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Abstract (-)-Epigallocatechin-3-gallate (EGCG), a major tea ¢atechin, has been shown to have many interesting biological
activities. In the present study, we studied the effects of green tea catechins, EGCG metabolites, and black tea theaflavins on
accumulation of EGCG in HT-29 human colon cells. Intracellular levels of [PH]-EGCG were not changed significantly in the
presence of other tea catechins including (-)-epicatechin, (-)-epigallocatechin, and (-)-epicatechin-3-gallate. EGCG methyl
metabolites and EGCG 4"-glucuronide did not affect cellular levels of [PH]-EGCG. Black tea theaflavins and theasinensin A
(TsA), an EGCG oxidative dimer, however, significantly decreased cellular accumulation of EGCG in HT-29 cells by 31-56%.
This decrease was more pronounced when cells were incubated in the presence of theaflavin-3',3"-digallate (TFdiG) or TsA.
When EGCG was added separately from TFdiG or TsA, the accumulation of EGCG in HT-29 cells was also significantly
decreased regardless of when TFdiG or TsA was added during the uptake study (p<0.01). The results suggest that theaflavins
and TsA may interrupt EGCG absorption through the gastrointestinal epithelium.
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Introduction

Consumption of tea (Camellia sinensis) has been
suggested to have a number of beneficial health effects (1).
Tea consists of many potential health effective compounds
including catechins, non-catechin polyphenols, caffeine,
amino acids, and vitamins (2). Among these constituents,
catechins are believed to account for the most effective
health beneficial effects of tea, including its anti-carcino-
genic effects (3). Epigallocatechin-3-gallate (EGCG) is the
most abundant catechin found in green tea and is believed
to be the most biologically active compound among tea
constituents (4).

Studies with cell lines have demonstrated many anti-
carcinogenic mechanisms of action for EGCG, including
inhibition of AP-1 activation, signals of epidermal growth
factor and insulin-like growth factor, inhibition of
topoisomerase, telomerase, and proteasome activity, and
modulation of arachidonic acid metabolism (5-11). Since
studies in mice, rats, and humans have shown that the
plasma concentration of EGCG is low (12, 13), it is not
clear whether these effects of EGCG observed in cells
using concentrations far exceed those in body are still
achievable in vivo.

The role of several factors affecting cellular levels of
EGCG and EGCG bioavailability has been investigated.
Intracellular EGCG is transported out of cells by the action
of the multidrug resistance-associated proteins (MRP), the
ATP-dependent efflux transporters (14). EGCG is a
substrate for phase II enzymes including UDP-glucuronosyl-
transferase, sulfotransferase, and catechol-o-methyltransferase,
and is converted to EGCG glucuronide, sulfur, or methyl-
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conjugates, respectively, which are easily excreted forms
(15, 16).

Certain dietary factors also affect cellular EGCG level
and bioavailability of EGCG (14, 17). Previously, we
reported that curcuminoids and isoflavones increased
cellular level of EGCG (14). It was also observed that
piperine affected EGCG metabolism in HT-29 cells and
increased bioavailability of EGCG in mice (17). Since our
normal diet consists of many different constituents, there
are likely to be many potential interactions that affect
cellular uptake and bioavailability of physiologically
active dietary compounds including EGCG. However,
there is limited information available on these interactions
and consequences. In the present study, we investigated
possible interactions of EGCG with other tea constituents
and EGCG metabolites in regulating cellular level of
EGCG. Our results indicate that black tea theaflavins and
theasinensin A (TsA), an EGCG oxidative metabolite,
could serve as a potential dietary modulators in regulating
cellular levels of EGCG.

Materials and Methods

Chemicals and cell lines [°’HJ-EGCG (13 Ci/mmol) was
synthesized as described previously (18) and was
generously provided by Dr. Yukihiko Hara of Mitsui Norin
Co., Ltd. (Fujieda City, Japan). Unlabeled EGCG and
other green tea catechins were a generous gift from
Unilever Best Foods (Englewood Cliffs, NJ, USA). EGCG
4"-glucuronide, 4"-methyl EGCG, and 4'4"-dimethyl
EGCG were enzymatically and chemically synthesized,
respectively, in our laboratory (16, 19). Black tea poly-
phenols including theaflavin, theaflavin-3'-gallate, and
theaflavin-3',3"-digallate (TFdiG), and TSA were generously
provided by Dr. Chi-Tang Ho (Rutgers University, NI,
USA). The structures of EGCG its metabolites, thea-
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flavins, and TsA in the current study were shown in Fig. 1.
HT-29 human colon cancer cell line was obtained from
American Type Culture Collection (Rockville, MD, USA).
The cells were maintained in McCoy’s 5A medium
supplemented with 10% fetal bovine serum, 100 unit/mL
penicillin, and 0.1 mg/mL streptomycin, at 37°C in 95%
humidity and 5% CO,. All other chemicals were
purchased from Sigma Chemical Co. (St. Louis, MO,
USA).

Analysis of cellular uptake of [PH]-EGCG by HT-29
cells HT-29 cells were plated into a 24 well culture plate.
When cells reached approximately 90% confluence, the
cells were preincubated with Hank’s balanced salt solution
(HBSS) for 2 hr. The cells were then incubated with [*H]-
EGCG (10 uM, 0.5 pCi/mL) in 400 pl. HBSS containing
100 puM ascorbic acid with various constituents or vehicle
(0.05% DMSO). After 2 hr incubation, the cells were
washed three times with ice-cold phosphate buffered-
saline. The attached cells were lysed by adding 200 pL of
0.2N NaOH and the well was washed with 300 puL of
distilled water twice, which were combined as total cell
lysates. The radioactivity from total cell associated EGCG
was analyzed by a scintillation counter (Model LS3801;

A

A. EGCG and its metabolites R1 R2
EGCG H H
4"-MeEGCG CH; H
4'4"-DiMeEGCG CH, CH,
EGCG 4"-Glucuronide Glucuronic acid H

B. Black tea polyphenols R1 R2
Theaflavin OH OH
Theaflavin-3'-gallate OH Gallate
Theaflavin-3',3"-digallate Gallate Gallate

C. Theasinensin A (an EGCG oxidative dimer)

Fig. 1. Chemical structures of tea constituents used in the
present study.
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Beckman Coulter Inc., Fullerton, CA, USA).

To analyze changes in cellular accumulation of EGCG
in response to the different temporal exposure to TFdiG or
TsA, [PH]-EGCG (10 uM, 0.5 pCi/mL), or TFdiG or TsA
(10 pM) alone was first incubated with cells in HBSS
containing 100 uM ascorbic acid. After 30 min incubation,
the first media were removed and replaced with media
containing TFdiG or TsA, or [PH]-EGCG (10 uM, 0.5
uCi/mL). After 30 min, cells were prepared for analysis as
described above.

Data analysis Statistical significance was evaluated
using the Student’s #-test. One-way analysis of variance
and the Tukey’s honestly significant difference (HSD) test
were also used for comparing the effects of test
compounds.

Results and Discussion

Effects of tea catechins, caffeine, and EGCG meta-
bolites on cellular level of EGCG Cellular uptake of
EGCG was analyzed using radiolabeled [PH]-EGCG. After
a 2 hr incubation of HT-29 cells with 10 pM [*H]-EGCG,
total cell associated EGCG was 150-200 pmol per mg cell
protein. Because EGCG is unstable under cell culture
condition, 100 uM ascorbic acid was added. There was no
significant degradation of EGCG observed after ascorbic
acid addition. In order to analyze the effects of (-)-
epicatechin (EC), (-)-epigallocatechin (EGC), and (-)-
epicatechin-3-gallate (ECG) on uptake of EGCG by HT-29
cells, [PH]-EGCG (10 pM) was incubated simultaneously
with an equal concentration of each catechin. After 2 hr
incubation, the amount of cell-associated EGCG was not
affected significantly by EC and EGC. ECG decreased
EGCG levels slightly, but it was not statistically significant
(Fig. 2A). Indomethacin, a positive control as a MRP
inhibitor, increased EGCG levels by 2.5-fold. Previously
we reported that MRP1 and 2 transporters were involved
in EGCG efflux, and cellular EGCG levels increased by
several folds in the presence of inhibitors of these
transporters such as indomethacin (14, 20). We also
reported that tea catechins including EC, EGC, and ECG
did not affect cellular accumulation of EGCG in Madin-
Darby canine kidney cells overexpressing MRP1 (14).
The present findings are consistent with previous
observations indicating that cellular levels of EGCG were
not changed by other tea catechins in HT-29 cells. The
uptake and/or efflux of EC, EGC, and ECG in HT-29 cells
may occur independently with those of EGCG. The effect
of EGCG metabolites on EGCG uptake by HT-29 cells
was also analyzed. EGCG is metabolized to methyl EGCG
and EGCG glucuronides by catechol-0-methyltransferase
and UDP-glucuronosyltransferase, respectively (15, 16). It
was previously shown that levels of intracellular EGCG
methyl metabolites and EGCG glucuronides increased in
the presence of inhibitors of MRP1 and 2 (20), suggesting
that they are also substrates for these transporters.
Accordingly, it is possible that these metabolites modulate
uptake and/or efflux of EGCG and therefore affect EGCG
cellular levels. Cellular levels of EGCG, however, were
not changed when co-incubated with EGCG metabolites
including 4"-methyl EGCG, 4'4"-dimethyl EGCG, or



Cellular Level of EGCG Affected by Tea Constituents
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Fig. 2. Effects of tea constituents (A) and EGCG metabolites
(B) on the accumulation of PH]-EGCG in HT-29 cells. The results

are the meantSD (n=4-8). **Significantly different from control
according to Student’s ¢ test (p<0.01).
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EGCG 4"-glucuronide (Fig. 2B). Caffeine, one of important
tea constituents, did not affect cellular EGCG level. The
results suggest that there is little competition between
EGCG and its metabolites for the influx and efflux of
EGCG.

Effects of theaflavins and TsA on cellular level of
EGCG The effect of black tea theaflavins on cellular
accumulation of EGCG was also investigated. Theaflavins
are converted from green tea catechins during the
fermentation process, which account for 0.3-2% in black
tea on dry weight basis (2). Interestingly, we found that
theaflavins significantly decreased cellular levels of
EGCG. The effect of theaflavins with gallate groups on
cellular EGCG levels was more prominent than that of
theaflavin (Fig. 3). TsA, an EGCG oxidative dimer, also
significantly decreased intracellular EGCG levels. The
effect of TsA was comparable to that of TFdiG. Cellular
intake of EGCG mainly occurs through passive diffusion,
whereas intracellular EGCG can be transported out of cell
by efflux pumps (14, 20).

In order to understand which process is involved in
decreasing intracellular EGCG levels by TFdiG and TsA,
two different treatment schemes of TFdiG or TsA addition
before or after EGCG incubation were applied. Intra-
cellular EGCG levels significantly decreased in both
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Fig. 3. Effects of black tea theaflavins and TsA (each 10 uM)
on the accumulation of PH]-EGCG in HT-29 cells. The resulis
are the meantSD (n=4-8). Different letters indicate a significant
difference (p<0.01) based on one-way analysis of variance and the
Tukey’s HSD test.
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Fig. 4. Effects of TFdiG and TSA (each 10 pM) on the accumu-
lation of PHJ-EGCG (10 pM) in HE-29 cells by different sequence
of treatment. (A) EGCG was incubated first for 30 min, medium
was then replaced with one containing TFdiG or TsA and
incubated further 30 min. (B) EGCG was incubated for 30 min
after incubation of TFdiG or TsA for 30 min. Each bar represents
the meantSD (n=4-8). **Significantly different from control according
to Student’s # test (»p<0.01).

schemes. The effects of TFdiG or TsA appeared to be
more pronounced when cells were exposed to TFdiG or
TsA before EGCG addition (54-58%) as compared with
EGCG preincubation (40-41%) (Fig. 4). The results
suggest that TFdiG or TsA interferes with influx of EGCG
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into cells. Previously we reported that TsA, a dimer of
EGCQG is one of the major EGCG oxidative products in
our cell culture system, and it is predominantly located in
the membrane fraction (20). TSA located in membrane
surface of cells might interfere with diffusion of EGCG
into cells. A similar mechanism might explain the effect of
TFdiG that is formed through oxidative dimerization
among quinines from gallocatechins.

Considering the results from preincubation of EGCG,
EGCG already taken by cells was also relocated out of
cells after adding TFdiG or TsA. The phenomenon could
be explained as a result of the stimulation of EGCG efflux
or cellular EGCG binding sites were replaced by TFdiG or
TsA. Since the absorption through the intestinal epithelium
is one of the major processes that affects the bio-
availability of many dietary constituents, our findings may
provide basic information for modulation of EGCG
bioavailability through interaction with other dietary
factors. Tea catechins including EC, EGC, EGCG, and
ECG are converted to black tea polyphenols such as
theaflavins and higher molecular thearubigens during
fermentation process. A certain amount of EGCG,
however, still remains in black tea. Our results indicate
that EGCG uptake in the gastrointestinal epithelium might
be hampered by theaflavins (and probably thearubigens)
when black tea is consumed. The formation of TsA, one of
major EGCG oxidative products, was also observed in
mild alkaline solution as well as in culture media (21). It is
believed that pH and oxygen are critical factors for
oxidation of EGCG and its oxidative products are
produced mainly above neutral pH in the presence of
molecular oxygen. Although there is no evidence that
EGCG oxidation occurs in body under oxygen-limited
circumstances, it is still possible that green tea solution
with a neutral or mild alkaline pH can generate significant
amounts of TsA, which may interfere with cellular
absorption of EGCG in the gastrointestinal epithelium.

In conclusion, the present findings provide evidence that
theaflavins and TSA can affect cellular accumulation of
EGCG. Their effects may decrease the bioavailability of
EGCG in vivo. The precise mechanisms involved in
decreasing intracellular level of EGCG by theaflavins or
TsA need to be explored further.
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