking, green tea consumption, as well as

IGF1, IGF2, and IGF- binding protein 3 (IGFBP3) poly-

morphisms, on lung cancer risk. An elevated risk was

observed in smokers who never drank green tea, as com-

pared to smokers who drank green tea more than one cup

per day (OR = 13.16, 95 % CI = 2.96–58.51). Interaction

between smoking and green tea consumption on lung

cancer risk was also observed. Besides, among green tea

drinkers who drank more than one cup per day, IGF1

(CA)19/(CA)19 and (CA)19/X genotypes carriers had a

significantly reduced risk of lung cancer (OR = 0.06, 95 %

CI = 0.01–0.44) compared with GF1 X/X carriers [22].

In recent years, clinical trials are ongoing, which use

systematic and phased approach along with pre-defined

protocols to investigate the efficacy of polyphenol or

EGCG in cancer prevention. Phase I clinical trials with

green tea catechins study the toxicity and bioavailability of

green tea [23]. In one study, Sherry Chow and colleagues

found that it was safe for healthy individuals to take green

tea polyphenol products as much as EGCG contained in

8-16 cups of green tea once a day or in divided doses twice

a day for 4 weeks. But the oral bioavailability of tea cat-

echins was low in humans [24]. Their lab also reported that

greater oral bioavailability of free catechins can be

achieved by taking the Polyphenon E capsules after over-

night fast. Polyphenon E containing 800 mg of epigallo-

catechin gallate was well-tolerated when taken under the

fasting condition. The same dosage is also expected to give

optimal biological effects of tea catechins [15].

The current Phase II clinical trial was designed to

collect preclinical and epidemiologic data and evaluate

patients’ proclivities of restoring to green tea catechin as

an alternative medicine [25]. A phase II trial of green tea

in the treatment of patients with androgen independent

metastatic prostate carcinoma found that green tea carried

limited antineoplastic activity, as defined by a decline in

PSA levels [26]. Results from Phase IIa chemoprevention

trial of green tea polyphenols carried out in high-risk

individuals have demonstrated the relative safety of green

tea catechins consumption in human subjects [25, 27].

However, the specific mechanism of catechins has not

been solved completely and the low bioavailability of

catechins in human body is still the major obstacle for

clinical application. Moreover, there are some other fac-

tors also limit the application of green tea catechins [28,

29]. Completion of phase II clinical trials will provide

critical information and will move the study forward to

phase III clinical trials leading to the development of

green tea polyphenols based chemopreventive agent for

cancer [30] (Fig. 2) (some latest information about the

clinical studies can be found in the website: www.

Clinicaltrials.gov).

Molecular mechanisms of green tea catechins in cancer

prevention

The anticancer effects of green tea catechins have been

demonstrated both in vitro and in vivo [2, 5, 31–33]. The

molecular mechanisms involved are complicated. These

various mechanisms can be classified into three categories:

the antioxidant/pro-oxidant activity of catechins, the

influence on enzyme activities, and the modulation of

specific molecular targets or signaling pathways relevant to

tumor development. In most cases, green tea catechins may

affect one or more targets (Table 1), and they have syn-

ergetic effects when combined with other anticancer drugs.

Importantly, the selective effects observed in many studies

indicate that green tea catechins may inhibit cancer

development without affecting normal cells [34]. The

bioavailability of catechins limits their biological activity

in vivo. We use EGCG as an example to illustrate the

major anticancer mechanisms of green tea catechins,

including their impacts on multiple molecular targets and

important cell signaling pathways.

Antioxidant/pro-oxidant activity in cancer prevention

Direct antioxidant effects

Numerous studies have demonstrated that tea catechins and

polyphenols are effective scavengers of ROS, which can

cause oxidant DNA damage and promote carcinogenesis

4 Apoptosis (2014) 19:1–18
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[7, 35, 36]. This antioxidant activity has been found both

in vitro and in vivo. For example, treatment with EGCG

can significantly reduce ROS generation and protect human

bladder urothelial cells against H2O2-induced acute oxi-

dative damage [36]. Another study found that administra-

tion of green tea catechins (500 mg/day) to healthy

individuals for 4 weeks caused an 18 % decrease in plasma

oxidized low density lipoprotein compared to controls [37].

Tea catechin oxy-polymers, product of tea catechins oxi-

dation by H2O2, has stronger free radical scavenging ability

[7]. Additionally, metal chelation is another antioxidant

mechanism of catechins, such as the inhibition of copper-

mediated LDL oxidation in vitro [36].

Inhibition of redox-sensitive transcription factors

and ‘‘pro-oxidant’’ enzymes

Inhibiting the activation of the redox-sensitive transcription

factors, like nuclear factor-jB (NF-jB) and activator pro-

tein-1 (AP-1), is an essential mechanism of the antioxidant

function of green tea catechins [38, 39]. NF-jB can be

stimulated by ROS and then activates the transcription of

multiple inflammatory genes [40]. Studies have found that

green tea catechins can interrupt the translocation of NF-jB

into the nucleus via inhibiting the phosphorylation of IjB, an

NF-jB inhibitor [7]. The inhibition of ‘‘pro-oxidant’’

enzymes is another antioxidant mechanism of green tea

catechins. Inducible nitric oxide synthase (iNOS), which

could be stimulated by endotoxins or cytokines, can syn-

thesize large amounts of nitric oxide and result in damage of

DNA and proteins. Green tea catechins, especially EGCG,

can inhibit the lipopolysaccharide-induced iNOS gene

expression through the inhibition of NF-jB activation [36].

Phase II and antioxidant enzymes

Phase II detoxification enzyme is a group of enzymes that

can promote the excretion of potentially toxic or carcino-

genic chemicals. For example, glutathione S-transferases

(GST), a family of phase II enzymes, can catalyze the

conjugation of glutathione to electrophiles, reducing their

ability to react with damage nucleic acids and proteins.

Previous studies have found that feeding mice with green

tea polyphenols in their drinking water for up to 30 days

Fig. 2 The procedure of

catechins: from bench to clinic.

PK pharmacokinetics, PD

pharmacodynamics.

Epidemiological studies

indicate that the worldwide

incidence and mortality of

cancer patients who consumed

green tea differ greatly [136–

139]. The phase I studies of

EGCG almost had been

completed. Phase I clinical trials

with green tea catechins

studying on the bioavailability

and toxicity of green tea in

humans [140, 141]. A large

number of clinical phase II

experiments are ongoing and

some of them have been

successful [25–27, 142, 143].

The phase III clinical studies

with catechins or EGCG are

studying onlarge, randomized,

double-blinded, placebo-

controlled trails that were

conducted in a large population

[144]
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could significantly increase GST activity in liver and small

intestine [41]. The induction of phase II detoxification

enzymes by EGCG are mainly regulated by nuclear factor

erythroid 2-related factor (Nrf2), a redox-sensitive tran-

scription factor binding to the cis–acting regulatory ele-

ments called antioxidant response elements (ARE) to start

antioxidant enzymes gene expression [42]. Recent studies

have demonstrated that green tea catechins or EGCG can

upregulate antioxidant enzymes, such as superoxide dis-

mutase (SOD) and catalase via the Nrf2–ARE signaling

[43].

Pro-oxidant activities

Conversely, studies have demonstrated that EGCG are

unstable in cell culture and will be oxidized to generate

ROS [7]. When HT29 cells are exposed to McCoy’s 5A

medium, treatment with 50 lM of EGCG results in up to

23 lM of H2O2 and this may promote apoptosis [35].

However, this auto-oxidation may not happen in vivo due

to the presence of some more active anti-oxidative agents

such as SOD, glutathione peroxidase, glutathione, and

ascorbic acid [35]. The pro-oxidant effects of EGCG

in vivo needs to be further investigated.

Inhibition of cancer cell proliferation

Unrestricted proliferation, which is mainly due to loss of

cell cycle control and disregulated growth signaling path-

ways (Fig. 3), allows cancer cells to outgrow and form

tumors [44]. The anti-proliferation potential of EGCG

against various cancer types has been validated in cell

cultures, animal tumor bioassay systems, and human epi-

demiologic studies [45–47].

Induction of cell cycle arrest

Cell cycle progression consists four distinct phases, G1, S,

G2, and M. It is timely regulated by cyclin-dependent

kinases (CDKs) and their cyclin subunits at the G1/S and

G2/M checkpoints [47–49]. The G1/S checkpoint is regu-

lated by CDK4-cyclin D, CDK6-cyclin D, and CDK2-

cyclin E [50]. CDK2- cyclin A controls the S-phase while

the G2/M transition is regulated by CDK1 in combination

with cyclins A and B. INK4 and CIP/KIP families,

including p21cip1/WAF1, p27kip1, and p57kip2, inhibit a

broad range of CDKs [51]. Studies done with cell culture

have shown that EGCG can suppress tumor growth by

blocking cell cycle progression and altering the expression

level of cell cycle regulatory proteins, such as cyclin D1,

cyclin E, CDKs, p21/WAF1/CIP1 and p27/KIP1 as well as

causing Rb hypophosphorylation [45, 51–54].

EGCG can affect the cell cycle at low concentration in

neonatal human dermal fibroblasts (nHDFs) [55]. At the

concentration of 200 lM, EGCG slightly reduced the

proportion of cells in S and G2/M phases, whereas the

proportion of cells in G0/G1 phase was found to be

increased. At the concentration greater than 400 lM, cells

could not enter the S phase. EGCG was found to translo-

cate from cytoplasm into the nucleus of nHDFs and data

has shown that some cell cycle-related genes, such as

cyclin A2, cyclin B, and CDK1, were significantly down-

regulated in response to EGCG treatment [55], suggesting

that EGCG might induce cell cycle arrest at the transition

between G1 and S phase.

In colorectal cancer, oncogenic Ras mutation is a hall-

mark, which contributed to the neoplastic transformation of

intestinal epithelial cells [53]. Ras proteins are membrane-

bound GDP/GTP-regulated switch molecules that connect

signal transduction from cell membrane to nucleus.

Table 1 Multiple targets of

EGCG
Anticancer

effects

Molecular targets References

1.Antioxidants ROS; metal chelation; NF-jB; iNOS; H2O2; GST; SOD; Nrf2; [5, 35, 43, 105, 122]

2.Cell cycle

arrest

Cyclin D, cyclin E; CDK1; CDK2; CDK4; CDK6; Ras; PCNA;

p16; p18; p21; p27; p53; mdm2; hTERT

[5, 52, 54, 55, 57,

123]

3.Inhibition of

proliferation

PI3 K; AKT; ERK; EGFR; c-fos; AP-1; NF-jB; IKK; COX-2;

JNK; Ras; MEKK1; MEK3; p38; TNF- a;

[31, 35, 45, 58, 74,

79, 82, 98, 124–

126]

4.Induction of

apoptosis

ROS; caspase-3; caspase-8; caspase-9; cyt-c; Bad; Bcl-2; Bcl-

xL; Bid; c-myc; c-IAP1; c-IAP2; survivin; XIAP; Akt;

[10, 34, 79, 80, 82,

83, 112, 122, 126,

127]

5.Inhibition of

metastasis

MMP-2; MMP-9; uPA; TIMP-2; MT1-MMP; Met; cGMP;

urokinase; NO; ephrin-A1; ERK-1/2;

[82, 88, 125]

6.Inhibition of

angiogenesis

VEGFR; VEGF; ErbB2; ErbB3; FOXO; ERK-1/2; Ephrin-A1;

WARS; Wnt; PI3K; IL-6; IL-8; Stat3; MT1-MMP; MMP-2;

[82, 86, 87, 94, 97,

128]
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Oncogenic Ras mutations result in constitutive activation

of this small GTPase, which sequentially activates multiple

downstream targets [56]. Green tea catechins or EGCG can

inhibit Ras-induced transformation in intestinal epithelial

cells. EGCG could inhibit cyclin D1 expression in colo-

rectal cancer cell line, sequentially suppress cell prolifer-

ation induced by oncogenic Ras and block cell cycle

transition at G1 phase [53]. The presence of oncogenic Ras

accelerated the G1/S transition and treatment with EGCG

led to a dose-dependent decrease of oncogenic Ras

expression by cyclin D in the S and G2/M phases of the cell

cycle [56].

Green tea catechins also have positive effect on prostate

cancer prevention through cell cycle arrest at G0/G1 phase.

Treatment with EGCG can cause the up-regulation of

WAF1/p21, KIP1/p27, INK4a/p16 and INK4c/p18 and the

down- regulation of cyclin D1, cyclin E, CDK2, CDK4,

and CDK6 in prostate cancer cells (LNCaP and DU145)

[45, 52, 54]. This cell cycle arrest is mainly due to the

increased binding of cyclin D1 to WAF1/p21 and KIP1/

p27, and the decreased binding of cyclin E to CDK2 [57].

Similar conclusions were found in breast cancer MDA-

MB-231 cells. The amount of cells at G1 phase increased

when treated with high concentrations ([50 lg/mL) of

catechins, and analysis from western blot illustrated the

decreased expression of cyclin D, cyclin E, CDK 4, CDK 1

and PCNA [45]. At the concentration of 30 lM, EGCG can

inhibit the activity of CDK2 and CDK4 and trigger the cell

cycle arrest in the G0/G1 phase in MCF-7 breast cancer

lines [45]. In vascular smooth muscle cells (VSMC),

studies show that EGCG also have negative effect in TNF-

induced VSMC carcinogenesis by increasing the expres-

sion of p21/WAF1 [52]. It was detected that the activity of

cell cycle regulator cyclin D1/CDK4 and cyclin E/CDK2

was inhibited by EGCG, which was thought to be a sig-

nificant mechanism of the proliferation inhibition in VSMC

[52].

Another study indicates that EGCG could inhibit T cell

proliferation at physiologically relevant concentrations of

2.5–10 lM without induction of cytotoxicity or apoptosis

[58]. At low concentration, EGCG makes T cells mainly

remain in G0–G1 phase and its supplementation result in

lower IL-2 receptor expression and higher IL-2 accumu-

lation, suggesting an impeded IL-2/IL-2 receptor signaling

[58]. In addition, study shows that green tea catechins can

block the cell cycle in human colon carcinoma LoVo cell

lines [54]. After catechins treatment for 24 h, EGCG, EGC,

and ECG arrested the cell cycle progression at G1 phase,

Fig. 3 Cell cycle arrest and growth inhibition. EGCG, major catechin

from green tea, can affect the activities of multiple proteins involved

in cell cycle progression. EGCG blocks the binding of EGF to its

receptor. Factors involved in cell growth signaling pathway, including

RTKs, MEK, ERK1/2, JNK, p38, and ELK-1 were down regulated by

EGCG treatment. EGCG blocks the transition from G0/G1 to S phase.

The activity of Cyclin D, CDK4/6, Cyclin E, CDK2, Cyclin A, and

CDK2 are downregulated by EGCG. EGCG upregulates the activity

of p16, p18, p21, and p27

Apoptosis (2014) 19:1–18 7
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which resulted in a decrease in the proportion of cells in S

and M/G2 phases and a concomitant increase in G1 phase.

EC resulted in S phase arrest [54].

Human telomerase reverse transcriptase (hTERT) is a

critical element for cellular proliferation. One study also

shows that at concentration of 10–30 lM, EGCG and EGC

treatment are able to repress mRNA expression and pro-

mote activity of hTERT in carcinoma cells in a dose-

dependent manner [59]. Another study indicate that EGCG

covalently modifies the telomerase activity by the galloyl

radical which formed by the auto-oxidation of EGCG [46].

Modulation of growth signaling pathways

EGCG has been shown to modulate the activities of various

receptor tyrosine kinases and multiple signal transduction

pathways that were related to cancer cell proliferation.

Recently, it is reported that EGCG has multiple targets in

various cancer cells. Importantly, EGCG is capable of

selectively inhibiting cell proliferation without adversely

affecting normal cells [34]. EGCG can affect the proliferation

and differentiation of human eosinophilc leukemic cell line

[60], making them to differentiate into mature, eosinophil-

like cells and thus significantly inhibiting the proliferation of

EoL-1 cells in a dose-dependent manner [60]. The mecha-

nisms of EGCG in inhibiting proliferation are important for

its potential applications in cancer prevention and treatment.

Here we discuss the effects of EGCG on some signal trans-

duction pathways related to the cancer cell proliferation.

Inhibition of mitogen activated protein (MAP) kinases

and AP-1

MAPKs, including ERK, JNK, and p38, are one group of

the critical targets of EGCG for cancer prevention and

therapy [61]. Activation of the MAPK pathways may cause

the induction of phase II detoxifying enzymes and activa-

tion of a variety of transcription factors, such as ELK and

c-Jun, a component of AP-1 [61]. Thus, a series of cascade

reaction may lead to changes in the expression of genes

that play critical roles in cancer cell proliferation [62]. It

has been reported that EGCG has the potential to inhibit

oxidative stress-mediated phosphorylation of MAPK sig-

naling pathways [32]. EGCG inhibits the phosphorylation

of ERK1/2 and suppresses the activity of p38 MAPK in

human fibrosarcoma HT1080 cells [63]. EGCG can also

inhibit the phosphorylation of JNK [64].

AP-1 transcription factor is a heterodimer protein

complex composed Jun and Fos, which are members of the

basic region leucine zipper protein superfamily, activating

transcription factor proteins [65]. High AP-1 activity con-

tributes to the tumor promotion and progression of various

types of cancers [32]. EGCG has been shown to effectively

inhibit arsenite-induced AP-1 transcription activity and

AP-1 DNA binding activity [39].

Inhibition of epidermal growth factor receptor (EGFR)-

mediated pathways

EGFR (ErbB-1, HER1 in humans) is a cell surface glyco-

protein receptor belonging to the receptor tyrosine kinases

(RTK) superfamily, which includes EGFR (erbB1), HER2

(neu/erbB2), HER3 (erbB3), and HER4 (erbB4). Overex-

pression of EGFR produces a neoplastic phenotype in

tumor cells [5]. Therefore, the blockage of EGFR signaling

pathway may lead to apoptosis in cancer cells. Recently,

EGCG has been shown to inhibit the activation of the

EGFR, HER2, and multiple downstream signaling path-

ways in colon cancer cell lines [5]. EGCG inhibits the

binding of EGF to EGFR and the subsequent dimerization

and activation of the EGFR by altering membrane orga-

nization [62]. EGCG inhibits EGFR signaling pathway,

most likely through the direct inhibition of ERK1/2 and

Akt kinases, suggesting that blocking the EGFR signaling

by EGCG would potentially inhibit both cancer cell pro-

liferation and angiogenesis [66]. Besides, it has been

reported that EGCG can blind to a specific metastasis

associated 67 kDa laminin receptor that is expressed in a

variety of tumor cells [67]. Using a subtraction cloning

strategy involving cDNA libraries constructed from cells

treated or untreated with all trans-retinoic acid, it was

observed that the anticancer action of EGCG was mediated

by laminin receptor that allowed EGCG to bind to the cell

surface [32].

Inhibition of Insulin-like growth factor (IGF)-I mediated

signal transduction pathway

The IGF/IGF-1R system, which includes the ligands IGF-1/

2, their receptor IGF-1R, and the ligand controlling pro-

teins IGFBPs, plays an important role in regulating cell

proliferation, differentiation and apoptosis [68]. IGF could

be a target for cancer chemoprevention because the

increased levels of IGF-I is associated with an increased

risk of cancer. It has been shown that the binding of free

IGFs to IGF-I receptor results in auto-phosphorylation of

intra-molecular receptor and phosphorylation of critical

downstream targets [68]. This leads to the activation of

several signaling pathways, including the PI3K/Akt path-

way and the Ras/MAPK pathway, thus inducing activation

of specific genes involved in DNA synthesis and cell

proliferation [32]. EGCG can result in substantial reduction

of IGF-I level and increase of IGFBP-3 level in TRAMP

mice [62]. Therefore, targeting the IGF-I signaling path-

way by EGCG might be an effective strategy for cancer

treatment.
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Inhibition of enzyme activities

EGCG could inhibit the phosphorylation of JUK, JUN,

MEK1, MEK2, ERK1, ERK2 and ELK1 in JB6 epidermal

cell lines [69]. This inhibition was associated with the

inhibition of AP-1 transcriptional activity or cell transfor-

mation [70]. In vitro, kinase assays suggested that EGCG

inhibited MEK1 phosphorylation by decreasing its associ-

ation with the kinase RAF1. EGCG seems to inhibit the

phosphorylation of ElK1 by competing with the binding

site for ERK1 and ERK2 [2].

The proteasome, a multi-catalytic enzyme found in all

eukaryotic cells, is recognized as a novel and promising

target for chemotherapy. A number of proteasome com-

ponents, including cyclin proteins, cyclin-dependent kinase

inhibitors, p53, Bcl-2, and IjB among others, have been

identified [71]. These proteins have various functions like

regulation of the cell cycle, protection from apoptosis, and

transcriptional regulation. It has been reported that EGCG

and ECG potently inhibited the chymotryptic activity of the

20S proteasome, thereby inhibiting cell proliferation [62].

Induction of apoptosis

Programmed cell death (apoptosis), which contains a series

of intricate pathways and enzymes, plays a critical role in

cell survival and proliferation. Accumulating evidence

shows that uncontrolled proliferation of transformed cells

due to lack of programmed cell death is closely associated

with tumorigenesis [72]. There are two major pathways

that initiate apoptosis, receptor mediated pathways

(extrinsic pathways) and mitochondrial mediated pathways

(intrinsic pathways). In addition, the cell survival path-

ways, such as PI3K/Akt, NF-jB, and MAPKs in cancer

cells, may trigger apoptosis as well [73] (Fig. 4). The

ability to induce cancer cell apoptosis of EGCG has been

demonstrated in many studies. For example, treatment of

EGCG in mice can significantly reduce the ultraviolet

B-induced tumors [74]. Another study found that

20–40 lg/mL of EGCG causes more than 80 % cell death

in chronic lymphocytic leukemia cells through apoptosis

[75]. Importantly, EGCG triggers apoptosis without

affecting normal cells, and it was reported that EGCG can

Fig. 4 Induction of cancer cell apoptosis. EGCG upregulates the activities of Fas (TNFR), Caspase-8, p53, Caspase-9, Bax, and Caspase-3.

EGFR, Akt, Bcl-X, ERK1/2, IAPs, NF-jB, AP-1 activities are downregulated
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induce cell survival via anti-apoptosis in human epidermal

keratinocytes.

Intrinsic and extrinsic apoptotic pathways

The increase of the membrane permeability of mitochon-

dria is the key step of intrinsic pathway and pro-apoptotic

factors, including procaspases, cytochrome c, apoptosis

protease activating factor-1, will be released from mito-

chondria [76]. These factors may form a supramolecular

complex termed apoptosome to activate caspases. Death

receptor pathways including fas and TNF receptors can

also activate caspases [77].

Activation of caspases, increase in the Bax/Bcl-2 ratio,

and the cleavage of poly(ADP-ribose) polymerase (PRAP)

play important roles during apoptosis [78]. In T24 human

bladder cancer cells,the treatment of EGCG caused an

increase in Bad and a decrease in Bcl-xL protein levels, and

the 89 kDa cleaved PARP fragment was detected in EGCG-

treated samples [79], suggesting that EGCG can initiate

cancer cell death through these intrinsic apoptosis events.

Similar conclusion has been found in human epidermoid

carcinoma A431 cells with EGCG (10–40 lg/mL). EGCG

treatment resulted in a significant time-dependent increase in

the active form of caspase-3, caspase-8 and caspase-9, and

the full-size PARP (116 kDa) protein was cleaved to an

85 kDa fragment [80]. EGCG also activates the intrinsic

apoptosis pathway by stabilizing and activating p53 and

increasing Bax in a p53-dependment manner.

TNF family ligands, associated with cell surface death

receptors, trigger extrinsic apoptotic pathways. The acti-

vation of APO-1 receptor (Fas) leads to the recruitment of

Fas-associated protein with death domain (FADD), which

results in the activation of caspase family [77]. Studies

have demonstrated that EGCG can be a potent Fas inhibitor

[81]. Treatment of 40 lg/mL EGCG can inhibit Fas

activity by 50 % and induce apoptosis in human LNCaP

cells [81]. Another study has reported that TNF-related

apoptosis-inducing ligand will enhance apoptotic progress

in combination with EGCG [82]. EGCG can modulate both

intrinsic and extrinsic pathways in LNCaP cells. EGCG not

only increases the Bax/Bcl-2 ratio, but also decreases the

activity of the inhibitor of apoptosis proteins (IAP), such as

XIAP, and cIAP1 [83]. EGCG also upregulates the

expression of DR4 and inhibits the expression of FADD in

a dose-dependent manner [82].

Inhibition of cell survival pathways

Inhibition of NF-jB signaling pathway

NF-jB is a family of closely related protein dimers or

oxidative stress-sensitive transcription factors that bind to a

conserved sequence motif called the jB site [5]. NF-jB

plays a critical role in the regulation of a variety of

important genes in inducing apoptosis and inhibiting pro-

liferation. NF-jB is sequestered in the cytoplasm in an

inactive form through the interaction with IjB [38].

Phosphorylation of IjB by IjB kinase causes ubiquitina-

tion and degradation of IjB, thus releasing NF-jB that then

translocates to the nucleus [32]. It has been known that

EGCG treatment could lead to a significant dose- and time-

dependent inhibition of activation and translocation of NF-

jB to the nucleus by suppressing the degradation of IjB in

the cytoplasm [34]. EGCG could also inhibit the ATP-

induced activation of NF-kB and the activation of NF-jB

induced by IL-1 [63]. EGCG stabilizes p53 and negatively

regulates NF-jB activity, leading to the change of the Bax/

Bcl-2 ratio in a manner that favors apoptosis. EGCG

induces apoptosis in human prostate carcinoma LNCaP

cells by the negative regulation of NF-jB activity,

decreasing the expression of the pro-apoptotic protein Bcl-

2 [34].

The PI3K/Akt and GSK-3 pathway

Mitotic or stress-activated pathways, such as the extracel-

lular-regulated protein kinase (ERK) and Akt pathways, are

critical to apoptosis [84]. Akt is involved in phosphoryla-

tion of Bad to its anti-apoptotic isoform, Bad-P. Studies

have shown that EGCG treatment can inhibit PI3K/Akt

pathways [79]. EGCG treatment (20–40 lg/mL) resulted in

an appreciable down-regulation of phospho-PDK1, phos-

pho-Thr308-Akt, and phospho-Ser473-Akt [79]. This

inhibition of Akt phosphorylation may contribute to the

inactivation of Akt cell survival pathways and results in

apoptosis. In addition, EGCG can also trigger apoptosis via

affecting GSK-3, a key enzyme involved in the inhibition

of oxidative- stress-induced apoptosis [33].

Inhibition of cancer metastasis

Metastasis is one of the most serious challenges for cancer

treatment. Many types of cancer metastasize to specific

organs with an incidence much higher than that would be

expected from the circulatory pattern between the primary

tumor site and the secondary organs [85]. Therefore,

inhibition of metastasis is one of the most important issues

in cancer research. Evidences have suggested that con-

sumption of green tea catechins can reduce cancer metas-

tasis in vitro and in vivo [86–89].

Matrix metallo proteinases (MMPs), which can degrade

the surrounding extracellular matrix, contribute to tumor

cell migration [90]. Highly metastatic cancer cells secrete

large amounts of MMPs (especially MMP-2 and MMP-9)
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and studies have shown that EGCG can inhibit the activity

of MMP-2 and MMP-9 [87]. Simultaneously, EGCG can

also upregulate the expression of MMPs inhibitors, TIMP1

and TIMP2, which provide another way to suppress the

activity of MMPs [87]. EGCG inhibits the activity of pro-

MMP2 by membrane-type MMP [62]. At the concentration

of 40 lM, EGCG can impede cell invasion by 48 % in

LNCaP cells [82]. Decreased expression of MMP-2 and

MMP-9 was also found in ultraviolet (UV)-induced skin

cancer cells with topical application of EGCG [88].

Suppression of MMPs, however, is not the only mech-

anism to inhibit tumor metastasis by EGCG. Interfering

with the hepatocyte growth factor/scatter factor (HGF/SF)

signaling pathways may also inhibit cancer cells invasion.

HGF/SF and its receptor, Met, is reported to be associated

with human tumorigenesis and metastasis [91]. In one

study, EGCG was found to inhibit HGF/SF-induced cell

scattering and uPA activation with an IC50 of 15.8 lg/mL

[91]. Another in vitro assay showed that B16F10 mela-

noma cells migration was abolished by EGCG in a dose-

dependent manner [92]. These migration inhibition effects

are due to the blockage of HGF/SF-induced tyrosine

phosphorylation of Met, which further interferes with the

paracrine or autocrine of HGF/SF-Met signaling.

EGCG might also inhibit cancer metastasis in many other

ways. For example, sustained production of nitric oxide (NO)

has a positive association with tumor metastasis, and treat-

ment with EGCG can reduce the migration of 4T1 cells in a

concentration-dependent manner with clear reduction of NO

production [93]. EGCG resulted in a dose-dependent

decrease in the levels of cGMP, and thus providing another

way to inhibit 4T1 cells migration [93]. Urokinase, a hydro-

lase that facilitates degradation of the basement membrane

and extracellular matrix, is frequently overexpressed in many

types of cancers [86]. EGCG can directly bind to urokinase,

block the histidine 57 and serine 195 residues of the urokinase

catalytic triad, and interfere with its ability to recognize its

substrates, thereby inhibiting its enzyme activity and the

degradation of extracellular matrix [86].

As a tyrosine kinase inhibitor, EGCG has been demon-

strated to be an effective inhibitor of ephrin-A1-mediated

cell migration. EGCG can inhibit the ephrin-A1-mediated

phosphorylation of EphA2 and ERK-1/2 [94]. At the con-

centration of 2 lM, EGCG suppressed ephrin-A1-induced

migration by about 40 % on human umbilical vein endo-

thelial cells (HUVECs). At the concentration of 5 lM, the

suppression effect will be 80 %, and these are not due to the

cytotoxicity of EGCG [94]. These anti-metastasis effects of

EGCG mentioned above have been found in many types of

cancer cells, which suggest the possible application of

EGCG in the treatment of tumor metastasis. However, the

general applicability of tea catechins for cancer metastasis

prevention in vivo remains to be further investigated.

Inhibition of tumor angiogenesis

Angiogenesis, an essential machinery for tumor cells to

satisfy their needs for nutrients and oxygen, is critical for

cancer proliferation and metastasis. Angiogenesis is con-

sisted of a series of strategies including basement mem-

brane degradation, endothelial proliferation and migration,

extracellular matrix remodeling, and vascular tube forma-

tion [95]. EGCG has been demonstrated that can prevent

the growth of new blood vessels in animals which may

benefit for cancer treatment [4].

Tumor cells can switch their gene-expression programs

to produce angiogenic factors like the vascular endothelial

growth factor (VEGF). VEGF is an angiogenic protein that

has specific mitogenic and chemotactic effects on vascular

endothelial cells, including the activation of NF-jB-

inducing kinase, anti-apoptosis, angiogenesis and the

modulation of some relevant pathways [75]. A microarray

analysis has shown that 291 genes of endothelial cells were

up-regulated and 51 were down-regulated by VEGF [43].

Tea catechins, especially EGCG, demonstrated anti-angi-

ogenesis activity via the modulation of VEGF signaling,

such as the inhibition of the phosphorylation of VEGF

receptor, VEGFR [75]. The activity of VEGFR-2 has

positive correlation with tumor angiogenesis, and VEGF-

induced tyrosine phosphorylation of VEGFR-2 can be

inhibited by three types of green tea catechins, EGCG, CG

and ECG [96], which eventually results in the inhibition of

tyrosine kinase activity of VEGFR-2 and the suppression of

angiogenesis. EGCG itself can also block the binding of

VEGF to its receptor, VEGFRs, which provides another

way to suppress VEGF-induced angiogenesis. The gene

expression of VEGF can also be modulated by green tea

catechins [97]. Erk-1 and Erk-2, together with the tran-

scription factor AP-1, have been reported to be involved in

the overexpression of VEGF in tumor cells [11]. Previous

studies have shown that EGCG inhibited the activation of

Erk-1 and Erk-2, and suppressed the DNA binding activity

of AP-1 to VEGF gene promoter [86].

Another member of RTKs family, ephrin (Eph), emer-

ges as a critical mediator of angiogenesis. Ephrin-A1, as

mentioned above, is critical for endothelial cell migration

by inducing the tubular structure formation of HUVECs

[94]. EGCG can significantly inhibit ephrin-A1-induced

tubular structure formation at concentrations of 5 lM and

completely abolish the effect of ephrin-A1 at the concen-

tration of 20 lM [94]. The ephrin-A1-mediated activation

of ERK-1/2 pathways is strongly inhibited by EGCG,

which further suppresses the expression of VEGF.

As a key stage of tumor angiogenesis, endothelial cell

proliferation and migration is an important topic in cancer

chemoprevention studies. Two important pathways

involved in endothelial cell proliferation are affected by
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EGCG: Wnt signaling pathway and Id pathway [98]. The

negative regulation on endothelial cell proliferation is not

confined to modulation of signaling pathways. Interference

of enzymes involved in angiogenesis is another main

strategy contributes to the anti-angiogenesis activity of

green tea catechins [86]. WARS is an angiogenesis

enzyme, which inhibits VEGF-induced ERK activation and

endothelial cell migration by forming a complex with VE-

cadherin. EGCG can up-regulate WARS activity but has no

effect on the expression of some well known genes that are

involved in the classic angiogenesis signaling pathway,

such as PI3 kinase and dual specificity phosphatase [98].

Interleukins, such as IL-6 and IL-8, is another class of

factors that contributes to tumor angiogenesis, which are

often overexpressed in cancer cells. IL-6 increases VEGF

mRNA expression by 3.1 folds and upregulates VEGF

secretion by 2.8 folds. In human gastric cancer (AGS) cells,

treatment with EGCG inhibited IL-6 induced VEGF

expression and angiogenesis via suppressing the activity of

the signal transducer and activator of transcription 3 [99].

In another study, 0.5 lM of EGC significantly reduced IL-

8 production, representing the most effective IL-8 inhibitor

of green tea catechins. Suppression of MMPs also con-

tributes to anti-angiogenesis [100]. For example, inhibition

of Membrane-type 1 matrix metalloproteinase (MT1-

MMP) and MMP-2 is closely related to the anti-angio-

genesis activity of green tea catechins [87].

Targeting cancer stem cells

Human cancer has been recognized as heterogeneous

population of cells and only a minority of them, termed

cancer stem cells (CSCs), have the capacity of self-

renewal, differentiation, and tumor formation initiation

[101]. CSCs have been identified as tumor initiating cells

in a variety of tumors including the tumors in breast, brain,

colon, liver, ovarian and prostate. Different from the dif-

ferentiated tumor cells, CSCs have shown resistance to

many cytotoxic agents resulting in the tumor relapse and

metastasis. This suggests that targeting CSCs may be an

effective strategy to eliminate tumor recurrence and

metastasis.

Recent studies have demonstrated that EGCG has the

potential of inhibiting tumor initiation and invasion by

targeting the CSCs. In the human prostate cancer cell lines,

EGCG can reduce the cell viability of CSCs, and inhibit the

growth of tumor spheroid and colony formation in a dose-

dependent manner [102]. EGCG can induce apoptosis in

CSCs through intrinsic apoptotic pathway associated with

the activation of caspase-3/7, inhibition of XIAP, Bcl-2 and

survivin in the human prostate CSCs [103].

Wnt signaling pathway is highly activated in the CSCs

and controls the self-renewal of CSCs at various organ

sites. EGCG was shown to block Wnt signaling pathway in

the human breast cancer in a dose-dependent manner [104].

The reduction of CSCs is mainly due to the induction of

HMG box-containing protein 1 transcriptional factor, a

Wnt signaling suppressor [102].

Green tea catechins as effective adjuvants

to therapeutic agents

The poor bioactivity and bioavailability of green tea cate-

chins in vivo is the main difficulty for poly E or EGCG

human administration. In order to solve this problem, we

can enhance the systemic availability of poly E or EGCG

by increasing single oral administration dosage [14, 15,

105]. When Poly E was administered to empty stomach

after overnight fast, there was a remarkable increase in the

blood levels of free EGCG, EGC, and ECG, compared to

the subjects who took poly E with food. Clinical studies

support the concept that combinations (such as Poly E) of

chemopreventive compounds may be superior to such

agents as single treatment [105]. Therefore, combinations

of natural or synthetic agents for cancer prevention and

treatment might be more effective and have fewer side

effects [105]. The combination of catechins or EGCG with

therapeutic drugs such as nonsteroidal anti-inflammatory

drugs (sulindac and tamoxifen) or with drugs used in

chemotherapy (5-fluorouracil oxaliplatin, or paclitaxel) is a

promising strategy for anticancer therapeutics (Table 2).

Tamoxifen is an anti-estrogenic compound used to

prevent breast cancer. It was reported that the combination

of EGCG with tamoxifen induced apoptosis in PC-9 cells

more strongly than EGCG alone or tamoxifen alone [8].

The combination of EGCG and tamoxifen also triggered

the inhibition of TNF-a release from BALB/3T3 cells

treated with okadaic acid, a tumor promoter, along with the

inhibition of cell growth in human breast cancer cell line

MCF-7 [8, 106]. There are also some laboratories reported

that the combination of EGCG and tamoxifen together

inhibited the proliferation of ER-positive and ER-negative

human breast cancer cells, and inhibited the growth of

xenografts of MCF-7 and MDA-MB-231 in nude mice

more strongly than tamoxifen alone [106–108].

Sulindac is an agent used for suppression of colon

adenoma formation in familial adenomatous polyposis

[109]. Its usage is limited because of its side effects [110].

The combination of sulindac with EGCG may overcome

this side-effect [8]. The combination synergistically

inhibits the growth of mouse colon adenocarcinoma cell

line, Colon26, more strongly than EGCG alone or sulindac

alone [106]. The mechanism of EGCG and sulindac is
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related to GADD153 in cell. The combination of EGCG

and sulindac can induce the upregulation of GADD153 and

p21 genes dramatically [31]. However, the expression of

those genes was not affected by either EGCG or sulindac

alone. The combination can induce the down regulation of

T plasminogen activator, TIMP3, IL-1b, and integrin b4

genes [111].

Celecoxib, a selective cyclooxygenase 2 inhibitor, is

known to have anti-inflammatory activity and to induce

apoptosis in various types of cancer cells [112]. It was

reported that co-treatment with EGCG plus celecoxib

strongly induced the expression of GADD153 both at

mRNA level and protein level in PC-9 cells, while neither

EGCG nor celecoxib alone did [113]. Comparing with the

combination of EGCG and sulindac, the combination of

EGCG and celecoxib did not induce the expression of other

apoptosis related genes, such as p21 and GADD145. Some

relevant research indicated that GADD153 expression was

mediated through the ERK signaling pathway [114].

Curcumin, a phenolic compound isolated from the plant

Curcuma longa (Linn), is traditionally well known to have

therapeutic effects on various types of diseases [10]. When

curcumin is combined with EC or EGCG, it can overcome

the low bioavailability of curcumin, enhance the inhibition

of growth, and induce apoptosis [10, 115]. The combina-

tion of EGCG and curcumin showed synergistic interac-

tions in growth inhibition and could increase sigmoid

capacity of the dose–effect curves in human oral epithelial

cells [116], EGCG and curcumin combination also

provided higher efficacy in inhibiting ERa breast cancer

cell growth in vitro and in vivo [116]. In another study,

athymic nude female mice were implanted with MDA-MB-

231cells and treated with curcumin, EGCG, EGCG plus

curcumin. Tumor volume in the EGCG plus curcumin

treated mice decreased 49 % compared to vehicle control

mice, which correlated with a 78 ± 6 % decrease in levels

of VEGFR-1 protein expression in the tumor [115]. The

combination of curcumin with EC significantly increased

the inhibition of cell growth compared with curcumin or

EC alone in human lung cancer cell lines PC-9 and A549

[10]. Curcumin and EC combination increased both

apoptosis and the expression of GADD153 and GADD45

genes, associated with enhanced protein expression [10].

The enhanced anticancer effects of the combination of

EGCG with anticancer drugs, such as 5-FU, taxol, doxo-

rubicin, gefitinib, and erlotinibect have been reported,

indicating a great potential of EGCC in anticancer therapy

[117–121].

Concluding remarks

Green tea catechins, especially EGCG, exhibit strong

anticancer activity by targeting several cell signaling

pathways that are relevant to cancer development, resulting

in the suppression of tumor growth, induction of apoptosis,

and inhibition of metastasis and angiogenesis. Identifica-

tion of and characterization of novel molecular targets of

Table 2 Catechins combining with anticancer drugs

Catechins Anticancer

drugs

Types of cancer Effects References

EGCG Tamoxifen Breast cancer, spontaneous mammary tumors

(MCF-7, PC-9)

Synergistic growth inhibition, inducing

apoptosis,inhibiting invasion

[8, 106, 108, 129]

EGCG Sulindac Colon adenoma Enhancing apoptosis [130]

EGCG Celecoxib Lung and colon tumors Inducing apoptosis [112, 131]

EGCG or EC Curcumin Oral epithelial cells; lung cancer cells (PC-9);

breast cancer cell

Enhance the inhibition of growth and

induce apoptosis

[10, 116]

EGCG EC Colon cancer cells(HT29 cells), lung cancer

cells

Inhibiting Growth, inducing apoptosis

as well as inhibition of tumor

angiogenesis and metastasis.

[8, 10, 11]

EGCG 5-Fluorouracil Head and neck squamous cell carcinoma

(YCU-N861,YCU-H891) hepatocellular

carcinoma cell colon cancer cells

Synergistic growth inhibition [132]

EGCG Taxol Head and neck squamous cell carcinoma

(YCU-H891) breast carcinoma (BT-474)

Synergistic growth inhibition [120, 121]

EGCG Doxorubicin Hepatocellular carcinoma (BEL-7404DOX) Synergistic growth inhibition [133]

EGCG Gefitinib Lung cancer (PC-9, A549) Synergistic growth inhibition [134]

EGCG Erlotinib Head and neck squamous cell carcinoma

(Tu177, Tu212, 886LN, SQCCY1,

SQCCY38)

Synergistic growth inhibition [135]
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tea polyphenols is paramount to the development of cancer

prevention and treatment strategy using green tea/synthetic

(-)-EGCG analogs.

Currently, most anticancer drugs available are expen-

sive and somewhat toxic to the non-cancer cells. Green

tea catechins appear to target specifically to the cancer

cells, supporting the development of green tea catechins

as a potential anticancer agents. However, there are not

enough evidences obtained from human studies for the

anticancer effects of green tea catechins. This is mainly

because of the low physiological concentration of cate-

chins in human body after administration, the disturbance

of many other dietary constituents or food items, the lack

of accuracy in assessing tea consumption, the different

lifestyles associated with tea consumption, the individual

differences in genetic polymorphism, variation of etio-

logical factors for cancer in different populations, and

some other confounding factors in epidemiological stud-

ies. Even though there are many epidemiological and

clinical studies of green tea, most of the human trials had

been carried out were pilot studies. Therefore, future

studies should focus on the bioavailability and biological

activity of green tea catechins in vivo, improving the

absorption and metabolism of tea catechins, setting a

standard for assessing tea consumption, understanding the

different etiological factors and effective targets of dif-

ferent cancer cells, exploring the combination between tea

catechins and other effective anticancer drugs to increase

the effect of cancer treatment and decrease the toxicity.

Moreover, more definitive information on the cancer-

preventive activity of tea catechins need to be obtain from

well-designed cohort studies and human intervention

trials.

We review the synergetic anticancer effect of green tea

catechins in combination with other anticancer drugs.

These observations are important because most of the

anticancer drugs currently available are expensive and

toxic to normal cells. The co-administration with catechins

might lower the required dosage of anticancer drugs, which

in turn should lower the cytotoxicity and cost of anticancer

treatment. Because of this reason, it is of great interests for

the future green tea catechins studies to focus on how to

increase their synergetic effect and reduce the side-effects

of anticancer drugs.
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