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Abstract

The compound (—)-epigallocatechin-3-gallate (EGCG) is the major catechin found in green tea [Camellia sinensis L. Ktze. (Thea-
ceae)]. This polyphenolic compound and several related catechins are believed to be responsible for the health benefits associated with
the consumption of green tea. The potential health benefits ascribed to green tea and EGCG include antioxidant effects, cancer chemo-
prevention, improving cardiovascular health, enhancing weight loss, protecting the skin from the damage caused by ionizing radiation,
and others. The compound EGCG has been shown to regulate dozens of disease-specific molecular targets. Many of these molecular
targets are only affected by concentrations of EGCG that are far above the levels achieved by either drinking green tea or consuming
moderate doses of green tea extract-based dietary supplements. In spite of this, well-designed double-blinded controlled clinical studies
have recently demonstrated the efficacy of green tea extracts and purified EGCG products in patients. Therefore, this review highlights
results from what the authors believe to be some of the most clinically significant recent studies and describes current developments in the

stereoselective total synthesis of EGCG.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The natural product (—)-epigallocatechin-3-gallate
(EGCG, 16) is the major polyphenolic constituent found
in green tea [dried fresh leaves of the plant Camellia sin-
ensis L. Ktze. (Theaceae)] (Bettuzzi et al., 2006; Demeule
et al., 2002). Several other polyphenolic compounds
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EGC, (—)-epigallocatechin; EGCG, (—)-epigallocatechin-3-gallate; GTC,
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known as catechins are also found in lower abundance
in green tea. These other catechins include (—)-epicate-
chin-3-gallate (ECG), (—)-epigallocatechin (EGC), (—)-
epicatechin (EC) and (+)-catechin. More than 50% of
the mass of this catechin combination is composed of
EGCG and a vast body of scientific research suggests that
EGCG (and other catechins) is responsible for the major-
ity of the potential health benefits attributed to green tea
consumption.

A recent search of the literature revealed more than 8000
citations that relate to the chemistry, bioactivity, produc-
tion, and potential health benefits of green tea. Of these,
over 4000 references pertain to EGCG and other natural
products found in green tea (SciFinder, 2006). These cita-
tions can be classified into the following categories: (1)
chemical analysis or characterization of green tea compo-
nents; (2) epidemiological reports of various populations
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that consume green tea products; (3) evaluations of the
antioxidant effects of green tea catechins; (4) examinations
of the biomedical potential of green tea components using
in vitro models; (5) biochemical studies that investigate the
effects of green tea catechins on specific enzymes and bio-
chemical systems that are believed to be potential molecu-
lar targets for various diseases and chemoprevention; (6)
patents on the methods of preparation or utility of green
tea and EGCG products; (7) a relatively small number of
investigations that have documented the in vivo health-pro-
moting potential of green tea extracts or purified com-
pounds using animal models; and (8) emerging reports on
the potential health benefits of EGCG from well-controlled
and double-blinded clinical studies.

There remain several major challenges to interpret the
clinical relevance of the hundreds of studies that examine
the effects of EGCG on various in vitro disease-related
molecular targets and in vivo models for potential health
benefits. The overwhelming majority of in vitro studies
find that EGCG inhibits a vast array of biomedically rel-
evant molecular targets and disease-related cellular pro-
cesses at relatively high concentrations (reviewed in:
Boik, 2001; Doss et al.,, 2005; Adhami et al., 2003;
Haslam, 1996; Khan et al., 2006, Conney, 2003). These
include in vitro anticancer molecular targets and tumor
cell cytotoxicity studies conducted at test concentrations
that typically range from about 10 to 1000 pM. By con-
trast, a relatively small number of studies have shown that
EGCG can inhibit certain biomedically important molec-
ular targets such as DNA methyltransferases (Lee et al.,
2005), squalene epoxidase (Abe et al., 2000), antiapoptotic
Bcl-2 proteins (Leone et al., 2003), and vascular endothe-
lial growth factor receptor (VEGFR) signaling (Lamy
et al., 2002) at sub-micromolar concentrations. Pharmaco-
kinetic studies conducted in humans indicate that the
physiologically relevant serum concentrations of EGCG
may be in the high nanomolar range (Henning et al.,
2004; Chow et al., 2003; Ullmann et al., 2003). Therefore,
high micromolar concentrations are unlikely to be estab-
lished in the bloodstream of individuals that simply drink
green tea or ingest only two to three 200 mg capsules of
green tea extract (GTE) each day. Yet, epidemiological
studies continue to suggest that there may be significant
health benefits associated with drinking green tea (Bush-
man, 1998). This is further supported by animal studies
that indicate the consumption of green tea and green
tea products with high levels of EGCG and other cate-
chins may have a significant effect on the prevention of
tumors, cardiovascular disease, and other medical condi-
tions. Meanwhile, considerable speculation has arisen to
“fit” the results from in vitro studies that demonstrate
the activities of EGCG on most of the molecular-targets
and the tumor cell cytotoxic effects exerted by EGCG
and GTE at concentrations that are far above the physi-
ologically relevant range. This apparent discrepancy has
brought forth a number of possible explanations. It has
been suggested that the effects of EGCG may be more

synergistic when combined with other catechins than pre-
viously thought (Suganuma et al, 1999). It is also
believed that EGCG (and other tea catechins) may be
metabolically activated to form more potent and effective
bioactive compounds. Others speculate that EGCG may
accumulate in tissues over time to produce cellular con-
centrations that are much higher than those have been
observed in clinical serum samples. Alternatively, the sim-
plest explanation is that the effects of EGCG on many of
its reported molecular targets are merely high-concentra-
tion effects or experimental artifacts that reflect the pro-
pensity of catechins and other polyphenolic substances
to chelate metals and bind proteins in a nonselective man-
ner (reviewed in Haslam, 1996). This is the main reason
that the high-throughput pharmaceutical screening com-
munity has considered polyphenols and other tannins to
be “nuisance” compounds that must either be removed
from test samples or dereplicated prior to extensive eval-
uation in protein-based bioassay systems (i.e., enzyme or
receptor) (Cardellina et al., 1993). If this is the case, only
a relatively small number of the numerous molecular
mechanistic studies reported for EGCG and other green
tea products actually reflect physiologically relevant
processes.

It is conceivable that many of the effects observed with
micromolar concentrations of EGCG are relevant to the
potential benefits, side effects, and/or toxicity of either
high-dose or mega-dose GTE and EGCG therapy (Pisters
et al., 2001; Zhou et al., 2004). Likewise, the tumor cell-
specific cytotoxic effects produced by high micromolar
concentrations of EGCG may not represent phenomena
that are physiologically relevant to dietary green tea con-
sumption, but may be indicative of effects that may be
achieved with high-dose supplementation of EGCG and
other catechins. For these reasons, the authors have
selected not to discuss many aspects of EGCG research
that have been summarized elsewhere (Doss et al., 2005;
Adhami et al., 2003; Haslam, 1996; Khan et al., 2006;
Conney, 2003).

It is not the intention of the authors to provide a com-
prehensive coverage of the immense body of EGCG
research, nor is the objective of this review to summarize
the large number of different areas of EGCG research
currently taking place. The authors simply desire to
describe current developments in EGCG catechin chemis-
try and discuss the results from what the authors believe
to be some of the most clinically significant recent studies.
A number of recently published clinical efficacy studies
have been conducted with purified EGCG and various
products that contain EGCG (i.e., various regular and
decaffeinated green tea extracts). Some of these have been
well-designed double-blinded and properly controlled
studies. The authors have selected not to include those
studies that lack appropriate controls or where there is
no means to differentiate between the specific effects of
EGCG and the effects of caffeine in green tea extract
products.
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2. EGCG bioavailability in human subjects

Recent clinical studies have examined the pharmacoki-
netic profile of EGCG oral administration by healthy
subjects. Ullmann et al. (2003) examined the safety,
tolerability, and pharmacoketic properties of single dose
administration of EGCG that ranged from 50 mg to
1600 mg. Only at oral doses of more than one gram
EGCG, were greater than 1 uM maximal plasma EGCG
concentrations observed (1600 mg dose, Cpax = 3392 ng/
ml, range: 130-3392 ng/ml). Peak concentrations were
reached between 1.3 and 2.2 h. The plasma kinetics of both
free EGCG and total EGCG (free EGCG plus conjugated
EGCG metabolites) were assessed at intervals for a period
of 26 h following administration. The mean total EGCG
area under the concentration—time curve from 0 h to infin-
ity AUC(9_) ranged from 442 to 10,368 ngh/ml and the
mean terminal elimination half-life #,/,. ranged from 1.9
to 4.6 h. Doses of purified EGCG up to 1600 mg were gen-
erally well tolerated. Chow et al. (2003) evaluated the safety
and plasma kinetics of multiple-dose administration of
purified EGCG and the decaffeinated green tea extract
known as polyphenon E. This study examined once-daily
and twice-daily dosing regimens of EGCG and polyphenon
E over a four-week period. As observed in the previous
study, EGCG intake at the doses of 400 and 800 mg estab-
lished peak serum concentrations of both free and total
EGCG at the high nanomolar range. However, an increase
in EGCG bioavailability was observed after chronic
800 mg administration. Daily EGCG administration pro-
duced only minor gastrointestinal side effects.

3. UV-injury and photoaging of the skin

Studies in animal models suggest that antioxidant and
anti-inflammatory polyphenols in green tea extracts may
reduce some of the harmful effects following exposure to
UV radiation (Katiyar et al., 1995). Elmets et al. (2001)
applied extracts of green tea polyphenols (GTP) or purified
catechins (EGCG, ECG, EGC or EC) onto the skin of
healthy volunteers. The treated sites were then exposed to
a dose of simulated solar radiation at two times the mini-
mum level that was required to produce erythema in
untreated skin (2 minimal erythema dose or 2 MED). The
UV-treated tissues were examined for erythema, UV-
induced DNA damage, reduction in UV-sensitive Langer-
hans cells, and the presence of sunburn cells. Pretreatment
of the skin with a 5% solution of GTP dramatically reduced
the UV-induced erythema response (>80% reduction),
reduced the number of sunburned cells (66% reduction),
increased the survival of Langerhans cells (58% reconstitu-
tion of population), and reduced the UV-induced DNA
damage (45% reduction). The only purified green tea poly-
phenols that were able to exert a similar UV-protective
effect were EGCG and ECG, the catechins that possess gal-
late ester moieties. The spectrophotometric profile of

EGCG and other green tea polyphenolics indicated that
they do not absorb UVB and therefore, the UV-protective
effects are not due to sunscreen-like effects.

A separate clinical study found that daily oral adminis-
tration of either 400 or 800 mg of EGCG did not protect
against UV-induced erythema (Chow et al., 2003). Simi-
larly, a recent clinical study examined the ability of either
topical or oral administration of green tea extract products
to reduce the appearance of photoaging skin (Chiu et al.,
2005). Forty women with moderate photoaging were ran-
domized and treated with either topical or oral green tea
extracts over an eight-week period. No clinically significant
differences in the cutaneous signs of photoaging were
observed. While topical administration of either EGCG
or green tea extracts did appear to protect against UV-
induced damage to the skin (Elmets et al., 2001), initial clin-
ical indications suggest that oral EGCG administration
may not be similarly effective and that EGCG and related
compounds may protect, rather than repair damaged tissue.

4. Cancer chemoprevention

Reports from several ongoing clinical studies on the can-
cer chemopreventive potential of EGCG and green tea prod-
ucts have begun to emerge. Spurred by previous results that
indicated EGCG could inhibit cervical cancer cell growth
in vitro through the regulation of gene expression, cell cycle
progression, and apoptosis (Ahn et al., 2003a), Ahn et al.
(2003b) investigated the clinical efficacy of various EGCG
and green tea preparations on human cervical lesions. A
total of ninety women with human papilloma virus (HPV)
infected cervical lesions were divided into four treatment
groups and one control group. Patients in the treatment
groups each received one of the following regimens: (1) a
local application two times per week of an ointment formu-
lated from the great tea extract preparation polyphenon E
for 12 weeks; (2) a 200 mg daily oral dose of polyphenon E
for 8-12 weeks; (3) both local and oral polyphenon E for
12 weeks; and (4) a 200 mg daily oral dose of EGCG for
8—12 weeks. The cervical lesions were evaluated before, dur-
ing and after treatment by Pap smear cytology and other
procedures that included a DNA-RNA hybrid capture
method for HPV DNA detection. Positive responses
included an overall decrease in the severity of lesions, loss
of HPV DNA in the cervical lesions that were previously
tested positive, and a complete loss of cervical lesions con-
firmed by tissue biopsy. Overall, 35 out of the 51 patients
treated with either EGCG or green tea extract preparations
showed a clinically significant positive response. The great-
est number of patients responded positively to the topical
polyphenon E, with or without supplemental oral polyphe-
non E (75% response). Over half of the patients that received
either oral polyphenol E alone or purified EGCG also
showed a significant response. Few side effects were
observed in the patients treated with either EGCG or other
green tea products. In contrast, only 4 out of the 39
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untreated control group showed a positive clinical response.
While a small number of the patients in the untreated group
had some degree of improvement, a significantly larger por-
tion of these patients showed no improvement or progressed
to more advanced stage disease.

Another particularly encouraging study was a recently
reported one-year proof-of-principle clinical trial for pros-
tate cancer chemoprevention with oral green tea catechins
(Bettuzzi et al., 2006). High-grade prostate intraepithelial
neoplasia (HG-PIN) is considered the main premalignant
lesion for prostate cancer. Approximately 30% of the
patients with HG-PIN develop prostate cancer within one
year. Sixty male volunteers with HG-PIN were selected
for this double-blinded and placebo-controlled study that
involved daily oral consumption of three 200 mg decaffein-
ated green tea catechin (GTC) preparations (600 mg total).
The major component of these GTC preparations was (—)-
EGCG (51.88%), followed by (—)-EC (12.24%), (—)-ECG
(6.12%), and (—)-EGC (5.5%). Nine of the 30 patients
(30%) given placebo developed prostate cancer within the
one-year time course of the study. Meanwhile, only one
out of the 30 patients (3%) that were given the daily
GTC treatment developed prostate cancer. While this
study did not establish the long-term benefit(s) of GTC
consumption for the chemoprevention of prostate cancer,
it is quite remarkable that a 90% reduction in the rate of
HG-PIN-positive men developing prostate cancer was
achieved among the patients that consume 600 mg GTC

daily for one-year. No significant side effects were noted
with the consumption of the GTC preparations at the daily
doses that were administered.

5. Chemical synthesis of EGCG

In spite of the progress in the stereoselective total syn-
theses of natural products over the last several decades,
the first stereoselective synthesis of a series of flavan-3-ol
permethylaryl ethers, and eventually of the free phenolic
analogs, was only recently developed (Van Rensburg
et al., 1997a,b; Nel et al., 1999). Such a synthetic protocol
is based upon the transformation of retro-chalcones into
1,3-diarylpropenes, which are then subjected to asymmetric
dihydroxylation. The resulting diarylpropane-1,2-diols
serve as chirons for essentially enantiopure flavan-3-ols.
The protocol is demonstrated in Scheme 1 for the synthesis
of the (+)-catechin (5) and (+)-ent-epicatechin (6) permeth-
ylaryl ethers.

The (E)-retro-2-methoxymethylchalcone methyl ether
(1) was transformed by consecutive reduction and dehydra-
tion of the ensuing alcohol (2) to exclusively afford the (E)-
1,3-diarylpropene (3) in ca 70% overall yield. Asymmetric
dihydroxylation of the (E)-propene (3) with AD-mix-o
(Kolb et al., 1994) afforded the (+)-(1S,2S)-syn-diol (4) in
ca 85% yield and high optical purity (99% enantiomeric
excess). Simultaneous deprotection and cyclization of the
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Scheme 3. Reagents and conditions: (i) NBS/AIBN in CCl,, reflux; (ii) NaB*H4/MeOH, rt, then NaBH,/MeOH.

diol (4) with 3 M HCI in methanol, yielded the 2,3-trans-
(+)-catechin derivative (5) (ca 50% yield) and, for the first
time, the (+)-2,3-cis-ent-epicatechin (6) (ca 20% yield). (—)-
ent-Catechin and (—)-epicatechin, the enantiomers of (5)
and (6), respectively, were accessible via utilization of
AD-mix-f instead of AD-mix-a in step iii, Scheme 1
(Van Rensburg et al., 1997b). The four enantiopure free

phenolic diastereomers (+)-catechin, (—)-epicatechin, (—)-
ent-catechin, and (+)-ent-epicatechin were available in
comparable yields via utilization of methoxymethyl protec-
tion of the phenolic hydroxyl groups (Nel et al., 1999).

Li and Chan (2001) essentially applied the same proto-
col to synthesize (—)-epigallocatechin-3-gallate (16) and its
enantiomer (+)-ent-epigallocatechin-3-gallate (Scheme 2).
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The (E)-1,3-diarylpropene (9) was synthesized by coupling
of O-benzyl protected phloroglucinol (7) and (FE)-cinn-
amyl alcohol (8). Asymmetric dihydroxylation of the
TBDMS protected diarylpropene (10) using AD-mix-o
afforded the (1S,2S)-syn-diol (11) which was deprotected
to give phenol (12), and the latter subsequently cyclized
to afford (+)-penta-O-benzylgallocatechin (13). This was
converted into (—)-penta-O-benzylepigallocatechin (15)
by Dess—Martin oxidation into the 3-ketoflavan (14) and
subsequent stereoselective reduction of the latter. The
compound EGCG (16) was then accessable via a simple
acylation using 3,4,5-tri-O-benzylbenzoyl chloride, fol-
lowed by deprotection via reductive de-O-benzylation.
(+)-ent-Epigallocatechin-3-gallate was available via simply
replacing AD-mix-o with AD-mix-f in the asymmetric
dihydroxylation step.

Noteworthy also is the synthesis of (—)-[4-*Hlepigalloca-
techin-3-gallate in order to probe its metabolic fate in rats
following intravenous administration (Kohri et al., 2001).
Bromination of the per-O-acetyl derivative (17) of EGCG
gave the 4-bromo derivative (18) with unspecified configu-
ration at C-4. Simultaneous reduction (tritiation) and
deprotection of (18) with NaB*H,/NaBH, in methanol,
afforded the (—)-[4-*’HJEGCG (19), again without specifica-
tion of the C-4 configuration (see Scheme 3).

6. Summary

Dozens of studies have demonstrated that non-physio-
logically relevant high concentrations of EGCG can poten-
tially interfere with many disease-related biochemical
processes in vitro. By contrast, EGCG potently and specif-
ically inhibits a small number of important molecular
targets at concentrations that may be achieved by consum-
ing green tea or EGCG-rich dietary supplements. In spite
of the attention paid to the large number of pharmacolog-
ical activities associated with concentrations of EGCG that
are physiologically irrelevant, the newest clinical studies
support some of the potential heath benefits that have be
ascribed to the consumption of green tea and EGCG.
Recent methods developed for the stereoselective total syn-
thesis of EGCG, and structurally related catechins, could
provide new sources of these compounds for investiga-
tional and biomedical use.
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