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ABSTRACT

The elucidation of the potential health benefits of tea beverage continues to be a focus of research in many lab-
oratories. Beneficial effects of tea have been particularly evident in animal tumorigenesis models, with green and
black tea frequently demonstrating similar effectivity. Human data are now emerging to support a beneficial role
for tea in cardiovascular disease, but the data with respect to cancer risk at various sites remain inconclusive. The
constituent flavonoids of green and black tea beverage are known to be potent antioxidants, and although this
may be a major factor in explaining their biological activity, it appears that the gallated flavonoids in particular
(e.g., epigallocatechin gallate and the gallated theaflavins) impact on a wide range of molecular targets that in-
fluence cell growth and more specifically pathways such as those involving angiogenesis. Data on the pharma-
cokinetic properties of tea flavonoids, primarily on the catechins and therefore related most closely to green tea,
have provided indications of the plasma levels and circulating molecular forms that may be expected in humans
following tea consumption. The structural complexity of black tea flavonoids, in particular the thearubigins, has
hindered efforts to describe their bioavailability and to perform mechanistic studies. Recent studies on the effects
of catechins and theaflavins on growth factor-, nuclear factor-kB-, and stress-mediated signal transductions are de-
scribed in this review, where possible in relation to their bioavailability in vivo. These studies indicate that ef-
fects that may be relevant to both cancer and atherosclerosis are often observed at tea flavonoid levels that could
realistically be encountered in vivo. However, more studies need to be performed using those molecular forms of
tea flavonoids (methylated, sulfated, and glucuronidated conjugates) that are the major circulating species en-
countered following tea consumption. Such studies, combined with further human epidemiological and inter-
ventional data, should ultimately elucidate the full beneficial potential of tea beverage on human health. Antioxid.
Redox Signal. 3, 1009-1021.

INTRODUCTION quite different. Green tea contains primarily
monomeric flavonoids termed catechins or fla-
vanols, predominantly (—)-epigallocatechin-3-
gallate (EGCG), (—)-epigallocatechin (EGC),

(—)-epicatechin-3-gallate (ECG), and (—)-epi-

TEA is a traditional beverage that is gener-
ally prepared by infusing the dried leaves
of Camellia sinensis in hot water to achieve a de-

sirable taste profile. Both green and black tea
leaves are obtained from C. sinensis, and al-
though they are both characterized by their
high content of antioxidant polyphenols called
flavonoids (~30% by dry weight), the precise
chemical natures of green and black tea are

catechin (EC). Black tea additionally contains
complex oligomeric and polymeric polyphe-
nols, theaflavins and thearubigins, which are
formed during black tea manufacture as prod-
ucts of polyphenol oxidase-mediated catechin
oxidation (Fig. 1). Sixty to 80% of the catechins
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FIG. 1. Primary structure of mono- and dimeric tea
flavonoids. Gallocatechins contain an extra hydroxyl
group at the 5’ position. Catechin gallates are conjugated
with gallic acid at the 3 position. Theaflavin can be con-
jugated with gallic acid at the 3 and the 3’ position.

present in the tea leaf are transformed in this
way during black tea processing (6). All
flavonoids possess C6-C3-C6 ring structures
corresponding to phenyl-substituted ben-
zpyrans and benzpyrones (25), and the dimeric
theaflavins are included as flavonoids under
this definition. Classification of thearubigins is
less straightforward due to the analytical diffi-
culties associated with their precise structural
elucidation. Both green and black tea also con-
tain a small amount of flavonol glycosides.
Figure 2 shows the composition of typical
green and black tea beverages.

Tea flavonoids are extracted rapidly from the
leaf into hot water to give total flavonoid con-
centrations in average U.K. consumer black tea
brews (water/leaf ratio of 75:1 and 40-60-s in-
fusion) of ~65 mg per 100-ml serving (32), al-
though it is possible that current analytical
methodologies underestimate the contribution
of the thearubigin fraction. Typical per capita
tea consumption levels for a number of coun-
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tries are shown in Fig. 3. Of these selected coun-
tries, the U.K. is the largest per-capita con-
sumer of tea at 2.6 kg per year (or 3.3 cups per
day), which is equivalent to a daily tea flav-
onoid consumption of ~430 mg (based on a cup
size of 200 ml).

All tea flavonoids investigated so far have
been identified as powerful antioxidants in a
range of chemical and biological in vitro assay
systems (62). Reaction rate constants for the
scavenging by EGCG of superoxide and hy-
droxyl radicals have been determined as 7.2 X
10°M's 1 (29)and 4.6 X 10" M~ 1 s~ 1 (55) re-
spectively, and the rate of hydroxyl radical
scavenging by EGCG has been shown to be an
order of magnitude higher than that of other
well established antioxidants such as ascorbate
(1.2 x 1019 M~ s71), reduced glutathione
(1.5 x 101 M~! s71), and cysteine (1.3 x 10'°
M~1s71) (55). Largely as a consequence of their
high antioxidant potential, tea beverage and tea
flavonoids have been the focus of numerous
studies investigating their potential health ben-
efits. This has resulted in a substantial body of
data showing inhibitory activity of green and
black tea in animal tumorigenesis models and
human epidemiological data that associate pri-
marily black tea consumption with a moder-
ately reduced risk of cardiovascular disease
(50, 58) and both green and black tea with re-
duced risk of certain cancers (18), albeit with
varying degrees of consistency (9). The less
conclusive data observed in human cancer
studies in contrast to the animal data may be
due to the predominance of retrospective epi-
demiological studies, the difficulty in accu-
rately estimating tea flavonoid consumption in
humans, and the relative difference in amounts
of tea consumed in human and animal studies.
Species differences related to the bioavailabili-
ties and mechanisms of action of tea flavonoids
may be an additional confounding factor. In-
deed the biological impact of tea flavonoids on
disease processes such as atherosclerosis and
cancer will be dependent on absorption from
the gut and subsequent distribution of the
parent compound or active metabolite(s) to
relevant tissue, cellular, and molecular sites.
Knowledge on the bioavailability of tea flav-
onoids in humans is increasing, and combining
this information with recent data on their ef-
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FIG. 2. Typical flavonoid compositions of green and black tea beverage.

fects on cellular processes in vitro should give
insight into the most important mechanisms of
action and provide information relevant to
their potential for delivering health benefits in
vivo. This review will address a number of
these aspects.

WHAT LEVELS AND FORMS OF TEA

FLAVONOIDS ARE FOUND IN PLASMA?

Most data on the bioavailability of tea
flavonoids relate to catechins, flavonols, and

their glycosides, due to the lack of analytical
methods for the black tea polyphenols
(theaflavins and thearubigins) in plasma. This
implies that the published data refer primarily
to green tea components, although black tea
does contain a small amount of catechins, ~8%
of the flavonoid content of black tea beverage
(32). Ingestion of both green and black tea re-
sults in a rapid appearance of catechins and
flavonols into plasma (16, 59). Maximum
plasma levels for catechins have been observed
between 1.5 and 2.5 h post tea ingestion in stud-
ies using green and black tea at various doses
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FIG. 3. Per capita tea consumption (kg) in selected countries. Source: International Tea Committee Ltd., Annual
Bulletin of Statistics, Tea Broker’s Publications, London, U.K. (1995).
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(59, 63). Yang et al. (63) observed similar times
to maximum plasma levels for three doses of
green tea catechins derived from decaffeinated
green tea extract (309, 618, and 927 mg of total
catechins), suggesting that the dose may not af-
fect the absorption or the access of tea catechins
to the plasma compartment. The highest
plasma concentrations were observed after the
highest catechin dose (927 mg) when levels of
0.7 uM EGCG, 1.8 uM EGC, and 0.6 uM EC
were measured. Repeated green tea consump-
tion (8 cups per day), which reflects a normal
pattern of tea consumption albeit at high intake
levels, resulted in maximum plasma levels of
total catechins in the range of 1 uM (60). This
repeated pattern of tea consumption also sig-
nificantly increased baseline plasma catechin
levels to ~0.4 uM after an overnight fast. It ap-
pears unlikely, however, that realistic levels of
tea consumption will increase plasma total cat-
echin concentrations far beyond the low mi-
cromolar levels that have so far been observed
in humans, although a degree of flavonoid
binding to red blood cells prior to plasma
preparation, leading to an underestimation of
true plasma levels, cannot yet be ruled out.
An important aspect related to defining the
effects of tea flavonoids on cellular processes is
that the majority of studies performed in in
vitro cell models have involved those com-
pounds occurring in the tea beverage and not
the conjugated forms that are now known to be
the major circulating forms in vivo (27). Lee et
al. (33) quantified the amounts of free and un-
conjugated catechins in plasma following green
tea consumption in four male subjects. At1and
4 h post tea consumption, EGC was reported
to be circulating mostly in the glucuronide
form (57-71%) followed by the sulfate (23-36%)
and the free form (3-13%). EC was found to be
exclusively in the conjugated form (66% sul-
fated and 33% glucuronidated). EGCG was
mostly in the sulfated form (58-72%) with
12-28% in the free form and 8-19% in the glu-
curonidated form. ECG could not be detected
in plasma samples after consumption of green
tea. O-Methylated catechins were not mea-
sured in this study, but even without account-
ing for the contribution of methylated cate-
chins, only ~10% of catechins circulating in
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plasma 14 h after green tea consumption were
in the free, unconjugated form.

ARE SIGNIFICANT LEVELS OF TEA
FLAVONOIDS FOUND IN TISSUES?

There is currently little data on the tissue dis-
tribution of tea flavonoids after tea consump-
tion. A recent study carried out in rats and mice
has investigated blood and tissue levels of cat-
echins after chronic consumption of 0.6% green
tea polyphenols (GTP) via the drinking water
(30). Peak plasma catechin levels in rats were
achieved after 2 weeks of GTP consumption,
with EGCG concentrations being much lower
than those of EGC or EC. Higher levels of EGC
and EC were also detected in urine, whereas
high levels of EGCG were found in feces, most
likely indicating a lower rate of intestinal ab-
sorption of EGCG or possibly excretion of ab-
sorbed EGCG into the bile. Remarkably,
plasma levels of tea catechins actually de-
creased after 14 days of GTP consumption in
rats to reach baseline levels by day 28, perhaps
due to induction of conjugating enzymes and
increased conversion of catechins to unknown
metabolites, such as 3'-O-methyl conjugates,
which would not be detected in the assay sys-
tems used. After 8 days of GTP consumption,
substantial amounts of EGC and EC were de-
tectable in rat bladder (800-810 ng/g of tissue),
kidney (400-500), large intestine (300-930),
esophagus (185-195), lung (190-230), and
prostate (240-250). Only low levels of EGC and
EC could be detected in liver, spleen, heart, and
thyroid gland. EGCG levels were highest in the
large intestine and esophagus, perhaps arising
from direct contact of EGCG with intestinal tis-
sue (64). Lower EGCG levels were found in
other organs. Following administration of *H-
EGCG into mouse stomach, radioactivity was
detected in blood after 1 h, reaching a maxi-
mum of 2% of the administered dose at 6 h (56).
At 24 h, significant amounts of radioactivity
were recovered in a wide range of organs, with
the bulk (14.5%) being recovered in digestive
tract tissues (stomach, small intestine, and
colon) and 2.1% being distributed over lung,
brain, heart, liver, kidney, spleen, pancreas,
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bladder, uterus, and ovary. However, the pos-
sibility of tritium exchange with protons from
biological fluids (e.g., gastric acid) cannot be ex-
cluded, and more studies using carbon-labeled
catechins are required to identify conclusively
pathways of postabsorptive distribution and
metabolism.

Significant levels of tea flavonoids were de-
tected in human colorectal tissue after inges-
tion of green tea extract (equivalent to 2-3 cups
of tea) by human subjects (5). Increased tissue
catechin levels were evident 4 h after tea in-
gestion and were still raised above baseline lev-
els after 24 h. Interestingly, rectal tissue pros-
taglandin E, levels decreased in this study
following green tea consumption, indicating a
cellular biological response at relevant tea con-
sumption levels.

ARE TEA FLAVONOID METABOLITES
AN IMPORTANT SOURCE OF
BIOLOGICALLY ACTIVE PHENOLICS?

Although absorption of the parent flavanol
may be low, metabolic processing of catechins
could result in a significant load of biologically
active intermediates. Two catechin metabolites
(ring fission products) were detected as major
urinary metabolites after ingestion of green
tea in humans (34). These metabolites were
identified as (—)-5-(3',4',5'-trihydroxyphenyl)-
v-valerolactone and (—)-5-(3',4'-dihydroxy-
phenyl)-y-valerolactone and accounted for
6-39% of the ingested EGC and EC dose. Both
metabolites appeared to be produced by in-
testinal microorganisms, with EGC and (—)-EC
as the respective precursors, and were also de-
tected in plasma, warranting investigation of
their bioactivity. No studies have yet reported
on the absorption of theaflavins or thearubigins
into plasma, although indirect evidence of the
bioavailability of black tea components is pro-
vided by both evidence of the efficacy of black
tea in animal models of carcinogenesis (64) and
recently reported studies in humans. Black tea
consumption was associated with a highly sig-
nificant increase in urinary hippuric acid ex-
cretion in human volunteers (14), and
mass-balance calculations indicate that thearu-
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bigins (the dominant flavonoid fraction in
black tea) are likely to be the major source. This
implies that colonic microflora transformation
of polymeric flavonoids is a route for the for-
mation of significant amounts of metabolites
with potential bioactivity. Flavonoids can reach
the colon in two ways: either via nonabsorbed
flavonoids entering from the small intestine, or
as a result of excretion into the duodenum of
bile containing conjugated flavonoids. In the
colon, bacterial glycosidases, glucuronidases,
and sulfatases liberate flavonoid aglycones that
are less polar than their conjugated forms,
thereby increasing the possibility of reabsorp-
tion. Otherwise bacterial ring fission of flavo-
noids forming a range of phenolic degradation
products may occur (27), which may then un-
dergo colonic absorption. A number of pheno-
lic acids that could potentially be formed in this
way are potent antioxidants (52), and they may
also have significant effects on the colonic bac-
terial flora (24). In terms of elucidating the bi-
ological effects of tea consumption, it will be
important to learn more about the structure
and bioactivity of colonic flavonoid metabolites
and their absorption.

ARE EFFECTS OF TEA FLAVONOIDS ON
CELLULAR SIGNALING PROCESSES
OBSERVED AT RELEVANT LEVELS?

Data from rodent models of carcinogenesis
have consistently shown that green and black
tea inhibit tumor development and growth to
the same extent in a variety of models, but par-
ticularly in relation to cancer of the skin, lung,
and esophagus (64). The effect of tea on cancer
rates in humans is far less consistent than the
body of animal data would suggest, but is suf-
ficiently strong for the National Cancer Insti-
tute to fund chemoprevention trials with green
tea and the major green tea catechin, EGCG
(61). Additionally, there is a strengthening in-
verse association between tea consumption and
incidence of cardiovascular disease (50), with
the bulk of these data based on studies with
black tea. Green and black tea are thus able to
impact on disease processes, namely cancer
and atherosclerosis, where the interplay be-
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tween the signaling processes that regulate cell
growth, cell proliferation, and apoptosis (con-
trolled cell death) plays a fundamental role. Al-
though the inhibitory effects of tea polyphenols
on cell proliferation in numerous carcinoma
cell types have been well documented (2, 45,
47,57), the mechanism(s) of these antiprolifer-
ative effects remain to be established. Interpre-
tation of these data also remains a complex
issue, as it should be appreciated that the ef-
fective antiproliferative concentrations are fre-
quently one to two orders of magnitude higher
than the maximum plasma concentrations ob-
served in humans at high levels of tea con-
sumption. However, it is not yet known what
levels of tea flavonoids or their active metabo-
lites may occur within human tissues, and
emerging data are showing profound effects of
tea flavonoids on various aspects of cell prolif-
eration and mitotic signal transduction, some-
times at low micromolar concentrations that
may be feasible in vivo, for instance as a result
of local accumulation.

CAN TEA FLAVONOIDS AFFECT
GROWTH FACTOR-MEDIATED
CELL SIGNALING?

Activation of the mitogen-activated protein
kinase (MAP kinase) pathway by platelet-de-
rived growth factor (PDGF-BB) is initiated by
dimerization and autophosphorylation of the
receptor tyrosine kinase (PDGF-RB) followed
by phosphorylation of the MAP kinase iso-
forms p44/p42 [extracellular signal-regulated
kinase (ERK) 1/2] (26). In this way extracellu-
lar mitogenic signals are transferred via phos-
phorylation cascades from the plasma mem-
brane to the cell nucleus (Fig. 4), and activation
of this pathway is critical for the expression of
nuclear transcription factors and nonnuclear
protein kinases involved in regulation of cell
growth. In vascular smooth muscle cells prein-
cubated with EGCG, PDGF-BB was unable to
activate the MAP kinase pathway (4). Au-
tophosphorylation of the PDGF-RB was inhib-
ited in EGCG-treated vascular smooth muscle
cells with an ICsq of 20 uM. However, at con-
centrations higher than 1 uM, EGCG already
inhibited maximal phosphorylation of p44/p42
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in a dose-dependent manner, consistent with
the observation that maximal phosphorylation
of p44/p42 occurs at low stimulation of the
PDGF-RB. EGCG treatment also induced com-
plete inhibition of the PDGF-BB induced in-
crease in intracellular calcium, which is ex-
plained by the reduced ability of PDGF-RB to
activate phospholipase C-y1, responsible for
the Ca2" release, in the presence of EGCG. In-
creased intracellular calcium ion levels stimu-
late MAP kinase-as well as Src kinase-depen-
dent signaling pathways. These effects of
EGCG on downstream signaling events were
not mediated via down-regulation of receptor
(PDGE-RB) expression, but possibly via a con-
formational change in the PDGF-RB ATP-bind-
ing site, which could inhibit subsequent tyro-
sine phosphorylation (31). The EGCG-induced
changes did indeed lead to a selective inhibi-
tion of the expression of transcription factors
c-Fos and Egr-1, which could then account for
the antiproliferative effect observed. Receptor
tyrosine kinases such as the PDGF-RB have
been implicated in several disorders including
atherosclerosis and many cancers (26). If EGCG
levels of 20-50 wM would indeed be achievable
in vivo, then EGCG could potentially reduce
cancers in which activation of PDGF-RB is
causatively involved.

A separate study (53) showed similar in-
hibitory effects on the tyrosine kinase activity
of PDGF-RB by 50 uM concentrations of gal-
lated catechins (catechin gallate, ECG, and
EGCG). Interestingly, the nongallated cate-
chins, catechin and EC, had no inhibitory ef-
fects. Data from this study also suggested that
enhanced activity of the phosphatase (MAP ki-
nase phosphatase-1) was not responsible for
loss of tyrosine kinase activity in the presence
of gallated catechins. Liang et al. (35) found that
EGCG inhibited epidermal growth factor (EGF)
receptor phosphorylation in A431 epidermoid
carcinoma cells, and the same authors recently
reported (36) that although both theaflavin-
3,3'-digallate, a constituent of black tea, and
EGCG inhibited growth of A431 and NIH 3T3
cells, theaflavin-3,3'-digallate was more effec-
tive in inhibiting both EGF receptor and PDGF
receptor autophosphorylation. The monogal-
lated theaflavins and thearubigin were less ef-
fective than theaflavin-3,3'-digallate, which in-
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Figure 4. Components of the MAP kinase signaling pathway. Upon ligand binding, receptor tyrosine kinases such
as the PDGF receptor activate a signaling cascade that leads to transcription of genes involved in proliferation and
differentiation. The signal can be relayed through activation of either Ras, a monomeric GTPase, or phospholipase C
(PLC). Ras activation leads to a series of subsequent serine/ threonine phosphorylations by a family of MAP kinases,
also called extracellular signal-regulated kinases (ERKSs, e.g., ERK 1/2 = p44/p42). These kinases can be switched on
by a range of extracellular proliferation and differentiation signals. When activated, the MAP kinases migrate from
the cytosol to the nucleus where they activate the transcription of the fos gene. In addition, MAP kinases phospho-
rylate the c-Jun protein, which dimerizes with the newly made c-Fos to form the active transcription regulator com-
plex AP-1, which induces the transcription of additional genes. Alternatively, upon activation of PLC, phosphati-
dylinositol 4,5-biphosphate is cleaved into diacylglycerol (DAG) and inositol 1,4,5-triphosphate (IP3). Protein kinase
C (PKC) is then recruited to the membrane and activated by DAG while the IP; induces a Ca?" release from the en-
doplasmic reticulum (ER). The signal is then relayed from PKC downstream to the nucleus through the MAP kinase
pathway.

hibited EGF receptor-kinase activity by ~75%
at a concentration of 5 uM.

“restriction point” in the early/mid G1 phase
of the cell cycle, which enables cells to complete
the remaining phases of the growth cycle (51).
EGCG appeared to act through induction of

CAN TEA FLAVONOIDS AFFECT p21, a cyclin-dependent kinase inhibitor, an ef-

CELL-CYCLE PROGRESSION?

EGCG was shown to inhibit dose-depen-
dently the proliferation of breast epithelial cells
(MCF10A) in culture at concentrations between
25 and 100 wM (38). At similar concentrations,
EGCG also inhibited the phosphorylation of
the retinoblastoma tumor suppressor protein
(pRB). This phosphorylation is thought to be a
prerequisite for passage through the so-called

fect that would increase association of p21 with
cyclin D1, thereby impairing cyclin-dependent
kinase (CDK) activity and resulting in reduced
pRB phosphorylation. Induction of p21 and the
resulting decrease in cell proliferation rates has
been observed for other flavonoids and flavo-
noid analogues and has been proposed as a po-
tential chemopreventive mechanism (20). Con-
sistent with the results observed by Liberto et
al. (38) it was reported that 30 uM EGCG in-
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hibited cell growth and induced G1 cell-cycle
arrest in human breast carcinoma (MCF-7) cells
(37). At this concentration, EGCG changed the
phosphorylation state of the retinoblastoma
protein from mainly hyperphosphorylated to
hypophosphorylated after 9-24 h of incubation.
Between 5 and 20 uM, EGCG was also able to
shift the phosphorylation state to a more hy-
pophosphorylated distribution, a situation that
would favor decreased cell proliferation rates.
Two classes of cyclin-dependent kinase inhibi-
tor are found in mammalian cells—those that
primarily inhibit Cdk2- and Cdk4-cyclin com-
plexes (e.g., p21, p27, and 57) and those with a
preference for Cdk4- and Cdké-cyclin com-
plexes. EGCG at 30 uM inhibited the kinase ac-
tivities of Cdk2 and Cdk4 by ~80% and in-
duced a significant increase in p2l1. The
nongallated catechins, EGC, EC, and catechin
were not able to inhibit Cdk2 and Cdk4 kinase
activities in MCF-7 cells, whereas 30 uM gallic
acid showed slight inhibitory activity.

CAN TEA FLAVONOIDS AFFECT
NUCLEAR FACTOR-«B-MEDIATED
CELL SIGNALING?

Activation of the nuclear factor-«B (NF-«B)
signaling pathway mediates a wide range of
cellular responses involved in inflammation,
proliferation, and apoptosis. NF-«B is an ox-
idative stress-sensitive nuclear transcription
factor that controls the expression of many in-
flammatory genes including the tumor necro-
sis factor-a (TNFa) gene, and recent reports in-
dicate how tea flavonoids may impact on this
pathway. EGCG (40-80 uM) lowered NF-«B
levels in NHEK (normal human epidermal ke-
ratinocyte) cells, but even lower levels (10 uM)
effectively inhibited NF-«B expression in A431
cancer cells (3). This result concurs with earlier
reports that EGCG treatment induced apopto-
sis and growth inhibition only in cancerous,
and not in normal, cells (1, 12). Inhibition of
NF-«B binding to DNA has been reported in
RAW264.7 macrophages treated with EGCG
(65), and the authors suggest this mechanism
is also involved in the inhibition by GTP of
lipopolysaccharide (LPS)-induced TNFa pro-
duction in mice.
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A major inflammatory pathway mediated by
NF-«B is that involving the production of ni-
tric oxide (NO) by induction of nitric oxide syn-
thase (iNOS). A separate constitutive pathway
of NO production is regulated by cyclic GMP
and functions to maintain appropriate endo-
thelial vasodilation. Green and black tea appear
able to interact discriminately with the NO sys-
tem, having a greater effect on the inducible,
inflammatory pathway involving peroxynitrite
formation than the constitutive pathway in-
volved in endothelial vasodilation (49). In
activated macrophages (39), theaflavin-3,3'-di-
gallate inhibited NO generation and iNOS ex-
pression more effectively than EGCG, an effect
that was mediated via blockage of IkB phos-
phorylation. IkB kinase (IKK) activity is re-
quired for phosphorylation of inhibitor pro-
teins (IkBa, IkBB, and IkBe), which results in
liberation of NF-«B in the cytosol. NF-«B then
translocates to the nucleus where it binds to
DNA and initiates gene transcription. When
a number of polyphenols (including EGCG,
theaflavin-3,3'-digallate, a mixture of theaflavin-
3-gallate and theaflavin-3'-gallate, thearubi-
gins, procyanidin B-3, casuarinin, and geraniin)
were compared at 30 wM concentrations (48),
theaflavin-3,3'-digallate was found to be the
most effective inhibitor of IKKs (IKK1 and
IKK2) in LPS-activated macrophages. EGCG
and monogallated theaflavins demonstrated
some IKK inhibitory activity, whereas thearu-
bigins showed very low activity. The level of
IKK protein was not changed on incubation
with tea polyphenols, suggesting either a direct
effect on IKK activity or effects on upstream
events. In the same study (48), theaflavin-3,3'-
digallate also decreased LPS-mediated activa-
tion of iNOS by >90% and strongly inhibited
inflammatory NO production.

CAN TEA FLAVONOIDS AFFECT
STRESS-INDUCED CELL SIGNALING?

A group of MAP kinases, which includes the
c-Jun N-terminal kinases (JNKs), regulate acti-
vator protein-1 (AP-1) transcriptional activity
in response to environmental stress [such as ul-
traviolet (UV) irradiation] or to cytokines such
as TNFa or interleukin-1. High AP-1 activity
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has been shown to be involved in the promo-
tion and progression of various types of can-
cers, and inhibition of AP-1 activation may be
a relevant molecular target for potential
chemopreventive agents (43). UVB-induced
AP-1 activity was inhibited by EGCG in a dose
range of 5nM to 50 uM in human keratinocytes
(7). The same group (11) also showed that
EGCG inhibited UVB-induced transcription of
the c-fos gene and expression of the c-Fos pro-
tein (a component of AP-1), via mechanisms
that appeared to involve inhibition of the p38
MAP kinase, but not the MAP kinases ERK-1/2
or JNK. In a separate study, EGCG and
theaflavins (range 5-20 uM) inhibited EGF- or
12-O-tetradecanoylphorbol 13-acetate-induced
AP-1 activity (17). At concentrations that
blocked AP-1 activity, both EGCG and
theaflavin inhibited c-Jun (a component of AP-
1 that forms a heterodimer with c-Fos) phos-
phorylation via pathways that appeared to be
JNK-dependent and ERK-1/2-independent.
The presence of a gallate moiety and the gal-
loyl structure on the B ring of tea flavonoids
appears to be important for AP-1 inhibitory ac-
tivity in ras-transformed cells (13). EGCG with
both a gallate moiety and the galloyl structure
is a strong inhibitor of AP-1 activity (IC59 = 5
uM), and EC, which lacks both these structural
features, is a poor inhibitor (IC5y = 100 uM).
Catechin epimerization does not appear to be
a major factor in the ability to inhibit AP-1.
Theaflavins also showed a strong inhibitory ef-
fect on AP-1 activity with estimated ICsy val-
ues of 5 uM for both mono- and digallate forms.
With an ICsy value of 20 uM, theaflavin ap-
peared to be less effective than its gallate de-
rivatives. Investigation of events upstream
from AP-1 activation in ras-transformed cells
showed that EGCG and theaflavin 3-3'-digal-
late decreased the phosphorylation of c-Jun
and ERK-1/2, whereas phosphorylation of JNK
was not affected. As both ERK-1/2 and JNK
can phosphorylate c-Jun, binding of EGCG and
theaflavin-3,3'-digallate to c-Jun could explain
the inability of JNK to activate AP-1. To sup-
port this, the authors suggest that the well
known association of (tea) flavonoids with pro-
line-rich proteins could be the molecular basis
for MAP kinase substrate binding. MAP ki-
nases are known as “proline-directed protein
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kinases” because they catalyze phosphoryla-
tion of serine/threonine residues within pro-
line-rich regions on proteins (23). In addition
to this, the tea catechins affect the levels of AP-
1 components in different ways: EGCG reduces
the level of c-Jun, and theaflavin-3,3’-digallate
reduces the level of Fra-1 (a member of the c-
Fos family and a component of AP-1). The
study by Chung et al. (13) observed another dif-
ference between EGCG and theaflavin-3,3'-di-
gallate in the mechanism of AP-1 inhibition.
Phosphorylation of MAP kinase p38 was in-
hibited by theaflavin-3,3'-digallate, but not by
EGCG. p38 has been implicated in processes as-
sociated with cellular stress such as UV irradi-
ation. Indeed, theaflavins and EGCG inhibited
UVB-induced AP-1 activation in JB6 mouse epi-
dermal cells (46), and theaflavins were found
to be more effective than EGCG. EGC inhibited
proliferative responses in a variety of cells in-
cluding rat aortic smooth muscle (A7r5) cells,
rabbit aortic smooth muscle cells, human coro-
nary artery smooth muscle cells, and human
CEM lymphocytes (41). IC5y concentrations of
EGC were <4 uM for inhibition of cell prolif-
eration in all cell types. Again the galloyl moi-
ety was found to be important for full in-
hibitory activity, as catechin and EC were
found to be less effective. EGC appeared to ex-
ert its antiproliferative activity via the JNK1
pathway.

One class of genes regulated by AP-1 is
the matrix metalloproteinases (MMPs), which
catalyze the proteolytic breakdown of ex-
tracellular matrix components such as colla-
gen and play a role in the progression of
human tumors (40) and macrophage-medi-
ated pathologies such as atherosclerosis. The
gelatinases, MMP-2 and MMP-9, are particu-
larly involved in tumor invasion and metas-
tasis and are the dominant MMPs released by
most epithelial and endothelial cells (22),
where they normally function to maintain ex-
tracellular matrix homeostasis. MMP-9 has
recently been shown to be an important trig-
ger of the angiogenic switch during carcino-
genesis (8). Tea flavonoids have been shown
to inhibit the activity of a number of MMPs,
potentially through their inhibitory effects on
AP-1 activation. Theaflavin, theaflavin-3,3’-
digallate, and EGCG inhibited collagenases
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(probably MMP-2 and MMP-9) from mouse
lung carcinoma cells (54). No IC5y data were
reported in this study, but inhibition could be
observed at concentrations <25 uM. In
agreement with these results, EGCG dose-de-
pendently inhibited the activities of MMP-2
and MMP-9 from HT1080 fibrosarcoma cells,
with ICsq values of 20 and 50 uM, respectively
(21). At significantly lower concentrations,
which could be expected in plasma after tea
consumption (ICsy < 0.1 uM), EGCG was also
effective in reducing tumor cell invasion.
Green tea polyphenols (35 wg/ml) inhibited
both MMP-2 and MMP-9 by 80%, an effect
that was significantly greater than that of
other natural compounds such as resveratrol,
garlic-derived organosulfur compounds,
limonene, and genistein at 100 uM concen-
trations (15). Of the green tea catechins,
EGCG was the most potent inhibitor of MMP-
2, MMP-9, and MMP-12 (macrophage elas-
tase), followed by ECG. It appeared that the
gallate moiety was essential for MMP inhibi-
tion, as EGC, EC, and catechin were not ac-
tive.

Expression of vascular endothelial growth
factor (VEGF) is crucial for the vascularization
of tumors (angiogenesis). Tumors produce
large amounts of VEGF, which stimulates the
proliferation and migration of endothelial cells.
Induction of VEGF expression is regulated by
kinases (e.g., ERK-1/2) and oncogenes that con-
verge on AP-1 (44). Inhibition of tyrosine phos-
phorylation by EGCG could therefore be in-
volved in the inhibition of VEGF-induced
angiogenesis by green tea (10), an effect that
was observed in a mouse model of corneal neo-
vascularization. The EGCG concentration in
the plasma of these mice was in the range
0.1-0.3 uM, a level that has been observed in
humans after moderate tea drinking (63).
EGCG has also been reported to inhibit uroki-
nase activity (28), a proteolytic enzyme in-
volved in tumor growth and metastasis. Like
the MMPs, urokinase expression is also medi-
ated by AP-1, but it appears that millimolar lev-
els of EGCG are required for enzyme inhibi-
tion, levels that are not likely to be observed in
vivo, whereas the effects of tea flavonoids on
MMP activity could certainly be physiologi-
cally relevant.

WISEMAN ET AL.

SUMMARY

It is clear that a number of tea flavonoids are
able to exert profound inhibitory effects on cel-
lular proliferative processes, which may be of
particular importance in the context of cancer
and cardiovascular disease. Signal transduc-
tion pathways mediated by growth factors
such as EGF and PDGF, stress factors such as
UV, and inflammatory mediators such as LPS
and 12-O-tetradecanoylphorbol 13-acetate are
all inhibited by tea flavonoids. Downstream
events related to these pathways (e.g., angio-
genesis and MMP activation) are also inhibited
by tea flavonoids with angiogenesis inhibition
also being observed in an animal model. Struc-
tural features that have been shown to be of im-
portance in a range of studies for effective in-
hibitory activity are the galloyl moiety on the
B ring of the flavonoid molecule and the gal-
late group. In the majority of in vitro mecha-
nistic studies performed so far, the most effec-
tive inhibitory activity is displayed by EGCG
and the gallated theaflavins, flavonoids that in-
deed contain the proposed structural require-
ments, and it appears that cancerous cells are
more sensitive to the inhibitory effects of tea
flavonoids than their normal counterparts.

Although the concentrations of tea flavo-
noids that are required for inhibitory activity
are often far higher than can be expected in
plasma or tissues on the basis of current knowl-
edge, significant effects on cell proliferation
pathways have also been observed at more re-
alistic, low micromolar concentrations. The
available pharmacokinetic data on tea flavo-
noids relate primarily to the flavan-3-ols (cate-
chins) and flavonols and, although most rele-
vant to green tea beverage, do show that low
micromolar concentrations of catechins are
present in plasma after green and black tea con-
sumption. Conjugation to methylated, sulfated,
and glucuronidated forms occurs rapidly as the
flavonoids pass through gastrointestinal and
hepatic tissues. Few data are currently avail-
able on the biological activity of these conju-
gated forms of tea flavonoids, in contrast to the
unconjugated flavonoids, which indeed appear
able to inhibit multiple cellular mechanisms in-
volved in proliferation. The relative impor-
tance of these mechanisms to cancer and
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cardiovascular disease still needs to be estab-
lished, as does elucidation of the role of the ma-
jor black tea polyphenolic fraction, the thearu-
bigins, and the potential contribution to the
biological activity of tea of colonic fermentation
products.

Recent in vivo studies support some of the
effects of tea flavonoids observed in mecha-
nistic studies. For example, in SKH-1 mice
orally pretreated with 0.6% green tea for 2
weeks (42), an enhancement in the UV-in-
duced increase in the number of p53-positive
cells, p21(WAF1/CIP1)-positive cells, and
apoptotic sunburn cells in the epidermis was
observed. These effects of green tea on early
adaptive responses to UV demonstrate in vivo
up-regulation of a tumor suppressor gene by
a potential chemopreventive agent. In a fully
randomized, placebo-controlled, cross-over
trial, consumption of four cups of black tea
per day significantly reversed endothelial
dysfunction in patients with coronary artery
disease as measured by flow-mediated dila-
tion (19). Additional intervention trials of this
kind, together with prospective epidemio-
logical studies able to provide accurate as-
sessment of tea flavonoid intake, will ulti-
mately enable the true impact of tea beverage
on human disease processes to be deter-
mined.

ABBREVIATIONS

AP-1, activator protein-1; CDK, cyclin-de-
pendent kinase; EC, (—)-epicatechin; ECG, (—)-
epicatechin-3-gallate; EGC, (—)-epigallocate-
chin; EGCG, (—)-epigallocatechin-3-gallate;
EGF, epidermal growth factor; ERK, extracel-
lular signal-regulated kinase; GTP, green tea
polyphenols; IKK, IkB kinase; iNOS, inducible
nitric oxide synthase; JNK, c-Jun N-terminal
protein kinase; LPS, lipopolysaccharide; MAP
kinase, mitogen-activated protein kinase;
MMP, matrix metalloproteinase; NF-«xB, nu-
clear factor-kB; NO, nitric oxide; PDGF,
platelet-derived growth factor; pRB, retinoblas-
toma tumor suppressor protein; TNFa, tumor
necrosis factor-a; UV, ultraviolet; VEGF, vas-
cular endothelial growth factor.
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