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Abstract

Consumption of teaQamellia sinensis) has been associated with many health benefits including the prevention of cancer.
Based on in vitro experiments, many mechanisms have been proposed to account for the cancer chemopreventive activity. The
importance of some of these mechanisms in vivo remains in question due to an incomplete understanding of the bioavailability
of the polyphenolic compounds in tea. In this article, the literature on the cancer chemopreventive activity of tea and the tea
polyphenols is discussed as well as some of the possible mechanisms for this activity. Whereas studies in animal models and
with cell lines have demonstrated cancer preventive activity, the epidemiological data remain mixed. This discrepancy may
arise from several factors including lifestyle, correlation between animal models and humans, and differences in metabolism
among individuals. Results on the bioavailability and biotransformation of the tea polyphenols help explain some of the
differences. We hope this article will spark research efforts on some of the important questions regarding tea polyphenol
bioavailability and cancer chemoprevention.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction (ECG), (~)-epigallocatechin (EGC) and-{-epigal-
locatechin-3-gallate (EGCG) with EGCG being the
Tea Camellia sinensis, family Theaceae) is con- major componentHig. 1). In black tea, catechins,
sumed worldwide and is second only to water in pop- theaflavins (TF) and thearubigins (TRFig. 1) ac-
ularity as a beverage. Many health benefits have beencount for 3-10, 2-6, and >20%, respectively, of the
ascribed to consumption of this beverage including water-extractable material by dry weight. Tea leaves
prevention of cancer, heart disease, and cataracts.  also contain flavonols, such as quercetin and myricitin
The three major forms of tea—green tea, black tea, as well as the nitrogenous compounds caffeine and
and oolong tea—differ in how they are produced and theobroming1].
in their chemistry. A typical brewed green tea beverage ~ Whereas many of the beneficial effects of tea have
contains 30-42% catechins by dry weight. These in- been attributed to the strong antioxidative activity
clude (-)-epicatechin (EC),£)-epicatechin-3-gallate  of the tea polyphenolic compounds, other biological
mechanisms may also be important. A comprehen-
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Fig. 1. Major tea polyphenols.

cancer chemopreventive activities of the tea and teain animals. These studies have been previously re-
polyphenols; potential mechanisms by which these viewed[2]. Tea and its constituents have been shown
activities are realized; and the current knowledge to inhibit carcinogenesis in the skin, lung, esopha-
of the bioavailability and biotransformation of these gus, stomach, liver, small intestine, pancreas, colon
compounds. The purpose of this review is to discuss and mammary gland3-11]. Tea and tea polyphe-
what is currently known about the potential cancer nols have demonstrated inhibitory activity during the
preventive activity of the tea compounds and which initiation, promotion, and progression stages of car-
areas of research require further study. cinogenesis.
Many studies have attempted to determine the can-
cer chemopreventive constituents of tea. Whereas in-

2. Inhibition of carcinogenesis hibition of tumorigenesis by EGCG and theaflavins
have been demonstrated in some modé)&2], de-
2.1. Animal studies caffeinated green or black tea have been shown to

be ineffective in the inhibition of UVB-induced com-
Numerous studies have indicated that green tea, plete carcinogenesif,13]. Pure caffeine, however,
black tea, and pure tea polyphenols inhibit both ul- displayed inhibitory activity in this and other models
traviolet light and chemically-induced tumorigenesis [5,13].
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2.2. Human epidemiological studies inhibition and apoptosis in a number of human tumor
cell lines including melanoma, breast cancer, lung
The effectiveness of tea as a cancer chemopreven-cancer, leukemia, and colon candé®-22] These
tive agent in humans remains inconclusive. Most of effects have been extensively studied in vitro to try
the studies showing an inverse relationship between to elucidate the potential mechanism(s) of action of
tea consumption and development of cancer were EGCG and the other tea polyphenols. While these
conducted on gastrointestinal cancers in Japan andeffects have been observed in vivo in certain animal
China where green tea is the main form of tea con- models, no definitive mechanism(s) has been reported
sumed[2]. Of seven case control studies on the rela- for the tea polyphenolf23].
tionship between gastric cancer and tea consumption
conducted in China and Japan, four studies found a 2.3.1. Antioxidative effects
significant inverse relationship and another two found ~ The antioxidative activity of polyphenols has been
an insignificant inverse relationshg]. However, a well-studied in vitro, but the role of antioxidative
cohort study in Japan found no association between activity in chemoprevention in vivo has been much
green tea consumption and gastric cancer fisK. harder to establish. Tea administration has been shown
A recent case-control study of esophageal cancer pa-t0 inhibit oxidative stress induced by carcinogens
tients in Shanghai showed that consumption of green and tumor promoterf24,25] Nevertheless, the rela-
tea was associated with a lower risk of esophageal tionship between such inhibition and reduced tumor
cancer[15]. Conversely, earlier studies have shown formation needs to be established.
a positive correlation between tea consumption and
esophageal cancer. In six of seven studies, the corre-2.3.2. Cell cycle effects
lation was due to the high temperature of the[t. EGCG induces cell cycle arrest in theo/Gy
Indeed, recent studies have confirmed drinking very phase. In MCF7 breast cancer cells, this arrest is
hot liquids including tea and soup as a risk factor for characterized by hypophosphorylation of Rb, loss of
esophageal canc§t5]. cyclin dependent kinase (cdk)2 and cdk4 activity,
Studies of black tea have also been mixed. For ex- and overexpression of the cdk inhibitors WAF1/p21
ample, a population-based study in The Netherlands and KIP1/p27[26,27] Similar molecular events are
found no effect of black tea consumption on the risk of observed following treatment of EGF-stimulated
breast, colorectal and stomach cand¢&. However,  breast epithelial cells with EGC28]. Go/G; arrest
a recent study in the US suggests that consumption ofin prostate carcinoma cell lines is accompanied by
black tea reduces colon cancer risk in both men and an increase in p53 expression and an induction of
women[18]. WAF1/p21[29].
Such inconsistent results may be due to a number
of confounding factors including diet, smoking sta- 2.3.3. Signal tranduction effects
tus, age, and alcohol consumption. Additionally, the  Inhibition of MAP kinases and suppression of
bioavailability of the tea polyphenols is not clearly AP-1 transcription factors can lead to growth inhi-
understood. It is possible that individual variation in bition, cell cycle arrest and apoptosis. Recently, it
metabolism and gut microflora may significantly al- was shown that EGCG and theaflavin‘i&jallate
ter the uptake and availability of biologically active (TFdiG) inhibited the growth of and induced apoptosis

molecules. in Ras-transformed human bronchial cell lines. Both
compounds producedJ®,, but only EGCG-induced
2.3. Mechanistic studies apoptosis was partially inhibited by addition of cata-

lase. Catalase had no effect on TFdiG-induced cell
The cancer chemopreventive effects of EGCG death. EGCG and TFdiG inhibited the phosphoryla-
and the other tea polyphenols may be the result of tion of c-jun and ERK1/2 as well as the phosphory-
decreased cell transformation and proliferation or lation of EIK-1 and MEK1/2 which are downstream
increased apoptosis. In vitro, tea polyphenols, es- and upstream in the MAP kinase cascade, respectively
pecially EGCG, have been shown to cause growth [30,31]
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NFkB activation by both lipopolysaccharide and be achieved. In many cases, this remains to be deter-

TNFa is inhibited by EGCG through the inhibition of
IkB phosphorylation and degradation. Ahmad et al.
observed that A431 human epidermoid carcinoma
cells were more sensitive to this effect than were
normal human epidermal keratinocyt§&2]. Since
NFkB is known to be anti-apoptotic, inhibition by tea
polyphenols is expected to be pro-apoptotic.

EGCG has been shown to effectively compete for
the ligand-binding site of a number of pro-growth
receptors. In A431 cells, EGCG blocked binding of
epidermal growth factor (EGF) to its receptor and pre-
vented the autophosphorylation of the receg83].

In vitro, EGCG inhibits the kinase activity of EGFR,
platelet-derived growth factor receptor (PDGFR), and
fibroblast-growth factor receptor (FGFR2]. The
inhibitory effect of EGCG against protein kinase A
(PKA) and protein kinase C (PKC) was found to be
relatively weak, whereas TFdiG was shown to be
more poten{33,34]

Another recently proposed mechanism for EGCG
is direct binding to FAS. Using affinity chromatogra-
phy with immobilized EGCG, the authors were able
to detect FAS-EGCG binding35]. On the basis of

this observation and the induction of caspase-8 me-

mined.

3. Biotransformation and bioavailability

Many of the mechanistic studies of the tea catechins
have been conducted on cell lines using concentrations
of 10-100QuM. As described below, it is unlikely
that such high concentrations can be obtained in target
tissues other than the skin and Gl tract where high
amounts of tea polyphenols can be directly applied.
Correlating mechanistic data in vitro with effects in
vivo must should be done with careful consideration
of the poor bioavailability of the tea polyphenols.

3.1. Biotransformation

Glucuronidation, sulfation, and methylation repre-
sent the major metabolic pathways for tea catechins
(Fig. 2. There are species and tissue-specific dif-
ferences in EGCG and EGC glucuronidation, with
humans and mice being more similar than humans
and ratg37,38]. Methylated catechins have been ob-
served in the rat including’3and 4-O-methyl EC,

diated apoptosis by EGCG, the authors suggest that4’-O-methyl EGC, and 4O-methyl EGC and EGCG

EGCG binds to FAS to elicit an apoptotic response
in U937 monocytic leukemia cells. The concentra-

[39,40] 4, 4’-di-O-methyl-EGCG was the major
metabolite detected in the bile of the rat following

tions of EGCG necessary for binding were as high as oral EGCG administratiof41].

300-50QuM.

2.3.4. Other potential mechanisms
Most recently, EGCG was found to inhibit the
activity of topoisomerase | in several human colon

In humans, EGC is detected mainly as the
glucuronidated form (57-71%) or sulfated form
(23-36%) with only a small amount present as the free
form (3—-13%)[42]. Methylation of EGC also occurs
in humans leading to the formation of-@-methyl

carcinoma cell lines. The concentrations necessary to EGC, which is present mainly as the glucuronide or

inhibit topoisomerase | activity (3—3¢M) correlated
well with concentrations necessary to significantly in-
hibit cell growth[36]. By comparison, EGCG at con-
centrations up to 55@M did not inhibit topoisomerase
Il activity [36]. This is an interesting mechanism of ac-
tion for EGCG given the relatively low concentrations
necessary for inhibition and the correlation of topoi-
somerase | inhibition with phenomena, such as
cell cycle arrest, DNA damage, and induction of
apoptosis.

The relative importance of each of these poten-
tial mechanisms in vivo depends on whether effec-

sulfate conjugat€?]. In contrast, the sulfated form of
EC is more abundant (66%) than the glucuronidated
form (33%) [42] while EGCG is present mainly in
the free form in the plasmi3].

In addition to these conjugation reactions, the tea
catechins undergo metabolism in the gut to form the
ring fission products 5-(3¥,5-trihydroxyphenyl)y-
valerolactone (M4), 5-(34'-dihydroxyphenyl)y-va-
lerolactone (M6) and 5-(F'-dihydroxyphenyl)y-va-
lerolactone (M) [44]. These metabolic intermediates
are further broken down by gut flora to phenylacetic
and phenylpropionoic acids. M6 was previously

tive tissue concentrations of the tea polyphenols can shown to form during anaerobic incubation of ECG
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Fig. 2. Metabolic fate of tea catechins (abbreviations: COMT, cate@Ghmlethyltransferase; SAM, s-adenosylmethionine; SAH, homocys-
teine; SULT, sulfotransferase; UGT, uridinédiphosphoglucuronosyltransferase).

and EC with human intestinal bacter[d5]. The [3H]-EGCG, radioactivity can be detected throughout
metabolic fate of the theaflavins and thearubigins is the body with 10% of the initial dose present in the

unknown. blood after 24 h and approximately 1% in the brain,
lung, heart, liver, kidney and other tissUds]. Excre-
3.2. Pharmacokinetics tion in the feces is the major route of elimination with

25-30% of the total radioactivity excreted after 24 h.

The pharmacokinetic parameters of the tea cate- In the rat, i.v. administration offH]-EGCG resulted
chins have been thoroughly determined in the rat by in 77% of the dose being excreted in the bile and only
both i.v. and i.g. routes of administration. EGCG, 2% excreted in the urin!9].
EGC, and EC were fit to a two-compartment model  Chronic consumption of green tea polyphenols
with elimination half-lives of 212, 45, and 41 min, (0.6% w/v) in the drinking water by rats and mice
respectively. The absolute bioavailability of EGCG, increased plasma catechin levels over 14 day with
EGC, and EC following i.g. administration of decaf- EGCG levels being lower than EC or EGC levels.
feinated green tea were 0.1, 14, and 31%, respectivelyHigh levels of EC and EGC were detected in the
[46]. Similarly, another study showed that EGCG lev- rat bladder (800ng/g), kidney (450ng/g), large in-
els in the tissues and blood corresponded to 0.0003—testine (300-900 ng/g), esophagus (190 ng/g), lung
0.45% of the ingested dose, further demonstrating the (190-230 ng/g), and prostate (245 ng/g). EGCG levels
poor bioavailability of EGCG in the rd#7]. were highest in the esophagus, intestine and colon.

Studies of fH]-EGCG have been performed in both  Consumption of green tea polyphenols for 14 more
the rat and the mouse. Following a single i.g. dose of days lead to a decrease in plasma levels to baseline
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levels by day 2g50]. This could represent an induc- relevant to human carcinogenesis. (3) Interindividual
tion of conjugating enzymes or excretion mechanisms variation in metabolism of tea constituents as well
as an adaptive response. as other confounding factors may mask the effects
Many studies have been conducted on the phar- of tea consumption on cancer. Some of these dis-
macokinetics of the tea catechins in humans. Yang crepancies may be explained once we have a better
et al. [51] demonstrated dnax in the plasma of 1.5  understanding of the bioavailability of tea polyphe-
to 2.5h after consumption of decaffeinated green nols. Knowledge of the bioavailability and activities
tea solids (1.5, 3.0, 4.59). These levels decreasedof tea constituents would allow a clearer interpre-
and were not detectable by 24h. While EGCG was tation of the mechanisms by which EGCG and
not detected in the urine, 90% of the total EC and other tea polyphenols exert their cancer preventive
EGC were excreted in the urine by 8 h. The bioavail- effects.
ability of EGCG was found to be less than that of The poor bioavailability of EGCG, theaflavins, and
EGC. Chow et al[43] compared the pharmacoki- thearubigins maybe in part explained by Lipinski's
netic parameters of pure EGCG (200-800mg, p.o.) Rule of 5[53]. This rule is based on the ability of
and Polyphenon E (decaffeinated green tea cate-a molecule to pass through transient pores formed
chin mixture). The authors found that the EGCG in the plasma membrane by the movement of the
Cmax ranged from 73.7 to 438ng/ml depending phospholipid acyl tails and also a molecule’s ability
on the dose and was not significantly different to form hydrogen bonds. It states that if a com-
when EGCG was given as a pure compound or pound has a molecular weight of >500, contains 5
in combination. AUC (22.5-161.4 mjog/ml), ty/> or more hydrogen-bond donors and/or 10 or more
(118-113.5min) andmax (127-249 min) were also  hydrogen-bond acceptors, it is likely to be poorly
similar between pure EGCG and Polyphenon E. In- bioavailable. Likewise, it is expected that the tea
terestingly, plasma levels of EGCG increased signifi- polyphenols will have a large polar surface area due
cantly when the dose increased from 400 to 600 mg. to the numerous hydrogen bond donors and accep-
This may be due to a saturable first pass elimination tors. These groups probably result in the formation
mechanism. of a large hydration shell due to interaction with
The pharmacokinetics of the TF and the TR are water moleculeg54]. Such an increase the apparent
less well characterized. Using high performance lig- size of the molecules would make them less likely
uid chromatography—electrospray mass spectrometry,to pass through transient pores form in the lipid
Mulder et al.[52] detected TF in the plasma of hu- bilayer by rotation of the acyl chains of phospho-
man volunteers at 1 ng/ml following consumption of lipids [54]. Therefore, EGCG could be predicted to
700 mg of pure theaflavins. The authors report a peak be less bioavailable than EGC, EC, and the metabo-
urine concentration of 4.2ng/ml at 2h. No other re- lites M4, M6 and M6, which are much smaller and
ports have been made on the pharmacokinetics of TFform fewer hydrogen-bonds and are thus likely to be
or TR. more bioavailable. Theaflavins and thearubigins are
predicted to have extremely low bioavailability.
Careful studies on the bioavailability of tea con-
4. Concluding remarks stituents as well as the mechanism(s) of action of these
compounds are needed. Definitive conclusions on the
Despite the demonstration of cancer prevention by effectiveness of tea as a cancer chemopreventive agent
tea in many animal studies, epidemiological studies will have to come from well-designed intervention and
have yielded mixed results concerning the effec- observational epidemiological studies.
tiveness of tea as a cancer chemopreventive agent
in humans. This may be due to several factors. (1)
The dose of the chemopreventive agent is generally Acknowledgements
higher in animal studies than is typically consumed
by humans. (2) The model of carcinogenesis, es- The authors thank Janelle Landau and Katherine
pecially certain chemical carcinogens, may not be Watt for their critical review of this manuscript.
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