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Effects of (—)-epigallocatechin-3-gallate, the main component of green
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Abstract

The interaction of {)-epigallocatechin-3-gallate (EGCG), the main component of greerCaaéllia sinensis with rat brain Kv1.5
channels (rKv1.5) stably expressed in Chinese hamster ovary (CHO) cells was investigated using the whole-cell patch-clamp techniq
EGCG inhibited rKv1.5 currents at50 mV in a concentration-dependent manner, withag of 101.2 = 6.2 uM. Pretreatment with
protein tyrosine kinase (PTK) inhibitors (1@M genistein, 100uM AG1296), a tyrosine phosphatase inhibitor (500 sodium
orthovanadate), or a protein kinase C (PKC) inhibitor (I chelerythrine) did not block the inhibitory effect of EGCG on rKv1.5. The
inhibition of rKv1.5 by EGCG displayed voltage-independence over the full activation voltage range positit® tmV. EGCG had no
effect on the midpoint potential or the slope factor for steady-state activation and inactivation. EGCG did not affect the ion selectivity of
rkKv1.5. The activation (at-50 mV) kinetics was significantly slowed by EGCG. During repolarization{40 mV), EGCG also slowed
the deactivation of the tail currents, resulting in a crossover phenomenon. Reversal of inhibition was detected by the application of repetiti
depolarizing pulses and of identical double pulses, especially during the early part of the activating pulse, in the presence of EGC(
EGCG-induced inhibition of rKv1.5 showed identical affinity between EGCG and the multiple closed states of rKv1.5. These results sugge:
that EGCG interacts directly with rKv1.5 channels. Furthermore, by analyzing the kinetics of the interaction between EGCG and rKv1.5
we conclude that the inhibition of rKv1.5 channels by EGCG includes at least two effects: EGCG preferentially binds to the channel in th
closed state, and blocks the channel by pore occlusion while depolarization is maintained. © 2001 Elsevier Science Inc. All rights reserve
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1. Introduction [3—6]. Green tea components also play an important role as
scavengers of harmful radicals [7,8], and as antioxidants
Green teaCamellia sinensisis one of the most popular  [9,10].
beverages in the world. Because of its many scientifically = Green tea contains characteristic polyphenolic com-
proven beneficial effects on human health, it has received pounds, commonly known as catechins:){epigallocat-
much attention. The protective effects of green tea againstechin-3-gallate (EGCG),~)-epigallocatechin, |{)-epicat-
cardiovascular disease, which are induced by lowering echin-3-gallate, and —)-epicatechin. These compounds
blood lipid levels, inhibiting the oxidation of low-density account for up to 30—42% of the dry weight [11]. Because
lipoproteins, and inhibiting inflammatory reactions, are well EGCG is the main constituent of tea catechins, this com-
documented [1,2]. Furthermore, green tea has been reporteghbound has recently been investigated experimentally. Sev-
to possess both anticarcinogenic and antitumor activitieseral studies have shown the molecular mechanisms of
EGCG in many biological functions. EGCG inhibits PKC
and protein phosphatase 2A activation via the interaction of
957*500rr85p0ndin9 author. Tel+1-82-2-590-1170; fax:+1-82-2-532- EGCG with the phospholipid bilayer of the membrane [12].
E-mail gdqresssjhahn@cmc._cuk.ac.kr (S.J. Hahn)._ ) Eggs.%asséeﬁg edlg\t]vlr?;tt?;g:r:y;ci)slnnaeligg O;g?f?vl;/)gstli)ln:%?f
Abbreviations:rKv1.5, rat brain Kv1.5; EGCG,~)-epigallocatechin- T . . =
3-gallate; CHO, Chinese hamster ovary; PKC, protein kinase C; PDGF, 1Nhese results indicate that EGCG may induce its recognized
platelet-derived growth factor; and PTK, protein tyrosine kinase. beneficial effects via a number of different mechanisms.
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To our knowledge, little is known about the interaction
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ige), had a tip resistance of 2-3(Mwhen filled with the

of EGCG with any ion channel. Recent studies report that internal pipette solution. Liquid junction potentials between

ion channels, especially Kchannels, are required for cell
proliferation. For example, ATP-sensitive'kchannels are

the external and pipette solutions were zeroed, and the
micropipettes were gently lowered onto the cells to form

required for the progression of MCF-7 human breast cancergigaohm seals by suction. After pipette capacitance com-
cells through G1 phase [14]. Furthermore, a voltage-gated pensation, cells were ruptured with brief additional suction.
K™ channel activity modulates €& influx in colon cancer ~ Analog capacity compensation and 80% series resistance
cells, and subsequently modulates the proliferation of car- compensation were used in all whole-cell measurements.
cinoma cells in colon cancer [15]. Therefore, it is possible Leak subtraction was not used in this study. The sampling
that EGCG induces various effects, including anticarcino- rate was 5 kHz, and currents were low-pass filtered at 2 kHz
genic and antitumor activities, via a mechanism involving (four-pole Bessel filter) before being digitized and stored on
direct or indirect interaction between the drug and ion chan- an IBM-compatible Pentium computer interfaced to the
nels, especially K channels. We have used the voltage- amplifier by a Digidata 1200A acquisition board (Axon
gated K™ channel rKv1.5, expressed in CHO cells, to study Instruments). The generation of voltage-clamp pulses and
its interaction with EGCG because this expression system,data acquisition were controlled with pClamp 6.03 software
using a specific cloned channel, provides an important tool (Axon Instruments).
for the study of the pharmacological characteristics of ion
channels. 2.3. Solutions and drugs

The present study was undertaken to examine the effects
of EGCG on rKv1.5 channels, to explore the mechanisms of  The internal pipette solution contained 140 mM KClI, 1

EGCG action using the whole-cell patch-clamp technique, mm CaCl, 1 mM MgCl, 25 mM HEPES, and 10 mM
and to find a candidate mechanism with which to explain the eGTA, and was adjusted to pH 7.3 with KOH. The bath
various beneficial effects of EGCG. solution contained 140 mM NaCl, 5 mM KCI, 1 mM Cagl

1 mM MgCl,, 15 mM HEPES, and 10 mM glucose, and was
adjusted to pH 7.3 with NaOH. In experiments involving
genistein (Calbiochem), a bath solution containingudd
genistein was used for recording the control rKv1.5 cur-
rents. EGCG (Calbiochem) and sodium orthovanadate (Cal-
biochem) were dissolved in distilled water to make 50 mM
stock solutions. Chelerythrine (Research Biochemicals In-
ternational) and genistein were dissolved in dimethyl sulf-
oxide (DMSO) to make stock solutions of 10 and 50 mM,

2. Materials and methods
2.1. Cell culture

The method for establishing rkKv1.5 expression in CHO
cells has been previously described in detail [16]. Briefly,
rkv1.5 cDNA [17] was subcloned into the expression vector

PCR3.1 (Invitrogen Corporation), and transfected into CHO respectively. The final concentration of DMSO was less

cells using FUGENEG (Boehringer Mannheim). Stable than 0.1%, and at this concentration, DMSO had no effect
transfectants were selected by subculturing in the presenceyn rkv1.5 currents.

of G418 (Life Technologies). Cells were cultured in
Iscove’s modified Dulbecco’s medium (IMDM, Life Tech-

nologies) supplemented with 10% fetal bovine serum, 0.1
mM hypoxanthine, 0.01 mM thymidine, and 5@@/mL of

G418. The cultures were passaged every 2—3 days, using &,

brief trypsin/EDTA treatment. The trypsin/EDTA-treated

2.4, Data analysis

Data were analyzed using Origin 6.0 software (Microcal
ftware, Inc.). The concentration-dependent curve for cur-
rent inhibition by EGCG was fitted to the Hill equation:

cells were seeded onto glass coverslips (12-mm diameter;
Fisher Scientific) in a Petri dish 24 hr before use. Coverslips
with attached cells were transferred to a continually per-
fused recording chamber (RC-13, Warner Instrument Cor-
poration) for the electrophysiological experiments.

I (%) = 11 + (icsd/[D])"} )

in which | (%) is the percentage current inhibition (I (%)

[ — lgrudlcontrol X 100) at the test potentiaics, is the
inhibitory concentration 50%, the concentration at which
inhibition is half-maximal; n is the Hill coefficient; and [D]
represents various drug concentrations. Activation curves
were fitted with the Boltzmann equation:

y=1{1+ exp(— (V— V%)/k)}

2.2. Electrophysiological recordings

All experiments were carried out at room temperature
(22-23°). The rKv1l.5 current was measured using the 2)
whole-cell configuration of the patch-clamp technique [18].

An Axopatch 1D patch-clamp amplifier (Axon Instruments) wherek represents the slope factor; V the test potential; and
was used for whole-cell clamping. Micropipettes, fabricated V,,, the potential at which the conductance is half-maximal.

from PG10165-4 glass capillary tubing (World Precision The steady-state voltage-dependence of inactivation was
Instruments) using a vertical puller (model PP-83, Narish- investigated using a double pulse voltage protocol. Currents
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were measured using a 250-msec depolarizing pulsesof

mV, while 20-sec preconditioning pulses were varied from EGCG (uM)
—60 to +10 mV by increments of 10 mV, in the absence 0
and presence of drugs. The experimental points were cal- 10
culated as shown in equation 3a: 30
Normalizedl = (I — 1)/(Inax— 1o (3a) 100
in which |, represents the current measured at the most 300
hyperpolarized preconditioning pulse, andrépresents a E |
Pt

non-zero current that is not inactivated at the most depolar-
ized 20-sec preconditioning pulse. We eliminated this non- 100 msec
zero residual current by subtracting it from the actual value. B

The resulting steady-state inactivation data were fitted with

the Boltzmann equation: 100
y=11+ expV — V%)/k} (3b) c 80-
o
where V is the preconditioning potential; ¥ represents the 3 60
potential corresponding to the half-inactivation point; &nd c
represents the slope factor. The activation and deactivation £ 40-
kinetics were determined by fitting the sum of the exponen- 2
tials: 20+
y =B+ A exp(—t/T) + Ayexp(—t/T,) + ... 0+ —
10 100 1000

in which 1 TZ.’ andT“ are the time constants;,AA,, and A . Fig. 1. Concentration-dependence of EGCG-induced inhibition of rkv1.5
are the amplitudes of each component of the ech’r‘ent'al’t:urrents expressed in CHO cells. (A) Superimposed current traces were

and B is the baseline value. produced by applying 250-msec depolarizing pulses from a holding po-
Data are expressed as meahsSEM. Student’st-test tential of —80 to +50 mV every 20 sec in the absence and presence of 10,

and ANOVA were used for statistical analysis. Statistical 30 100, and 30uM EGCG, as indicated. (B) Concentration-dependent
significance was assumed when< 0.05 curve of inhibition by EGCG. Peak amplitudes of rKv1.5 currents during

the series of depolarizing pulses were used as an index of inhibition, and
percentage inhibition was plotted against various concentrations of EGCG.
The solid line is fitted to the data points by the Hill equation, which yielded
anicgsyof 101.2+ 6.2 uM and a Hill coefficient of 1.2= 0.1 (N = 5). Data

are expressed as meahnsSEM.

3. Results
3.1. Concentration-dependent inhibition of rKv1.5
by EGCG
manner. To determine the concentration-dependence of

In whole-cell configurations, no voltage-gated current EGCG action on rKv1.5, we took the effects of EGCG on
was detected in untransfected CHO cells, as described prethe peak amplitude of rKv1.5 currents at a 250-msec depo-
viously [19]. Fig. 1A shows the effectiveness of different larizing pulse of +50 mV to reflect the drug effects on
EGCG concentrations on rKv1.5 currents when rKv1.5 was rKv1.5. In Fig. 1B, a non-linear least-squares fit of the Hill
expressed in CHO cells. Under control conditions, rKv1.5 equation to the concentration-response data, which corre-
currents were characterized by rapid activation and thenspond to the percentage inhibition of the current, yielded an
slow inactivation while a depolarizing pulse was main- apparenics, of 101.2* 6.2 uM and a Hill coefficient of
tained, as described previously [16]. The onset of drug 1.2+ 0.1 (N= 5). The value of the Hill coefficient suggests
action was relatively slow. When bath perfusion was that one molecule of EGCG is sufficient to inhibit a single
switched to solutions containing different concentrations of rKv1.5 channel.
EGCG, inhibition of rKv1.5 reached a steady state within 8
min. The washout was also slow and incomplete. The wash-3.2. Effects of protein kinase inhibitors on rkv1.5
out of EGCG by the perfusion of drug-free solution was inhibition by EGCG
achieved within 6 min, and currents recovered to 6.0
2.1% (N = 8). EGCG inhibition was characterized both by We tested whether the inhibition of rKv1.5 by EGCG is
a slowing of the apparent rate of activation and by a reduc- mediated through signal transduction pathways by using
tion in peak current amplitude in a concentration-dependent PTK inhibitors (genistein, AG1296), a protein tyrosine
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Fig. 2. Different protein kinase inhibitors do not affect the inhibition of
rkv1l.5 by EGCG. Superimposed original currents were produced by ap-
plying 250-msec depolarizing pulses from a holding potentiat-80 to

+50 mV every 20 sec. (A) The control current, recorded after a 1-hr
preincubation with 10uM genistein, and the current measured after a
further 8-min treatment with 100.M EGCG, are shown. For this experi-
ment, a bath solution containing 10M genistein was used. (B) The
control current, the current recorded after a 5-min exposure t@NIO

chelerythrine, and the current measured after an 8-min treatment with 100

uM EGCG, are shown. The same protocol was used for cells treated with
100 uM AG1296 and 500uM sodium orthovanadate (original current
traces are not shown). (C) Peak amplitudes of rKv1.5 currents during

250-msec depolarizing pulses under each set of experimental conditions

(A, B) were normalized to that of the control currents, and displayed as the
percentage inhibition to show the effects of genistein, AG1296, sodium
orthovanadate, chelerythrine, and EGCG. Data are expressed as means
SEM (N > 3).
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Fig. 3. Inhibition of rKv1.5 currents by EGCG is independent of voltage.
rkv1.5 currents were produced by applying 250-msec depolarizing pulses
from —60 to +50 mV in 10-mV increments every 10 sec, from a holding
potential of—80 mV. The original current traces under control conditions
and after the addition of 10@eM EGCG are shown in (A) and (B),
respectively. (C) Resultant |-V relationships taken from the peak ampli-
tudes of rKv1.5 currents, control;®, 100 uM EGCG). (D) Percentage
inhibition from data in (C). Data are expressed as meai®M (N = 5).

3.3. Voltage-independence of rKvl. 5 inhibition by EGCG

Fig. 3 shows the effects of EGCG on the relationship
between current and voltage (I-V). Original current traces
under control conditions (Fig. 3A) and after the addition of
100 uM EGCG (Fig. 3B) are shown. Fig. 3C was con-
structed by plotting the peak amplitude of the rKv1.5 cur-
rent as a function of the test pulse potential. Inhibition of the
peak current was observed for the entire voltage range over
which rKv1.5 was activated. When current inhibition was
expressed as a function of test potential, EGCG-induced

phosphatase inhibitor (sodium orthovanadate), and a PKCinhibition of rKv1l.5 currents was voltage-independent

inhibitor (chelerythrine). Preincubation with genistein had
no effect on the activation or inactivation kinetics of rKv1.5
compared with control currents (Fig. 2A). Addition of 100
uM EGCG to a bath solution containing M genistein

across the voltage range (fronil0 to +50 mV) over which
rkv1.5 was fully activated. For example, at a test potential
of +10 mV, EGCG inhibited rKv1.5 currents by 484
1.9%, whereas a#-50 mV, inhibition was 42.7+ 3.4%

caused the peak amplitude of the rkv1.5 current to decrease(N = 5). Least-squares linear regression of the data (Fig.

by 45.9+ 2.6% (N= 4). The effects of chelerythrine on the
inhibition of rkvl.5 by EGCG are shown in Fig. 2B. A
5-min exposure to 1QuM chelerythrine did not inhibit
rkv1l.5. After a 5-min exposure to chelerythrine, EGCG
inhibited the peak amplitude of the rKvl1.5 current by
50.8 = 2.3% (N = 3). A similar series of experiments with
sodium orthovanadate and AG1296 resulted in EGCG-in-
duced inhibition of rKv1.5 by 54.6- 2.3% (N = 3) and
41.2 = 4.5% (N = 4), respectively. From the summary of
results (Fig. 2C), values for the inhibition by EGCG of the
rkv1l.5 peak currents were not significantly different after
pretreatment with various inhibitors from the inhibition in-

3D) yielded a value approximately equal to zero for the
slope of the line.

3.4. Effect of EGCG on the steady-state activation and
inactivation of rkv1.5

The potential (\{,,) of the half-activation point and the
slope factor K) of the steady-state activation curves were
—=5.1 = 0.8 mV and 5.7t 0.5 mV, respectively, for the
control, and—5.7 = 1.0 mV and 7.6 0.7 mV, respec-
tively, for cells treated with 100.M EGCG (N = 5, Fig. 4).
EGCG had no effect on the voltage-dependence of activa-
tion. Similarly, EGCG had no effect on the voltage-depen-

duced by EGCG alone in the control bath solution. These dence of steady-state inactivation, Yandk were—24.3 +

results strongly suggest that EGCG inhibited rKv1.5 cur-

0.5 mV and 3.5 0.3 mV, respectively, for the control, and

rents, not through a signal transduction pathway, but by —24.7 + 0.5 mV and 6.7+ 0.3 mV, respectively, in the

direct interaction with rKv1.5.

presence of EGCG (N 4).
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Fig. 4. Voltage-dependence of the steady-state activation and inactivation Fig- 6. Effects of EGCG on activation and deactivation kinetics. (A)
of rkv1.5 currents in the absend®,(2, ) and presence®(, A, ) of 100 uM Superimposed original current traces produced by a 250-msec depolarizing

EGCG. The steady-state activation curves were obtained from tail current Pulse of +50 mV from a holding potential of-80 mV, under control
amplitudes immediately after the capacitative transient. The tail currents conditions and in the presence of 10 EGCG. The solid lines over the
were obtained at-40 mV after 250-msec depolarizing pulses frerg0 to current traces are monoexponential and biexponential least-squares fits of
+50 mV, and were normalized to their maximal value before each set of the data for the activation of rkv1.5 in the absence and presence @fNIO0
data was fitted to equation 2. The steady-state inactivation curves were EGCG, respectively. The dotted line represents a zero current. (B) Tail
obtained using a typical double pulse protocol followed by normalization, currents were recorded during a 250-msec repolarizing pulse46fmv
fitting each set of data to equations 3a and 3b (for details, see Materials andafter a 250-msec depolarizing pulse-50 mV from a holding potential
methods). Data are expressed as mearB8EM (N > 4). of —80 mV, in the absence and presence of WMEGCG. When the two
tail currents in the absence and presence of EGCG were superimposed, a
tail crossover phenomenon (indicated by the arrow) was observed. The
3.5. Effect of EGCG on the ion selectivity of rKv1.5 solid lines over the current traces represent the monoexponential least-
squares fit of the data for deactivation of rKvl.5, in the absence and
The ion selectivity of the rKv1.5 channel was examined by Presence of 10uM EGCG. (C) Summary data obtained from A (left
measuring the reversal potential of tail currents in the absencef.a”'?') and B (right panely,, and roy represent the activation and deac-
. ivation time constants, respectively. The symbol * indicates a statistically
and presence of 10aM EGCG. The reversal potent|al of significant difference (N> 5, P < 0.05).Data are expressed as means
rKv1.5 under control conditions was abot?70 mV, and was  sgm.

not affected by EGCG (Fig. 5).

3.6. Effects of EGCG on activation and deactivation showed that the period of onset of activation of the current
kinetics produced by a 250-msec depolarizing pulse-60 mV was
extended by EGCG (Fig. 6A and 6C). Under control con-

Original current traces obtained in the absence and pres-ditions, channel activation at50 mV was well fitted by a

ence of 100uM EGCG were superimposed, and clearly Monoexponential function immediately after the transient
capacitative current on depolarizing pulses. This process

yielded a time constantr) for an activation of 2.9+ 0.6
msec (N= 5). In contrast, in the presence of 1M
Control 100 uM EGCG ]!EGC_G, the current trace was better fitted by a piex_ponential
unction that yielded two time constants for activation. The
calculated values of; and , were 6.9+ 0.6 msec and
50.3 £ 7.2 msec, respectively, (N 5). The significant
< increase in the two activation time constants compared with
Jc\! control values P < 0.05) indicates that the activation
© kinetics was significantly modified by EGCG. Original tail
current traces produced by a 250-msec repolarizing return
Fig. 5. EGCG has no effect on the reversal potential of rkv1.5 currents. Pulse of —40 mV after a 250-msec depolarizing pulse of
The reversal potential of rkv1.5 was recorded by the following double +50 mV from a holding potential of 80 mV, under control
pulse protocol. A prepulse consisting of a 250-msec depolarizing pulse of conditions and in the presence of 1M EGCG, were
+50 my.from a hoIQing poteptial of-80 mV was followed by 250-msec superimposed, and are well fitted by a monoexponential
repolarlleg pulsesin _10—mV increments fror®0 t_o_—40 mV. Each puls_e function, as shown in Fig. 6B and 6C. Under control con-
was applied after an interval of 30 sec. The original current traces in the "~ ! . . -
absence and presence of 190 EGCG are shown. The dotted line  ditions, the tail current was completely deactivated with a
represents a zero current. time constant of 19.@ 1.8 msec (N= 8). In the presence

50 msec
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Fig. 7. (A) Effects of repetitive depolarization on EGCG-induced inhibition  Fig. 8. Reversal of inhibition and reinhibition of rKvl.5 channels by
of rkKvl.5 currents. Repetitive depolarizing pulses (125 msec) from a EGCG. A double pulse protocol, with pulses separated by various time
holding potential of—80 mV to +50 mV were applied at two different intervals, was applied. The first pulse,JPa 250-msec depolarizing pulse
frequencies, 1 and 2 Hz, under control conditions N5) and in the of +50 mV from a holding potential of-80 mV, was followed by a second
presence of 10@M EGCG (N = 6). (B) The peak amplitudes of currents  identical pulse (B after increasing time intervals from 5 msec to 7000
at each pulse were normalized to the peak amplitudes of currents obtainedmsec at—80 mV. Each pulse was applied after an interval of 30 sec. (A)
at the first pulse, and were then plotted against the pulse numbers. Data areSuperimposed original current traces produced pgriel B for 5, 100, and
expressed as means SEM. 3000 msec interpulse intervals. (B) Time-course of reinhibition by 1010
EGCG. The current amplitudes measured at 36 msec after the stajt of P
were normalized against those measured at 36 msec after the start of P
of 100 uM EGCG, the initial peak amplitude of the tail and pIottgd asgfunction of the various interpulse interv_als. Each data point
L was obtained in the presence of 10M EGCG @) (N = 6). Data are
current decreased, and the subsequent decline in the currergxpressed as means SEM.
was significantly slowed, with a deactivation time constant
of 50.0 = 2.7 msec (N= 8, P < 0.05), which resulted in

) pulses, the current amplitude was almost unaffected when
a tail crossover phenomenon.

measured at the end of the pulse at frequencies of 1 Hz and
2 Hz. Moreover, the amplitude of the rKv1.5 current in-
3.7. Evidence for the reversal of inhibition creased slightly, and this increase was apparent at approx-
on depolarization imately 36 msec after the start of the depolarization pulses.
These results suggest that there is little use-dependence of
Original current traces, in the absence and presence ofEGCG action, and repetitive depolarization reversed the
100 uM EGCG, were obtained by 15 repetitive applications reduction in amplitude during the early part of the pulse.
of depolarizing pulses at two different frequencies, 1 Hzand  To further examine the reversal of the inhibition induced
2 Hz (Fig. 7A). Under control conditions, the peak ampli- by EGCG, the next experiment was carried out using iden-
tude of the rKv1.5 current decreased slightly, by 5.9.4% tical double pulses with various intervals between the first
(N = 5), at a frequency of 1 Hz, and by 89 0.5% (N = (P, and second (B pulses. Fig. 8A shows the original
5) at a frequency of 2 Hz, in a weakly frequency-dependent current traces for 5, 100, and 3000 msec interpulse intervals
manner (Fig. 7B). In the presence of 1AM EGCG, there in the presence of 10@M EGCG. For short interpulse
was a reduction in peak amplitude produced by the first intervals (5 msec), currents produced by $how a fast
depolarizing pulse. This reduction averaged 49.21.7% rising phase similar to the control currents recorded in the
(N = 6). Thereafter, during the application of the series of absence of EGCG, which indicates the reversal of inhibi-
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250 msec 10 sec 250 msec results suggest that the potency of EGCG-induced inhibition
+50 mv J‘p— -40 mV P of rkKv1.5 is not dependent on various closed states of the
-80 mv 1 ’ channel, indicating that the affinity for all the closed states
-120mv of rkv1.5 is identical.
T 1.1,
o
5 1.0 W 4. Discussion
O 0.9 Control
? 0.8 ontro The present results show that EGCG, the main constitu-
N 0.7 EGCG (peak) ent of green tea, directly inhibits rKv1l.5 channels in a
g : —A—EGCG (36 msec) concentration-dependent manner and independently of sig-
5 0.61 nal transduction pathways. Demonstration of the direct in-
Z 05! . . : : ‘ , . . hibition of rKv1.5 by EGCG is the first evidence for the
-120-110-100 -90 -80 -70 -60 -50 action of this compound on ion channels.
Potential (mv) EGCG selectively inhibits the tyrosine phosphorylation

of PDGF-RB [13], the PTK activities of epidermal growth
Fi@:- 9. Effect ‘I’f EGCG on dthehm“f'“p'e CI'OS;’(d states of rK‘C’il's' |A double - tactor receptor, PDGF receptor, and fibroblast growth factor
pulse protocol was applied. The first pulsg)(Ra 250-msec depolarizing L. .
pulse of+50 mV from a holding potential %#80 mV, was followed by receptor [2?_’]' _and PKC [24] Therefore, it is pOSSIblPT that
a second identical pulse after a 10-sec repolarization step to various EGCG can indirectly inhibit rKv1.5 currents through signal
potentials from—120 to—40 mV, in 10-mV increments. Each pulse was  transduction pathways. Furthermore, the rKv1l.5 channel
applied after an interval of 30 sec. The peak current amplitudes duging P has multiple consensus sites for phosphorylation by various

(O, control; ®, 100 uM EGCG) or the current a_mplitude_s at 36 msec af_ter protein kinases [17'25]’ and can be strongly modulated
the start of R (A, 100uM EGCG) were normalized against the respective

current amplitudes obtained during & after the start of i and plotted through  phosphorylation-dependent - signal _tra_n;t_juction
as a function of various repolarizing pulses. Data are expressed as means Pathways [26,27]. Our results suggest that inhibition of
SEM (N = 4). rkv1.5 currents by EGCG does not involve a phosphoryla-
tion-dependent signal transduction pathway. However, we
. _ _ . do not completely rule out an indirect mechanism of action
tion. As Interpulse intervals Increase, the two currents pro- through a yet_to_be_determined transduction System.
duced by R and P, are identical, which suggests that the  An important observation in the present study is that the
reversal of inhibition was abolished and a significant monoexponential rise of Kv1.5 currents was reshaped to a
amount of inhibition of rKvl.5 by EGCG must be re- double exponential in the presence of EGCG. In other
estab“shed du”ng the Intel’pu|se |nterVaI, When Channels aquords’ EGCG caused a marked S|owing of the apparent
in the closed state (Fig. 8B) [20,21]. The reversal of inhi- cyrrent activation. One possible explanation for the slowing
bition indicated in Figs. 7 and 8 strongly suggests that of the activation kinetics is that the steady-state activation
EGCG preferentially interacts with the closed state and curve of rkvl.5 by EGCG is shifted equally. However, this

unbinds during the active state of rkvl.5 channels. is not likely to be the case in our experiment. The steady-

state activation curve was not affected by EGCG. The re-
3.8. Effect of EGCG on the multiple closed state sults of this study with EGCG are similar to those of a
of rkv1.5 previous study on the inhibition of neuronal Kv1.1 currents

by fluoxetine [28], and are characteristic of inhibition in-

Like human Kv1.5, which has been more thoroughly duced by an ion channel blocker that binds channels in the
studied [22], the rKv1.5 channel is thought to have multiple closed state [20,29]. Furthermore, the lack of effect of
closed states, and the transitions between these states affGCG on the voltage-dependence of the steady-state inac-
voltage-dependent. We further tested whether the potencytivation suggests that EGCG does not interact with the
of EGCG-induced inhibition of rKv1.5 is dependent on inactivated conformation of rKv1l.5 channels.
multiple closed states of the channel. If the affinity between A pore blocker usually exhibits use-dependent blockage
EGCG and the rKv1l.5 channel is dependent on multiple of a channel. However, in our experiment, use-dependent
closed states of rKv1.5, then the potency of EGCG-induced inhibition by EGCG was not observed (Fig. 7). In contrast,
inhibition will be different at various holding potentials repetitive depolarization induced the reversal of inhibition
because the size of the populations of various closed statesluring the early part of the activating pulse. Furthermore, a
are dependent on the holding potentials. Normalized cur- reversal of inhibition was clearly produced by identical
rents did not significantly change under control conditions double pulses with various intervals between the first and
or in the presence of EGCG, over potentials betwed20 second pulse: the shorter the interval, the greater the rever-
mV and—50 mV (Fig. 9), which are negative to the thresh- sal of inhibition. This result agrees well with a previous
old of rKv1.5 channel activation (Fig. 3C). The ANOVA report [30,31], which showed that repetitive depolarizing
shows no significant difference among these groups. Thesepulses reversed the block in a manner dependent on the
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duration and interval of pulses. These results suggest thatthat this compound binds to biological membranes via chan-
EGCG inhibits rKv1.5 through a preferential interaction nel proteins, and affects ion channels allosterically.
with the closed state of the channel, and that inhibition may  This study is the first to investigate the direct effects of
be reversed by opening the channel at positive potentials. EGCG on ion channels, specifically cloned rkv1.5 chan-
Other evidence favoring closed-channel binding includes nels. Although green tea is reported to have many beneficial
the voltage-independent effects of EGCG on rKvl.5 at biological functions, there are only a few articles concerning
potentials positive to 0 mV, when channel activation the molecular mechanisms of its action [12,13,23]. There-
reached saturation. This explanation could be applied to fore, our results suggesting a direct inhibition of ion chan-
EGCG, because EGCG is predominately in an unchargednels (rKv1.5) by EGCG will provide a critical clue in
form at physiological pH (pH= 7.3), resulting in indepen- elucidating the molecular mechanisms for the various func-
dence of the transmembrane electric field. In this situation, tions of green tea. However, it should be noted that the
we expect the voltage to be independent of the action of the EGCG concentrations used in this study are much higher
drug. In general, open channel blocking mechanisms arethan the anticipated plasma concentrations in humans. After
associated with the charged form of drug molecules and adrinking five cups of green tea, peak plasma levels of EGCG
voltage-dependence of the block [32,33]. This analysis sug- 2verage about M [37]. Although it is difficult to be
gests that EGCG is unlikely to be an open channel blocker cértain of the clinical significance of the inhibitory effects of
for rkKv1.5. EGCG on rKvl.5, these effects of EGCG are interesting and
The fact that EGCG slowed the time-course of deacti- provide insight into the mechanisms of action of this class
vating tail currents, thus inducing a crossover phenomenon,©f compounds on ion channels.

does not support a closed-channel binding mechanism. The N conclusion, our data suggest that EGCG directly in-
effect of EGCG on the tail current was surprising. EGCG teracts with multiple states of the rKv1.5 channel, and that

produced a paradoxical effect of tail crossover, which is EGCG-induced inhibition is reversed during membrane de-

usually observed in open channel blocks [16,32-34]. The polarization.

effects of EGCG on rKvl.5 may be complex, and it is

unlikely that inhibition can be accounted for by a simple

closed-channel blocking mechanism. Furthermore, at shortAcknowledgments
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