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Abstract

(—)-Epigallocatechin-3-gallate (EGCG), a major polyphenolic substance found in green tea, is well recognized to be beneficial for
human health. However, it is still controversial as to what dose of this compound is indeed good for human health. Though some recent
studies have interestingly reported various beneficial effects of EGCG in cell culture system, however, plasma levels of EGCG attainable
by oral regular intake in humans are normally in nanomolar range. However, potential side effects of EGCG when administered
parenterally at higher concentration have not been thoroughly tested. Here, we evaluated the effect of EGCG on ATP-sensitive potassium
(Katp) channels expressed in Xenopus oocytes. EGCG inhibited the activity of the Kir6.2/SUR1 and Kir6.2AC36 channels with ICs( of
142 + 37 and 19.9 £ 1.7 pM, respectively. Inhibition of EGCG was also observed in Kir6.2/SUR2A or Kir6.2/SUR2B channels. Notably,
(—)-epicatechin-3-gallate (ECG), another major polyphenolic substance in green tea, was found to reduce the channel activity with greater
potency than EGCG. In contrast to EGCG and ECG, which have the gallic acid-ester moiety in their own structures, (—)-epigallocatechin
and (—)-epicatechin exhibited very weak inhibition of the Karp channel. Collectively, these results suggest that the gallate-ester moiety of
epicatechins may be critical for inhibiting the Karp channel activity via the pore-forming subunit Kir6.2 and this may be a possible
mechanism by which green tea extracts or EGCG may cause unexpected side effects at micromolar plasma level.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction characteristic polyphenolic compounds [2] that include
(—)-epigallocatechin-3-gallate (EGCG), (—)-epigallocate-

Green tea (Camellia sinensis) is widely ingested, in part chin (EGC), (—)-epicatechin-3-gallate (ECG) and (—)-
due to its known health benefits [1]. The cis-catechins epicatechin (EC). Structurally, EGCG has both pyrogallol
are major biological components of green tea. These are and gallate-ester moieties at the 2 and 3 positions of its
ring, whereas EGC and ECG have only the pyrogallol

moiety and the gallate-ester moiety, respectively (Fig. 1)
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Fig. 1. Structure of epicatechins.

Many in vitro and ex vivo studies have revealed that EGCG
and green tea have beneficial biological effects, such as
inhibition of carcinogenesis [5,6], atherosclerosis [7] and
lipogenesis [8], and treatment of diabetes [9], inflammation
[10] and infections [11]. However, epidemiological studies
in humans have not always shown positive results [12]. A
possible major reason for this discrepancy appears to be
related with the dose of catechins used in cell culture
studies; many of the effects of green tea or EGCG are
observed at much higher concentrations than can be
attained in human plasma by regular oral intake of green
tea [13,14]. Although there are considerable individual
variations in plasma levels of EGCG after oral ingestion, it
is unlikely that the concentration rises above 5 pM [15].
Unfortunately, this indicates that some of the benefits
shown at higher concentrations (tens of micromolar) of
EGCG in vitro are not directly relevant to the human body.
In fact, some over-the-counter polyphenol supplements
result in approximately 100-fold higher intake than the
level ingested in a typical western diet [16]. Whereas
EGCG has been emphasized on its positive effects, how-
ever, there are some concerned data showing that green tea
catechins (1% or 0.1% of the diet for 33 weeks) implicate
in tumor development in the colon of male F344 rats [17],
and in the risk of iron depletion in humans with marginal
iron status [18]. Despite the fact that membrane ion
channels are central in signaling pathways controlling
many biological functions [19], the effects of polyphenols
on these channels are essentially little known. The ATP-
sensitive K (Karp) channel is one of K* channels in an
octamer structure composed of two subunits (the sulfony-
lurea receptor (SUR) and the inwardly rectifying potas-
sium channel (Kir)) and reported to be closely related with
cell proliferation and cancer promotion [20,21].

In this study, we have evaluated whether EGCG interacts
with membrane K o1p channels. Here, we report that EGCG

at micromolar concentrations inhibits the Ksrp channel
activity via Kir6.2. Here, we report that EGCG at micro-
molar concentrations inhibits the K 4rp channel activity via
Kir6.2. Considering that K rp channels are widespread in
human tissues and share a common pore-forming subunit,
Kir6.2, the present findings may suggest that any trial to
evaluate the effects of EGCG at concentrations above the
normal permissive plasma level (~1 wM) should be care-
fully taken.

2. Materials and methods
2.1. Molecular biology

Mouse Kir6.2 (GenBank D50581; [22]), rat SURI
(GenBank 1.40624; [23]), rat SUR2A (GenBank
D83598; [24]) and rat SUR2B (GenBank D86038; [25])
cDNAs were cloned in the pBF vector (kindly provided by
Professor FM. Ashcroft, University of Oxford, UK). Muta-
genesis of individual amino acids was performed using the
Altered Sites II System (Promega, Madison, WI). To obtain
currents with Kir6.2 alone, a truncated form of Kir6.2
(Kir6.2AC36), in which the last 36 C-terminal amino acids
were deleted, was generated by introducing a stop codon
with site-directed mutagenesis. Capped mRNA was pre-
pared using the mMESSAGE mMACHINE large-scale in
vitro transcription kit (Ambion, Austin, TX) as previously
described [26].

2.2. Oocyte collection

Female Xenopus laevis were anesthetized with MS222
(2 g/l added to the water, pH 7.4). One ovary was removed
via a mini-laparotomy. The incision sutured and the animal
was allowed to recover. All procedures were approved by
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the Institutional Animal Care and Use Committee at the
Dongsan Medical Institute for Life Sciences in Daegu,
Korea. Immature stages V-VI oocytes were incubated for
60 min with 1.0 mg/l collagenase (type V; Sigma, St.
Louis, MO) and their follicles were manually removed.
Oocytes were co-injected with 0.1 ng of Kir6.2 or its
mutant form and 2 ng of mRNA encoding SUR1, SUR2A
or SUR2B. To express the Kir6.2AC36 channel, oocytes
were injected with approximately 0.1 ng of its mRNA
alone.

2.3. Oocyte electrophysiology

Patch electrodes were pulled from borosilicate glass
(Harvard Apparatus, Kent, UK) and had resistances of
250-500 k) when filled with pipette solution. Macro-
scopic currents were recorded from giant excised inside-
out patches at a holding potential of 0 mV. Currents were
evoked by repetitive 3-s voltage ramps from —110 to
+100 mV and recorded using a GeneClamp 500 patch-
clamp amplifier (Axon Instruments, Forster, CA). The
signals were filtered at 10 kHz, digitized at 1 kHz using
a Digidata 1200 Interface and analyzed using pClamp8.2
software (Axon Instruments). The pipette (external) solu-
tion consisted of (mM): 140 KCl, 1.2 MgCl,, 2.6 CaCl,, 10
HEPES, pH 7.4. The intracellular (bath) solution consisted
of (mM): 107 KCl, 2 MgCl,, 1 CaCl,, 10 EGTA, 10
HEPES, pH 7.2.

2.4. Oocyte data analysis

The conductance was determined from the slope of the
plot of current versus voltage between —20 and —100 mV.
The average slope from five consecutive ramps was cal-
culated in each solution. The conductance in the presence
of EGCG (G) was expressed relative to that in control
solution before the application of drug (G.). Dose-
response curves for EGCG were fitted to the following
equation:

[EGCG]\"
1+
where [EGCG] is the EGCG concentration; ICsq the con-

centration at which inhibition is half maximal; 4 is the Hill
coefficient (slope factor).

G_

G.
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2.5. Collection of single B-cells

Islets of Langerhans were isolated from the pancreas of
male Sprague—Dawley rat by a collagenase digestion tec-
hnique. Briefly, the animals were first anaesthetized with
Nembutal. Collagenase (Type V; Sigma) dissolved at 1 mg/
ml in Hank’s Balanced Salts solution was transfused at the
common bile duct retrogradely into the pancreatic ducts.
The dissected pancreas was incubated for 15 min at 37 °C

in a shaking water bath. The islets were placed into Krebs
Ringer Bicarbonate Buffer (KRBB) solution containing
10% BSA, penicillin (100 U/ml) and streptomycin
(0.1 mg/ml). To harvest single islet cells, the islets were
further triturated and incubated in RPMI-1640 media with
11.1 mM glucose, 10% FBS and antibiotics in a humidified
incubator at 37 °C with 5% CO, and balanced air.

2.6. Single B-cell electrophysiology

The inside-out configuration of the conventional patch-
clamp technique was used. Patch pipettes were pulled from
thin-walled borosilicate glass capillaries (World Precision
Instruments Inc., Sarasota, USA), and had a resistance
between 3 and 5 M(). Single islet cells on a cover glass
were mounted on an inverted microscope (Axiovert 135;
Carl Zeiss, Jena, Germany) and perfused with bath solu-
tion. The single channel currents were recorded using an
Axopatch 200B patch-clamp amplifier (Axon Instruments,
Forster, USA), passed onto an A/D converter (Digidata
1312; Axon), and later analyzed with Pclamp 8.2 software
(Axon). Data were filtered at 1 KHz and sampled at 5 KHz.
In inside-out experiments, cells were bathed in a solution
composed of (mM) 107 KCIl, 2 MgCl,, 1 CaCl,, 10
HEPES, 10 EGTA, adjusted to pH 7.2 with NaOH. The
pipette solution contained (mM) 140 KCl, 1.2 MgCl,, 2.6
CaCl,, 10 HEPES, adjusted to pH 7.4 with KOH. Epica-
techins were purchased from Sigma and dissolved in
deionized water as a stock solution (10 mM) and then
added at indicated concentrations in the bath solution just
prior to the experiments.

2.7. Statistical analysis

Results are expressed as means = S.E.M., and signifi-
cance of differences was determined by ANOVA. p < 0.05
was considered significant.

3. Results

3.1. Direct effect of EGCG on Kurp channel currents
in oocyte or native B-cell membranes

We first added EGCG to the bath solution of the inside-
out membrane patch to determine its direct effect on the 3-
cell-type Karp channel Kir6.2/SUR1 expressed in oocyte
membranes (Fig. 2A). Intracellular EGCG inhibited the
Karp channel current, however, there was incomplete
channel recovery after washing out EGCG during the
period of experiment, consistent with previous result with
rat brain Kvl1.5 channels [27]. The calculated ICsq for
EGCG inhibition, as determined by Eq. (1), was
142 £ 37 pM, and the Hill coefficient (k) was 0.5 0.1
(n = 5; Fig. 2B). EGCG also inhibited cardiac-type (Kir6.2/
SUR2A) and smooth muscle-type (Kir6.2/SUR2B) Ktp
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Fig. 2. Effect of EGCG on cloned and native K orp currents. Macroscopic currents recorded from inside-out patches in response to a series of 3-s voltage ramps
from —110 to +100 mV from oocytes co-expressing Kir6.2 and either SUR1 (A), SUR2A or SUR2B (C). The dashed line indicates the zero current level.
Holding potential is 0 mV. Downward deflections were inward currents. EGCG was added as indicated by the bars. (B) Concentration—inhibition relationship for
blockage of Kir6.2/SURI currents by EGCG. The conductance in the presence of EGCG (G) was expressed relative to that in control solution before the
application of drug (G.). Each conductance was determined from the mean of five-consecutive slopes of the plot of current vs. voltage between —20 and
—100 mV. The symbols represent the means & S.E.M. ICsy: 142 4+ 37 pM and A: 0.5 = 0.1 (n =5). (D) EGCG inhibition of Krp currents in a native 3-cell.

Inside-out patch at holding potential of —60 mV.

channels (Fig. 2C). To confirm that the inhibitory effect of
EGCG on the cloned K,rp channels also occurs in native
Karp channels, EGCG (50 puM) was applied to internal
side of plasma membrane in a native (3-cell and also found
to inhibit native Karp channels (Fig. 2D).

3.2. Effect of EGCG on Kir6.2AC36 channels

We next examined which subunit of the Krp channel
interacts with EGCG by testing its effect on Kir6.2AC36
(Fig. 3). We found that EGCG also reduced the SUR-free
Kir6.2 current, indicating that EGCG preferentially inter-
acts with Kir6.2 to inhibit the channels. ICso for the
Kir6.2AC36 channel was 19.9 + 1.7 uM, and h was
0.8 = 0.1 (n=4; Fig. 3B), which were higher than for
the Kir6.2/SUR1 channel. When Kir6.2AC36 was co-
expressed with SURI, the inhibitory potency of EGCG
became equivalent to that for the Kir6.2/SUR1 channel
(Fig. 3C). This implies that the last 36 amino acids are not
critical for the inhibitory effect of EGCG on the wild-type
Kir6.2/SURI channel.

3.3. The block by EGCG of K7p channels is not
voltage-dependent

Representative current traces before and after addition
of EGCG for cloned Kir6.2/SUR1 and Kir6.2AC36 chan-
nels were shown in Fig. 4A and B. When current inhibition
was expressed as a function of membrane potential
(Fig. 4C), EGCG-induced inhibition of Karp currents
was not significantly voltage-sensitive across the tested
voltage range (from —80 to +60 mV).
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Fig. 3. Effect of EGCG on Kir6.2AC36 and Kir6.2AC36/SURI1 currents.
Macroscopic currents recorded from inside-out patches in response to a
series of 3-s voltage ramps from —110 to +100 mV from oocytes expressing
Kir6.2AC36 alone (A) or in combination with SUR1 (C). The dashed line
indicates the zero current level. Holding potential is 0 mV. Downward
deflections were inward currents. EGCG was added as indicated by the bars.
(B) Concentration—inhibition relationship for blockage of Kir6.2AC36
currents by EGCG. The conductance in the presence of EGCG (G) was
expressed relative to that in control solution before the application of drug
(G.). Each conductance was determined from the mean of five-consecutive
slopes of the plot of current vs. voltage between —20 and —100 mV. The
symbols represent the means £ S.E.M. ICso: 19.9 £ 1.7 uM; h: 0.8 £ 0.1
(n=4).
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Fig. 4. Voltage independence in inhibition of cloned Kir6.2/SURI and
Kir6.2AC36 currents by EGCG. The original current traces before and after
the addition of 100 or 30 .M EGCG for Kir6.2/SURI (A) and Kir6.2AC36
(B) channels, respectively. Macroscopic currents were recorded from
inside-out patches in response to a series of voltage ramps from —110 to
+100 mV at holding potential of 0 mV. The dashed lines are zero current
level. (C) Percentage inhibition expressed as a function of voltage by 100 or
30 uM EGCG for Kir6.2/SURI (n =4) and Kir6.2AC36 (n = 6) currents,
respectively. The symbols represent the means = S.E.M.

3.4. The cytosolic regions of Kir6.2 may not be critical
for EGCG inhibitory effect on Ksrp channels

To determine interaction sites on the cytosolic regions of
Kir6.2 with EGCG, we used mutant Kir6.2 channels that
have an amino acid substitution within the C- or N-
terminus, thus having reduced response to ATP, which
closes the channel through interaction with the cytosolic
region of Kir6.2 [28]. Cloned channels that are composed

of SURI and a mutant Kir6.2 were expressed in oocyte
membranes. With a similar potency to the wild-type
Kir6.2/SURI channels, intracellular application of EGCG
(50 pM) inhibited the currents recorded from Kir6.2-
E23K/SURI1, Kir6.2-R50G/SUR1, or Kir6.2-K185Q/
SUR1 channels, but not Kir6.2-C166S/SUR1 and
Kir6.2-T171A/SUR1 channels (Fig. 5SA). Because the last
two mutant channels themselves are known to have higher
open probability than the wild-type and the other mutant
channels [28], we tested much higher concentration of
EGCG on those channels. Expectedly, Kir6.2-C166S/
SURI and Kir6.2-T171A/SURI1 currents were inhibited
by 500 uM of EGCG as potently as the wild-type and the
other mutant channels at 50 uM of EGCG (Fig. 5B). These
data suggest that EGCG does not interact with the cyto-
plasmic regions of Kir6.2 unlikely to ATP, which exclu-
sively interacts with the C- and N-termini for the channel
closure.

3.5. Gallic acid-ester moiety of EGCG is the most
important for inhibition of Kyrp channels

In addition to EGCG, we tested the effects of other cis-
catechins found in green tea on Kxrp channels (Fig. 6). At
50 uM, EC and EGC, which do not have the gallic acid-
ester moiety at the 3-position of the C-ring, exhibited very
weak inhibition of the Kir6.2/SUR1 channel. G/G,, ratio,
which is the ratio of the conductance of the test condition to
that of the control, was 1.0 £ 0.02 (n=5) and 0.9 + 0.02
(n = 6) for EC and EGC, respectively. However, ECG and
EGCG, which all have the gallic acid-ester moiety, had G/
G. ratios of 0.2 +0.03 (n=6) and 0.6 £0.03 (n=5),
respectively, suggesting that the gallic acid-ester moiety
in EGCG structure is critical for the channel inhibition.

4. Discussion

In the present study, we showed that EGCG, a major
component of green tea, inhibited the K rp channel widely
present in human tissues. Interestingly, inhibition of EGCG
was observed in all the three types of Karp channels. The
ICs for Kir6.2/SUR1 was 142 pM, which is close to the
value observed for rat brain Kv1.5 channels (101 uwM), the
only previous finding on the effects of EGCG on ion
channels [27]. Notably, inhibition of Ksrp channel by
EGCG was more potent when the Karp channel was
expressed in oocyte membranes without the SUR subunit
(ICs9 for Kir6.2AC36 =20 wM), thus indicating that
EGCG acts on the pore-forming subunit Kir6.2, while
SUR, the regulatory subunit, hampers the interaction.

Given that EGCG exerts its blocking action on Kir6.2
via intracellular side of the membrane, some residues
accessible to the cytosolic solution are likely to be involved
in the process. The HS loop and part of transmembrane
domain (TM) 2 may be expected to line the pore of Kir6.2
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Fig. 5. Effect of EGCG on mutant Kir6.2/SURI currents. (A) Macroscopic currents recorded from inside-out patches in response to a series of 3-s voltage ramps
from —110 to +100 mV from oocytes co-expressing SURI and a Kir6.2 mutant. The dashed line indicates the zero current level. Holding potential is 0 mV.
Downward deflections were inward currents. EGCG was added as indicated by the bars. (B) Mean conductance of the mutant channel currents recorded in
response to EGCG (50 or 500 iM). The conductance in the presence of EGCG (G) was expressed relative to that in control solution before the application of
drug (G.). Each conductance was determined from the mean of five-consecutive slopes of the plot of current vs. voltage between —20 and —100 mV. * p < 0.05
compared to the value of control. The symbols represent the means + S.E.M. Numbers on each bar indicate the number of experiments. (C) Schematic diagram

of Kir6.2 representing the sites mutated. TM: transmembrane domain.

[29]. Because they lie within the membrane voltage field
and the block by EGCG is not voltage-sensitive (Fig. 4), it
is doubtful that residues within these regions are related
with the EGCG inhibition. We have also observed that
among the channels with a mutation on the C- or N-
terminus of Kir6.2 tested, only K,rp channels containing
either T171A or C166S mutation on the C-terminus sig-
nificantly show reduced EGCG sensitivity compared with
the wild-type channel. It is thought that both mutated
channels exhibit spontaneously increased open probability,
thereby attenuating the channel ATP sensitivity [28]. The
channel sensitivity to ATP or sulfonylureas can also be
reduced by membrane phospholipids, such as phosphati-
dylinositol bisphophate (PIP2), which increase the channel
open probability [30]. From these points of view, it is hard
to speculate that the two termini of Kir6.2 are critical for
the EGCG inhibition.

This study rather showed that the order of inhibitory
potency of the various epicatechins toward the Karp
channel is ECG > EGCG > EGC > EC. It has been
reported that the catechins directly interact with lipid
bilayers and the affinity of tea catechins for lipid bilayers
is mainly determined by the number of OH-group on the B-
ring, the presence of a gallate-ester moiety on the D-ring,
and the stereochemical structure of catechin molecules
[31]. This is in agreement with our present finding showing
that ECG is more potent than EGCG because the former
has fewer B-ring OH-group than EGCG, which thus may

support the idea that EGCG interacts preferentially with
membrane lipids. This in turn may affect gating kinetics of
the Karp channel embedded in the membrane, thereby
reducing the channel open probability. Choi et al. also
suggests that EGCG inhibits rKv1.5 channels through an
interaction with lipid membrane, acting on the channel
closing state and thereby reducing open probability [27].
Taken together, it implies that the gallate-ester moiety of
EGCG may modulate various potassium channels through
a common mechanism via lipid bilayer. A recent report has
suggested that antifungal activity is stronger for pyrogallol
catechins, such as EGCG and EGC, than for catechol
catechins, such as ECG and EC [32]. According to this
report, the antifungal effect was mediated via an ampho-
tericin B-like action of pyrogallol moiety on the B-ring in
damaging the cell membrane irrespective of the com-
pound’s lipophilicity. In addition, there is substantial evi-
dence that catechins not only bind to the surface of
membrane lipid bilayers but that they also perturb the
membrane structure [31]. Therefore, we postulate that,
albeit small, the pyrogallol moiety may also play a role
in modulating channel activity. This may explain the slight
but difference in potency between EGC and EC to mod-
ulate channel activity.

There are some discrepancies in the levels of human
plasma EGCG reported in different studies. When green
tea (20 mg/kg) was ingested orally in human volunteers,
the maximal plasma concentration of EGCG was 0.17 uM
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Fig. 6. Effects of various epicatechins on Kir6.2/SURI currents. (A)
Macroscopic currents recorded from inside-out patches in response to a
series of 3-s voltage ramps from —110 to +100 mV from oocytes co-
expressing Kir6.2 and SUR1. The dashed line indicates the zero current
level. Holding potential is 0 mV. Downward deflections were inward
currents. EGCG was added as indicated by the bars. (B) Mean conductance
of Kir6.2/SUR1 currents recorded in response to each epicatechin (50 wM).
The conductance in the presence of each drug (G) was expressed relative to
that in control solution before the application of drug (G.). Each conduc-
tance was determined from the mean of five-consecutive slopes of the plot of
current vs. voltage between —20 and —100 mV. * p < 0.05 compared to the
value of epicatechin (EC). The symbols represent the means = S.E.M.
Numbers on each bar indicate the number of experiments.

[14]. This is equivalent to consuming up to about two cups of
green tea or a single dose of approximately 200 mg of pure
EGCG. Even considering variation between individuals, the
plasma EGCG levels did not exceed 1 wM. In some cases,
the plasma EGCG level could reach approximately 1 pM
with a single oral dose of 800 mg of pure EGCG [33].
However, another group reported that oral intake of 525 mg
EGCG in humans could attain plasma levels of EGCG up to
4.4 uM [15,34]. This discrepancy suggests that further
studies are needed because the biological activities of EGCG
depend considerably on the dose.

Given the low bioavailability of green tea catechins in
humans [13], if the former finding is true, the modulation
of Karp function by EGCG may not be expected during
oral intake of green tea. However, if the latter finding is true
or there is a parenteral trial to elevate the plasma EGCG
level, there could be unexpected side-effects, including
impaired GSIS, vascular dysfunction, cardiac conduction
abnormalities and neuropsychiatric disturbances [35], con-
sidering that Kir6.2 subunit on which EGCG acts is widely

expressed in human tissues. Thus, though plasma EGCG at
nanomolar concentrations may not affect normal Karp
channel function, however, it is likely that there may be
inhibition of the Karp channel activity by EGCG at high
concentrations as shown herein.
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