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Inflammopharmacology

Abstract. The cancer-preventive effects of green tea and its 
main constituent (-)-epigallocatechin gallate [(-)-EGCG] are 
widely supported by results from epidemiological, cell cul-
ture, animal and clinical studies although the molecular tar-
get has not been well defined. We previously reported that 
ester bond-containing tea polyphenols, e. g. (-)-EGCG, and 
their synthetic analogs potently and specifically inhibited the 
proteasomal activity. Subsequently, we further demonstrated 
that methylation on green tea polyphenols under physiologi-
cal conditions decreased their proteasome-inhibitory activ-
ity, contributing to decreased cancer-preventive effects of tea 
consumption. Since (-)-EGCG is unstable under physiologi-
cal conditions, we also developed the peracetate-protected or 
prodrug form of (-)-EGCG, Pro-EGCG (1), and shown that 
Pro-EGCG (1) increases the bioavailability, stability, and pro-
teasome-inhibitory and anticancer activities of (-)-EGCG in 
human breast cancer cells and xenografts, suggesting its po-
tential use for cancer prevention and treatment.
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Introduction 

Annually, more than 5 million people are diagnosed with can-
cer and more than 3.5 million people die from cancer world-
wide (Ferlay et al., 2001). When analysis of cancer incidence 
by racial group is performed for many types of cancers, Asian 
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and islander populations have significantly reduced inci-
dence and mortality due to cancer that seems to correlate 
with dietary intake of green tea (Fujiki, 1999; Gupta et al., 
1999; Kazi et al., 2002). The attraction of green tea as a can-
cer chemopreventative and a chemotherapeutic agent is sug-
gested. Tea consumption is not associated with toxic effects. 
Populations that practice extensive tea consumption have 
demonstrated reduced incidence and mortality due to cancer. 
The principle components of tea exhibit a wide array of can-
cer preventing activities (Fujiki, 1999; Gupta et al., 1999; 
Kazi et al., 2002). 

The major polyphenols of green tea include (-)-epi-
gallocatechin-3-gallate [(-)-EGCG],  (-)-epigallocatechin  
[(-)-EGC], (-)-epicatechin-3-gallate [(-)-ECG], and (-)-epi-
catechin [(-)-EC] (see Fig. 1). Of these (-)-EGCG is the most 
abundant and has been extensively studied and implicated as 
a cancer preventative agent (Fujiki, 1999; Gupta et al., 1999; 
Kazi et al., 2002). In addition, (-)-EGCG, in particular, is 
known to inhibit telomerase, urokinase, nitric-oxide synthase, 
tumour necrosis factor alpha, the proteasome (Jankun et al., 
1997; Lin and Lin, 1997; Naasani et al., 1998; Okabe et al., 
1999; Nam et al., 2001), and other cancer-related targets. 

The ubiquitin-proteasome pathway 

In recent years, proteasome inhibition has become increas-
ingly important in cancer and drug resistance research. The 
vast majority of regulated proteolysis in eukaryotic cells oc-
curs through the actions of the ubiquitin-proteasome path-
way (Ciechanover et al., 2000). Although it would seem dis-
astrous to alter the activity of this crucial protein degradation 
system, proteasome inhibition has been well established as a 
rational strategy for multiple myeloma (Richardson et al., * Corresponding author
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2005; Catley et al., 2005), non-Hodgkin lymphoma (Goy et 
al., 2005) and some other solid tumours (Dou and Goldfarb, 
2002). Understanding the mechanisms of action has led to 
integration into combination regimens using both proteas-
ome inhibitors and standard chemotherapeutics.

The ubiquitin-proteasome pathway involves two succes-
sive steps: conjugation of multiple ubiquitin molecules to the 
protein substrate, and degradation of the tagged protein by 
the 26S proteasome (Fig. 2, left). Ubiquitin is a highly con-
served 76-amino acid protein that becomes covalently ligated 
to a target protein by a multi-enzymatic system consisting of 
Ub-activating (E1), Ub-conjugating (E2), and the Ub-ligat-
ing (E3) enzymes, which act in a sequential manner. This is 
a three-stage process that starts with activation of ubiquitin 
by the E1 enzyme in an ATP-requiring reaction that gener-
ates a high-energy thiol ester intermediate, E1-S~ubiquitin. 
Activated ubiquitin is then transferred from E1, by one of 
several ubiquitin-conjugating enzymes, E2, via an additional 
high-energy thiol-ester intermediate, E2-S~ubiquitin. From 
E2 to the E3-bound substrate, the activated ubiquitin can be 
then transferred directly or via a third high-energy thiol ester 
intermediate, E3-S~ubiquitin (Ciechanover et al., 2000). 

Ubiquitinated proteins are recognized by the 26S protea-
some, a large multi-subunit protease complex that is local
ized in the nucleus and cytosol and selectively degrades in-
tracellular proteins. In almost all of the cases, only proteins 
containing polyubiquitin chains on sequential lysine residues 
are recognized and degraded by the proteasome and the ubiq-
uitin is released and recycled. The proteolytic core of this 
complex, the 20S proteasome, contains multiple peptidase 

activities and functions as the catalytic machine. This core is 
composed of 28 subunits arranged in four heptameric, tightly 
stacked rings (a7, b7, b7, a7) to form a cylindrical structure 
(Groll et al., 1999). The α-subunits make up the two outer, 
and the β-subunits the two inner, rings of the stack (Fig. 2, 
right). The entrance of substrate proteins to the active site of 
the complex is guarded by the α-subunits that allow access 
only to unfolded and extended polypeptides. The proteolytic 
activities are confined to the β-subunits conferring the unique 
and distinguishing proteasome feature of multiple peptidase 
activities that include chymotrypsin-like (cleavage after hy-
drophobic side chains, mediated by the β5 subunit), pepti-
dylglutamyl peptide hydrolyzing-like or PGPH-like (cleav-
age after acidic side chains, mediated by the β1 subunit), and 
trypsin-like (cleavage after basic side chains, mediated by 
the β2 subunit) activities (Groll et al., 1999) (Fig. 2). 

The ubiquitin-proteasome pathway is vital in the degrada-
tion of proteins involved in cell cycle progression, prolifera-
tion, apoptosis and a vast majority of abnormal proteins that 
result from oxidative damage and mutations. The proteasome 
could therefore contribute to the pathological state of several 
human diseases including cancer, in which some regulatory 
proteins are either stabilized due to decreased degradation or 
lost due to accelerated degradation (Ciechanover, 1998). 
Many important target proteins of the proteasome have been 
identified, including cyclins A, B, D and E, tumour suppres-
sor protein p53, pro-apoptotic protein Bax (Li and Dou, 
2000), cyclin-dependent kinase inhibitor p27 (Pagano et al., 
1995; Sun et al., 2001), and the NFkB inhibitor, IkB-a (Per-
kins, 2000). Since inhibition of the ubiquitin-proteasome 
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Fig. 1. Chemical structures of green tea polyphenols and their prodrugs. 
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pathway in tumour cells results in accumulation of tumour 
suppressor and pro-apoptotic proteins, the possibility of tar-
geting this pathway in cancer therapy is a viable option. 

Green tea and (-)-EGCG inhibit the proteasome activity in 
tumour cells 

It has been suggested that proteasomal activity is essential 
for tumour cell proliferation and development of drug resist-
ance (Hideshima et al., 2001). Therefore, the proteasome-
mediated degradation pathway has been considered to be an 
important target for cancer therapy and prevention. We and 
others have reported that inhibition of the proteasomal chy-
motrypsin-like activity is associated with induction of ap-
optosis in tumour cells (An et al., 1998, Lopes et al., 1997). 
The proteasome inhibitor Bortezomib (Velcade, PS-341) has 
been used in clinical trials and its antitumour activity has 
been reported in a variety of tumour models (Adams, 2002, 
Dou et al., 2002, Kane et al., 2006). 

We have also shown that ester bond-containing tea 
polyphenols, e. g. (-)-EGCG, potently and specifically inhibit 
the proteasomal chymotrypsin-like (b5) and PGPH-like (b1), 
but not trypsin-like (b2), activities of the proteasome (Nam 
et al., 2001). Using an in silico docking method, we have 
also shown that inhibition of the chymotrypsin activity of the 
20S proteasome may be due to acylation of the b5-subunit’s 
catalytic N-terminal threonine (Thr 1) (Smith et al., 2004). 
Furthermore, EGCG appears to bind the chymotrypsin site in 
an orientation and conformation that is suitable for a nucle-
ophilic attack by Thr 1. Our in silico model has been corrobo-
rated by comparing the predicted and actual activities of sev-
eral EGCG analogs. In the biological setting, EGCG exhibits 
strong inhibitory activity against a purified 20S proteasome 
(IC50 = 86–194 nM), and 26S proteasome in intact tumour 
cells (1–10 µM). These inhibitory concentrations are similar 
to those found in the serum of green tea drinkers. EGCG is 
also able to induce proteasome inhibition in whole cells, re-
sulting in accumulation of the natural proteasome substrates 
p27 and IkB-a and induction of arrest of tumour cells in the 

G1 phase. In sharp contrast, EGCG has little to no effect on 
normal, non-transformed cells (Nam et al., 2001; Kuhn et al., 

2005; Landis-Piwowar et al., 2005). These studies strongly 
suggest that the cancer-preventative properties of green tea 
could be attributed, at least in part, to its ability to inhibit pro-
teasomal activity and the low toxicity of EGCG, pointing to 
its potential use as an adjuvant to current anticancer drugs.

We also found that synthetic (-)-EGCG amides and (-)-
EGCG analogs with modifications in the A-ring, C-ring or 
ester bond inhibited the chymotrypsin-like activity of puri-
fied 20S proteasome with altered potencies, induced growth 
arrest in the G1 phase of the cell cycle in leukemia Jurkat 
T cells, and suppressed colony formation of human prostate 
cancer LNCaP cells (Kazi et al., 2004). 

While (-)-EGCG remains to be the most potent polyphe-
nol in green tea, it is unstable under physiologic conditions. 
In an effort to discover more stable polyphenol proteasome 
inhibitors, we synthesized several novel (-)-EGCG analogs 
with -OH groups eliminated from the B- and/or D-rings. In 
addition, we also synthesized their putative prodrugs with -
OH groups protected by acetate that can be removed by cel-
lular cytosolic esterases. We first examined the structure-
activity relationship of these unprotected and protected 
com-pounds with respect to their proteasome inhibitory po-
tentials. We found that decreasing the number of -OH groups 
from either the B- or D-ring leads to diminished proteasome 
inhibitory activity in vitro. However, in cultured tumour 
cells, the protected analogs were capable of potently inhibit-
ing the proteasomal chymotrypsin-like activity by as much 
as 97 % (Landis-Piwowar et al., 2005). Furthermore, we 
found that, compared to (-)-EGCG, protected analogs exhib-
ited greater potency to inhibit proliferation and induce apop-
tosis in human leukemic, prostate, breast, and simian virus 
40-transformed cells (Kuhn et al., 2005). The protected ana-
logs were non-toxic to human normal and non-transformed 
cells (Kuhn et al., 2005). 

We have also provided evidence that when cultured hu-
man breast cancer MDA-MB-231 cells were treated with the 
prodrug of (-)-EGCG, Pro-EGCG (1) (see Fig. 1) (-)-EGCG 
not only had been converted but also accumulated, accom-
panied by enhanced levels of proteasome inhibition, growth 
suppression and apoptosis induction, compared to cells treat-
ed with natural (-)-EGCG. To investigate the potential use of 
Pro-EGCG (1) as a novel pro-drug that converts to a cellular 

Fig. 2. (Left) Structure of 26S 
proteasome. The 26S protea-
some is a large multi-subunit 
protease complex containing 
the proteolytic core, the 20S 
proteasome, and two 19S caps. 
The 20S proteasome is com-
posed of 28 subunits arranged in 
four heptameric, tightly stacked 
rings (a7, b7, b7, a7) to form 
a cylindrical structure. (Right) 
The proteasomal b-ring. Two b-
rings comprise the catalytic core 
of the proteasome (cross section 
of one is shown). Each ring con-
tains at least three protease ac-
tivities, chymotrypsin-like (as-
sociated with b5), trypsin-like 
(associated with b2), and PGPH-
like (associated with b1). 
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proteasome inhibitor and anticancer agent in vivo, MDA-
MB-231 tumours were induced in nude mice, followed by 
treatment with Pro-EGCG (1) or (-)-EGCG for 31 days. Re-
sults of this in vivo study demonstrated a significant inhibi-
tion of breast tumour growth by Pro-EGCG (1), compared to 
(-)-EGCG, associated with increased proteasome inhibition 
and apoptosis induction in tumour tissues (Landis-Piwowar 
et al., 2007a). In summary, we have shown that Pro-EGCG 
(1) increases the bioavailability, stability, and proteasome-
inhibitory and anticancer activities of (-)-EGCG in human 
breast cancer cells and tumours, suggesting its potential use 
for cancer prevention and treatment.

Under physiological conditions, biotransformation reac-
tions, such as methylation, can modify green tea polyphenols 
and therefore limit their in vivo cancer-preventive activity. 
Although a recent case-control study suggested that meth-
ylated polyphenols are less cancer-protective, the molecular 
basis for this observation is unknown. We hypothesize that 
methylated green tea polyphenols have decreased protea-
some-inhibitory abilities. To test this hypothesis, methyl-
ated (-)-EGCG and (-)-ECG analogs that can be found in 
vivo were synthesized and studied for their structure-activity 
relationships (SARs) using a purified 20S proteasome. The 
addition of a single methyl group on (-)-EGCG or (-)-ECG 
led to decreased proteasome inhibition and, as the number 
of methyl groups increased, the inhibitory potencies further 
decreased. These SARs were supported by our findings from 
in silico docking analysis published recently. Previously, 
we synthesized a peracetate-protected (-)-EGCG molecule, 
Pro-EGCG (1) (see Fig. 1), to enhance its cellular perme-
ability and stability, and current HPLC analysis confirms 
conversion of Pro-EGCG (1) to (-)-EGCG in cultured human 
leukemic Jurkat T cells. Furthermore, in this study, perac-
etate-protected forms of methylated green tea polyphenols 
were added in intact Jurkat T cells to observe the intracellu-
lar effects of methylation. Peracetate-protected, monometh-
ylated (-)-EGCG (see Fig. 1) induced greater cellular protea-
some inhibition and apoptosis than did peracetate-protected, 
trimethylated (-)-EGCG (see Fig. 1), consistent with the po-
tencies of the parent methylated analogs against a purified 
20S proteasome (Landis-Piwowar et al., 2007b). Therefore, 
methylation on green tea polyphenols, under physiological 
conditions, could decrease their proteasome-inhibitory activ-
ity, contributing to decreased cancer-preventive effects of tea 
consumption. 

Conclusions

Although tea has been consumed for centuries, it has only 
recently been studied extensively as a health-promoting 
beverage that may act to prevent a number of chronic dis-
eases and cancers. The cancer-preventive effects of green 
tea are widely supported by results from epidemiological, 
cell culture, animal and clinical studies. Studies showed that 
tea polyphenols potently induce apoptotic cell death and 
cell cycle arrest in tumour cells but not in their normal cell 
counterparts and that green tea polyphenols affect several 
biological pathways. Various animal studies have revealed 
that treatment with green tea inhibits tumour incidence and 
multiplicity in different organ sites such as skin, lung, liver, 

stomach, mammary gland and colon, and recently, phase 
I and II clinical trials have been conducted to explore the 
anticancer effects of green tea in humans. Studies focusing 
on the purified tea polyphenol compound (-)-EGCG should 
continue to provide researchers an improved understanding 
of tea polyphenol absorption, distribution, role in anti-cancer 
reactions, metabolism and anti-cancer mechanisms. Work 
should continue on synthesizing and evaluating more analogs 
of green tea polyphenols to find more potent, stable and spe-
cific polyphenol proteasome inhibitors as novel anti-cancer 
agents. A major challenge of cancer prevention is to integrate 
new molecular findings into clinical practice. Identification 
of more molecular targets or biomarkers for tea polyphenols 
is paramount to cancer prevention and treatment by green tea 
and will greatly assist in a better understanding of its anti-
cancer mechanisms.
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