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Abstract

The selective estrogen receptor modulator raloxifene is widely used in the treatment of postmenopausal osteoporosis, and has cardioprotective
properties. However, effects of raloxifene on cardiac ion channels are unclear. The present study was designed to investigate the effects of
raloxifene and 3-estradiol on transient outward and ultra-rapid delayed rectifier potassium currents (/i,; and /x,,) in human atrial myocytes with a
whole cell patch-clamp technique. /,,; was inhibited by raloxifene in a concentration-dependent manner with an ICs, of 0.9 pM. Raloxifene at
1 uM decreased /,; by 40.2+1.9% (at +50 mV, n=14, P<0.01 vs control). Time-dependent recovery from inactivation was slowed, and time to
peak and time-dependent inactivation of /,,; were significantly accelerated, while steady-state voltage dependent activation and inactivation of /i,
were not affected by raloxifene. In addition, raloxifene remarkably suppressed I, (IC50=0.7 uM). Raloxifene at 1 uM decreased /i, by 57.3+
3.3% (at +50 mV, n=10, P<0.01 vs control). However, B-estradiol inhibited /,,; (ICs5o=10.3 uM) without affecting /. The inhibitory effects of
raloxifene and B-estradiol on /,,; and/or /i, were unaffected by the estrogen receptor antagonist ICI 182,780. Our results indicate that raloxifene
directly inhibits the human atrial repolarization potassium currents /;,; and /x,,. Whether raloxifene is beneficial for supraventricular arrhythmias

remains to be studied.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Raloxifene; Human atrium; Transient outward potassium current; Ultra-rapid delayed rectifier potassium current

1. Introduction

It is well known that cardiac repolarization and action poten-
tial duration are dependent of the balance of inward L-type Ca*"
current (I, ) and outward K" currents. The 4-aminopyridine
(4-AP)-sensitive transient outward K current (I,o;) and ultra-
rapid delayed rectifier K™ current (/) are believed to play an
important role in human atrial repolarization (Li et al., 1995;
Shibata et al., 1989). Inhibition of /,,; and/or i, prolongs the
action potential duration in human atrium (Van Wagoner and
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Nerbonne, 2000; Courtemanche et al., 1998, 1999). In addition,
Ik, 1s present in the atrium, but not in the ventricle of human
heart (Li et al., 1996), inhibition of /i, may be useful in the
treatment of patients with atrial fibrillation (Van Wagoner and
Nerbonne, 2000; Van Wagoner, 2000; Nattel et al., 1999).
Therefore, I, may be a viable target for developing specific
anti-atrial fibrillation agents.

Raloxifene, a second-generation of selective estrogen receptor
modulator, is currently used in the treatment of postmenopausal
osteoporosis (Rossouw et al., 2002). Raloxifene is also found to be
cardiovascular protective by direct action on vascular cells and by
favorable blood lipid regulation via estrogen receptor-dependent or
independent mechanisms (Wenger, 2002). Experimental studies
demonstrated that intracoronary infusion of raloxifene reduced
myocardial infarct size and incidence of ventricular fibrillation in a
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canine model of ischemia/reperfusion (Ogita et al., 2002), and
prevented cardiac hypertrophy and dysfunction in pressure-
overloaded mice (Ogita et al., 2004b). Raloxifene (1 uM) directly
decreased Ic, 1 and shortened action potential duration in guinea
pig ventricular myocytes (Liew et al., 2004). However, it is
unknown whether raloxifene affects human atrial repolarization
K" currents. The present study was therefore designed to determine
the effects of raloxifene and (3-estradiol on /;y; and Ik, in human
atrial myocytes using a whole cell patch-clamp technique.

2. Materials and methods
2.1. Myocytes preparation

Atrial cells were isolated from specimens of human right
atrial appendage obtained from patients (50.1£5.7 years old)
undergoing coronary artery bypass grafting. The procedure for
obtaining the human tissue was approved by the Ethics
Committee of the University of Hong Kong based on the
patients’ consent. All patients were free from supraventricular
tachyarrythmias, and the atria were grossly normal at the time of
surgery. After excision, the samples were then quickly immersed
in oxygenated, normally Ca®"-free cardioplegic solution
(~4 °C) for transport to the laboratory. Atrial myocytes were
enzymatically dissociated as described previously (Du et al.,
2003). Briefly, the atrial tissue was minced, and gently agitated
by continuous bubbling with 100% O, in a Ca**-free Tyrode
solution for 15 min (5 min at a time in fresh solutions), and then
incubated for 50 min in a similar solution containing 150—-200 U/
ml collagenase (CLS II, Worthington Biochemical, Freehold,
NJ, USA), 0.2 mg/ml protease (type XXIV, Sigma-Aldrich
Chemical, St Louis, MO, USA) and 1 mg/ml bovine serum
albumin (Sigma-Aldrich). Afterwards, the chunks were re-
incubated in a fresh enzyme solution of the same composition
but no protease. The quantity and quality of isolated cells were
monitored under a microscope (E200, Nikon, Japan). When the
cell yield appeared optimal, the chunks were suspended in a high
K" medium containing (mM): 10 KCI, 120 K-glutamate, 10
KH,POy, 1.8 MgS0Oy, 10 taurine, 10 HEPES, 0.5 EGTA, 20
glucose, 10 mannitol, at pH adjusted to 7.3 with KOH, and
gently blown with a pipette. The isolated myocytes were kept at
room temperature in the medium at least 1 h before use.

A small aliquot of the solution containing the isolated cells
was placed in an open perfusion chamber (1 ml) mounted on the
stage of an inverted microscope (IX50, Olympus, Japan).
Myocytes were allowed to adhere to the bottom of the chamber
for 5-10 min and were then superfused at 2—3 ml/min with
Tyrode solution. Only quiescent rod-shaped cells with clear
cross-striations were used. The experiments were conducted at
room temperature (21-22 °C) for current recording, and at
36 °C for action potential recording.

2.2. Data acquisition and analysis
The whole-cell patch-clamp technique was used for

electrophysiological recording. Borosilicate glass electrodes
(1.2-mm OD) were pulled with a Brown-Flamming puller

(model P-97, Sutter Instrument Co, Novato, CA, USA) and had
tip resistances of 2—3 M) when filled with pipette solution.
Membrane currents were recorded in voltage-clamp mode using
an EPC-9 amplifier and Pulse software (HEKA, Lambrecht,
Germany). A 3-M KCl-agar salt bridge was used as reference
electrode. Tip potentials were zeroed before the pipette touched
the cell. After a giga-ohm seal was obtained, the cell membrane
was ruptured by gentle suction to establish the whole-cell
configuration. The cell membrane capacitance (C,,, 77.8+3.4
pF, n=52) was directly measured using the lock-in module of
the Pulse software, and used for normalizing the current in
individual cells. The series resistance (R, 3.9+0.4 M(), n=52)
was compensated by 50-70% to minimize voltage errors.
Current signals were low-pass filtered at 5 kHz and stored on
the hard disk of an IBM compatible computer.

Nonlinear curve fitting was performed using Pulsefit
(HEKA) and Sigmaplot (SPSS, Chicago, IL). Paired and/or
unpaired Student’s #-test was used as appropriate to evaluate the
statistical significance of differences between two group means,
and ANOVA was used for multiple groups. Values of P<0.05
were considered to indicate statistical significance. Results are
presented as mean+S.E.M.

2.3. Solutions and drugs

The Ca*"-free cardioplegic solution for specimen transport
contained (in mM) 50 KH,PO,4, 8 MgS0O,, 5 adenosine, 10
HEPES, 140 glucose, 100 mannitol, 10 taurine, pH was
adjusted to 7.3 with KOH. Tyrode solution contained (in mM)
140 NaCl, 5.4 KCI, 1 MgCl,, 1 CaCl,, 0.33 NaH,PO,, 5
HEPES, 10 glucose, pH was adjusted to 7.4 with NaOH. The
pipette solution contained (in mM) 20 KCI, 110 K-aspartate, 1
MgCl,, 10 HEPES, 5 EGTA, 0.1 GTP, 5 Na,-phosphocreatine,
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Fig. 1. Effects of raloxifene on membrane current in a representative human
atrial myocyte (Cp,,: 65 pF). A. Membrane currents were recorded using 300-ms
voltage pulses from —40 to +60 mV at a holding potential of —50 mV during
control. B. Both transient outward (/,o;) and sustained (/x,;) K currents were
decreased by 1 uM raloxifene. C. [, and Ik, partially recovered on drug
washout.
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Fig. 2. Effect of raloxifene on /,;. A. Membrane currents recorded in a typical
experiment (C,,: 87 pF) with the voltage protocol shown in the inset during
control (a), after application of 10 uM verapamil to inhibit /i, (b), co-application
of verapamil and 1 uM raloxifene (c), and washout of raloxifene (d). B. Time
course of /i, recorded in a representative cell (Cy,: 75 pF) pretreated with 10 pM
verapamil. Raloxifene gradually inhibited /,;, and reached a steady-state level
within 6 min. The effect was significantly reversed by washout. The original /i,
traces at corresponding time points are shown in the right inset.

and 5 Mg,-ATP, pH was adjusted to 7.2 with KOH. For /,; and
Ik, recording, BaCl, (200 uM) and CdCl, (200 M) were
added to the superfusion to block Ix; and Ic,;. Atropine
(1.0 uM) was used to minimize possible /x acn contamination
during the current recording. Verapamil (10 uM) was added to
inhibit Ik, when recording /,,; (Gao et al., 2004). Raloxifene
(Sigma-Aldrich), 17p3-estradiol (Sigma-Aldrich), and ICI
182780 (7a,17b-[9[(4,4,5,5,5-Pentafluoropentyl)sulfinyl]
nonyl]estra-1,3,5(10)-triene-3,17-diol) (Tocris, Bristol, UK)
were dissolved in dimethyl sulphoxide (DMSO) with a stock
solution of 100 mM.

3. Results
3.1. Effects of raloxifene on I,,;

Fig. 1 shows the voltage-dependent membrane currents
(capacitance was compensated) recorded in a human atrial
myocyte with the voltage protocol shown in the inser at 0.2 Hz
in control, in the presence of raloxifene, and after raloxifene
washout. The transient outward K" current /,,; was inhibited by
1 uM raloxifene, and the inhibitory effect was partially reversed
by washout. The sustained current (i.e. Ix,,) was also reduced as
1,1 was inhibited by raloxifene. Verapamil was found to inhibit
Iy without reducing the /,,; amplitude in human atrial myo-
cytes (Gao et al., 2004). Therefore, verapamil at 10 pM was
used to separate [, from I, as described below.

Fig. 2A displays voltage-dependent 7, traces recorded with
the voltage protocol shown in the inset during control, in the
presence of 10 uM verapamil, co-presence of verapamil and
1 uM raloxifene, and washout of raloxifene. Amplitude of 7,4,
was actually increased by application of verapamil to inhibit
Ixyr as described previously (Gao et al.,, 2004). Raloxifene
remarkably suppressed /., and the effect was partially reversed
by washout. Fig. 2B displays the time course of [, in the
presence of 10 uM verapamil. /,; amplitude measured from
peak to ‘quasi’-steady-state level was gradually decreased by
1 puM raloxifene, and the effect reached a steady-state level
within 6 min, and partially recovered upon washout. The
original /i, traces at corresponding time points are shown in the
right inset of the panel. I,,; was inhibited by 41% with 1 pM
raloxifene (n=7, P<0.01 vs control).

The effects of raloxifene on current—voltage (/-V) relation-
ships of /,; density were studied in seven cells at concentrations
of 0.3, 1, 3, and 10 pM (Fig. 3A). Raloxifene inhibited /., in a
concentration-dependent manner. Raloxifene at 0.3 to 10 uM
suppressed i, at test potentials of 0 mV to +60 mV (n=7,
P<0.05 or P<0.01 vs control, respectively), and the effect
was partially reversed by washout. No significant voltage-de-
pendence was observed with any concentration of raloxifene
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Fig. 3. Concentration-dependent effects of raloxifene on /,;. A. I-V relation-
ships of /i, in cells pretreated with 10 uM verapamil (control) and in the co-
presence of 0.3, 1, 3, and 10 uM raloxifene. Raloxifene inhibited 7, in a
concentration-dependent manner, and the effect recovered by 51% on washout
(10 min). B. Percent reduction of /,; at 0 to +60 mV by raloxifene at 0.3—
10 uM. Raloxifene significantly inhibited /,; at concentrations from 0.3 to 1, 3,
and 10 pM (n=7, P<0.01 vs control). No significant voltage-dependence was
observed for the drug effect at 0.3—10 pM. C. Concentration-response
relationship for inhibiting /,,; by raloxifene. Symbols are mean experimental
data at +50 mV. Solid line is the best-fit of the Hill equation.
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Fig. 4. Effects of raloxifene on time-dependent kinetics of /i,;. A. I, tracing
from a representative cell (Cy,: 78 pF) upon 300-ms voltage pulse from —50 to
+50 mV at a holding potential of —50 mV during control (with pretreatment of
10 pM verapamil), and in the co-presence of 1 uM raloxifene. Inactivation raw
data (points) during control and in the presence of raloxifene were fitted to a
mono-exponential function (solid lines) with time constants shown. B. Mean
values of time constants of /;, inactivation in the absence and presence 0f 0.3, 1,
and 3 pM raloxifene. Raloxifene accelerated /,,; inactivation as the
concentration increased (n=6, *P<0.05, **P<0.01 vs control). C. The time
to peak of [, activation at 0 to +60 mV under control conditions and in the
presence of 1 uM raloxifene. Raloxifene reduced /;,; activation time course
(n=6, **P<0.01 vs control). The statistical significance was analyzed by the
repeated measures ANOVA.

(Fig. 3B). Concentration-response relationship for inhibiting
Iio1 by raloxifene was evaluated at +50 mV (Fig. 3C). Data were
fitted to the Hill equation: E=FE,,«/[1+(ICso/ C)b], where E is
the inhibition of /,; in percentage at concentration C, E . is
the maximum inhibition, ICs, is the concentration for a half-
maximum action, and b is the Hill coefficient. The ICsy of
inhibiting /,,; by raloxifene was 0.9 uM, Hill coefficient was
1.2, and E,,,, was 83.8%.

Time-dependent kinetics of /,; was determined in the
presence of 10 uM verapamil (to inhibit /) plus raloxifene.
Fig. 4A shows I, traces recorded in a representative cell with
the voltage protocol shown in the inset before and after
application of raloxifene. Raw data of /,,; (points) were well
fitted to a mono-exponential function (solid line) during control,
and in the presence of 1 uM raloxifene with time constants
shown. The inactivation time constant was remarkably reduced
by 1 uM raloxifene. The averaged time constants observed in
six cells during control and after application of 0.3, 1, and 3 pM
raloxifene are shown in Fig. 4B. Raloxifene significantly
accelerated I,,; inactivation in a concentration-dependent
manner. Fig. 4C shows the time to peak of [, activation
determined from the onset of depolarization to the current peak.

Raloxifene at 1 uM reduced the time to peak of /,; at O to
+60 mV (n=6, P<0.01 vs control).

Voltage dependence of I,,; activation and inactivation was
evaluated in the absence and presence of 1 pM raloxifene. The
variable (g) of voltage-dependent activation was determined
from /—Vrelationships for each cell from Fig. 3A during control
and in the presence of 1 pM raloxifene, based on the
formulation g=1/(V;—V;), where [ is the peak current at test
potential (77), and V; is the measured reversal potential (around
—70 mV). The variable (//1,,,,) for steady-state inactivation of
Ii,1 was determined with the protocol as illustrated in the inset
of Fig. 5A. Mean data values of normalized activation and
inactivation were fitted to the Boltzmann distribution to obtain
half activation or inactivation voltage (7} 5) and slope factor (S)
of the current during control, and in the presence of 1 pM
raloxifene are shown in Fig. 5B. The voltage dependence of /.,
activation and inactivation was not affected by the application
of raloxifene.

Time-dependent recovery of [,; from inactivation was
studied using a paired-pulse protocol by varying P1-P2 interval
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Fig. 5. Effects of raloxifene on voltage-dependence of activation and
inactivation of /.1, and recovery of /,,; from inactivation. A. Representative
current traces and voltage protocol (1-s conditioning pulses from —100 to
+30 mV at a holding potential of —80 mV, followed by a 300-ms test pulse to
+50 mV after a 30-ms interval at —40 mV) used to evaluate steady-state
inactivation of /,,; recorded in a human atrial cell (C,,,: 67 pF) in the presence of
10 uM verapamil. B. Voltage dependent variables for /,,; activation (Act.) and
inactivation (Inact.) were fitted to the Boltzmann distribution: y=1/{1+exp
[(Vin—Vo.5)/S], where V;,, is membrane potential, ¥, s is the midpoint, and S is
slope. For activation, V5 and S were 11.1+£1.2 and —12.5+0.4 mV in control,
and 11.4+0.8 and —13.1£0.5 mV after 1 uM raloxifene (n=8, P=NS). For
inactivation, Vs and S were —25.8+1.8 and 6.6+0.2 mV during control, and
—27.4+1.4 and 7.0+£0.5 mV after 1 pM raloxifene (n=6, P=NS). C.
Representative current traces recorded in a typical experiment (Cp,: 81 pF) in
the presence of 10 uM verapamil using 300-ms paired pulses to +50 mV after a
30-ms step of —40 mV (to inactivate Iy,) from —80 mV with varying P1 and P2
interval (inset), which are used for assessing time-dependent recovery of I,
from inactivation. D. Mean data for time course of recovery of [, from
inactivation in the absence and presence of 1 pM raloxifene in six cells. Data
were best fitted to a mono-exponential function.
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as shown in the inset of Fig. 5C. The recovery curves were fitted
to a monoexponential function in the absence and presence of
raloxifene (Fig. 5D). Recovery time constant was 66.4+9.5 ms
in control, 105.0+12.4 ms in the presence of 1 pM raloxifene
(n=6, P<0.05), and 69.3+7.5 ms after washout. The result
suggests that recovery of /,; from inactivation is reversibly
slowed by raloxifene.

3.2. Effects of raloxifene on I,

Fig. 6A displays voltage-dependent /i, traces recorded in a
representative cell with voltage protocol shown in the inset. The
current was rapidly activated by depolarization potentials with a
small tail current at —30 mV. Raloxifene at 1 pM substantially
inhibited both /I, and tail currents, and the effect partially
recovered on washout. At test potential of +50 mV, I, was
reduced by 57.3+£3.3% with 1 pM raloxifene (n=10, P<0.01
vs control). Fig. 6B shows the time-course of /i, recorded in a
representative cell with the voltage protocol shown in the left
inset. I, measured from the zero level to the current at end of
voltage step was gradually inhibited by raloxifene, and the
effect partially recovered upon washout. The original /i, traces
at corresponding time points are shown in the right inset of the
panel.

Fig. 7A displays the /-V relationships of /i, in the absence
and presence of 0.3, 1, 3, and 10 uM raloxifene in six cells.
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Fig. 6. Effects of raloxifene on /.. A. Voltage-dependent /i, traces recorded in
a representative cell (C,,,: 85 pF) with the voltage protocol shown in the inset, a
100-ms prepulse to +40 mV to partially inactivate /;,;, followed by 150-ms test
pulses from —40 to +60 mV at a holding potential of —50 mV after a 10-ms
interval, then to —30 mV. Ik, was reversibly inhibited by 1 pM raloxifene. B.
Time-course of /i, recorded in a typical experiment (C,,,: 78 pF) in the absence
and presence of 1 pM raloxifene. The original I, traces at corresponding time
points are shown in the right inset of the panel.

A 61 pAPF
O Control 5
® 03uM 44
A 1M
v 3uM 3
B 10 uM raloxifene 2]

O Washout /P,J/’L’J
-40 -20 0 20 40 60
TP (mV)

B 100 .
— Raloxifene
S0 ¥ —9 o o o go3m
C
: ‘\‘\*\Q—‘—‘_‘
ko]
2 40 1uM
_E 20 3uM

10uM

(@)

Iir inhibition (%)

Raloxifene (uM)

Fig. 7. Concentration-dependence of raloxifene on /i, A. -V relationships of
Ixyr during control, in the presence of 0.3, 1, 3, and 10 uM raloxifene.
Raloxifene inhibited /k,, in a concentration-dependent manner, and the effect
recovered by 78% (at +50 mV) on washout (10 min). B. Percent reduction of
Iiur at 0 to +60 mV by 0.3—10 pM raloxifene. Raloxifene significantly inhibited
I.; at concentrations from 0.3 to 1, 3, and 10 pM (=6, P<0.05 of P<0.01 vs
control at all potentials). Significant voltage-dependence was observed for the
drug effect at 1-10 pM, and stronger effect was observed at potentials positive
to +10 and +60 mV (P<0.05 or P<0.01 vs 0 mV). C. Concentration response-
relationship for inhibiting /i, (at +50 mV) by raloxifene.

Raloxifene inhibited /i, in a concentration-dependent manner,
and the effect was partially reversed by washout. The inhibition
showed significant voltage-dependence with 1-10 pM ralox-
ifene (Fig. 7B), and stronger effect was observed at potentials
positive to +10 mV (n=6, P<0.05 or P<0.01 vs 0 mV). Fig.
7C shows the concentration-response relationship of raloxifene.
The ICsy (at +50 mV) of raloxifene for inhibiting /i, was
0.7 uM, Hill coefficient was 1.1, and E,,,, was 90.6%.

3.3. Effects of estrogen on I,,; and Iy,,

To study whether estrogen would have similar inhibitory
effects on Iy, and I, B-estradiol was tested. 3-estradiol at
100 uM showed an inhibitory effect on /,,, but a little effect on
Ik, in a representative human atrial myocyte (Fig. 8A). We
therefore analysed the effects of 3-estradiol on /;,;. Voltage-
dependent /,,; recorded in the presence of 10 uM verapamil was
reversibly decreased by application of 10 pM B-estradiol (Fig.
8B). At test potential of +50 mV, 10 pM B-estradiol decreased
Iy by 29.4+3.2% (n=7, P<0.01 vs control). Fig. 8C shows
time-dependent effect of 3-estradiol on /. 3-estradiol decreased
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Fig. 8. Effects of p-estradiol on I, and Iy,. A. Membrane currents were
recorded with the voltage protocol shown in B.c during control (a), 100 uM {3-
estradiol (b), and washout (c). p-estradiol at 100 pM showed a slight reduction
of Ixur, and a substantial inhibition of /,,1 in a typical experiment (Cy,: 68 pF). B.
;o1 recorded in a human atrial moycyte (Cy,: 74 pF) in the presence of 10 uM
verapamil during control (a), 10 puM P-estradiol co-administration (b), and
washout of B-estradiol (c). B-estradiol reversibly inhibited /,,;. C. Time course
of /;,; recorded in a human atrial cell (Cy,: 81 pF) by a voltage pulse from —50 to
+50 mV at a holding potential of —50 mV in the absence and presence of 10 pM
{3-estradiol. Original /,; traces at corresponding time points are shown in the
right of the panel. D. Concentration-response relationship of inhibiting 7, (at
+50 mV) by p-estradiol.

I, in a concentration-dependent manner (Fig. 8D), and the
ICso was 10.3 uM, Hill coefficient was 1.1, and E,,,, was
57.6%.

The effects of P-estradiol on voltage-dependence and
recovery of /,; were determined in different cells. 3-estradiol
at 10 pM, like raloxifene, had no effect on voltage-dependence
of steady-state activation and inactivation of /. The Vs of
activation was 13.24+1.9 mV in control, and 14.8+£2.0 mV for
p-estradiol (n=5, P=NS). The V5 for inactivation of /;,; was
—24.5+1.2 mV and —25.2+1.1 mV for control and 17p-
estradiol (n=5, P=NS). In addition, the recovery time constant
of I,; was not altered by B-estradiol (69.8+12.3 and 71.2+
10.5 ms before and after P-estradiol, n=5, P=NS). The
inactivation time constant of /;,; (at +50 mV) was reduced by
application of 10 uM B-estradiol (53.1+7.4 to 41.7+7.5 ms of
control, n=5, P<0.05), but the time to peak of /;,; at +50 mV
was not significantly affected (3.7+£0.6 ms vs 3.3£0.7 ms of
control, n=5, P=NS) by p-estradiol.

3.4. The effects of ICI 182,780

To test whether the raloxifene- or [-estradiol-induced
inhibition of /i, and/or /;,; was mediated by estrogen receptors,
we treated the cells with 10 pM ICI 182,780, a classical
estrogen receptor antagonist. This concentration effectively
blocked estrogen receptor activation and intracellular signaling
(Mori-Abe et al., 2003) and raloxifene-induced endothelium-
dependent relaxation in rabbit coronary arteries (Figtree et al.,
1999). The cells were incubated with 10 uM ICI 182,780 for at
least 1 h, and then the effects of raloxifene on Ik, and/or .,
were determined. After the pretreatment of ICI 182,780, I, at
+50 mV was decreased by 38.8+3.5% with 1 uM raloxifene
(n=5, P=NS vs raloxifene alone). The incubation with 10 uM
ICI 182,780 did not affect the inhibitory effect of 1 uM
raloxifene on f,, either (n=5, 52.6 £4.5%, P=NS vs raloxifene
alone), suggesting that the reduction of I, and/or I, by
raloxifene is not mediated by estrogen receptor. Similarly, the
inhibition of /,; by B-estradiol was not affected by ICI 182,780
(data not shown).

3.5. Raloxifene on human atrial action potentials

The effect of raloxifene on cardiac action potential duration
was determined in human atrial myocytes with a perforated
configuration (Li et al., 2002) at 36 °C. Fig. 9A displays action
potential traces recorded in a representative cells at 2 Hz.
Raloxifene at 1 pM reversibly prolonged action potential
duration. Action potential duration at 50% and 90% repolari-
zation were significantly increased by the application of
raloxifene (Fig. 9B, n=6, P<0.01). In addition, we measured
action potential duration at 50% and 90% repolarization at
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Fig. 9. Effect of raloxifene on cardiac action potential. A. Action potentials
recorded in a representative human atrial myocyte with perforated patch
configuration at 2 Hz in the absence and presence of 1 uM raloxifene. B. Mean
values of human atrial action potential duration at 50% and 90% repolarization
(APDs, and APDy,) during control and after application of 1 uM raloxifene for
5 min (n=6, P<0.01 vs control).
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frequencies of 0.5, 1 and 2 Hz in four cells in the absence and
presence of 1 uM raloxifene. The percent increases of action
potential duration at 50% and 90% repolarization were 47.0+
4.2 and 45.3+£6.4%, 49.2+10.5 and 46.4+9.4%, and 46.8+6.3
and 44.8+7.4% (P=NS) respectively at 0.5, 1, and 2 Hz,
suggesting that there is no reverse frequency dependence of
action potential with raloxifene. Moreover, no instability of
action potential was observed in all the cells studied.

4. Discussion

The present study demonstrated for the first time that the
selective estrogen receptor modulator raloxifene blocks human
atrial native /;,; and /i, in a concentration-dependent manner,
while B-estradiol has no significant effect on /i, and shows a
relatively weak inhibitory effect on /. These effects are
unaffected by the estrogen receptor antagonist ICI 182,780.

Raloxifene possesses cardiovascular protective properties
(Wenger, 2002). However, potential mechanisms of cardiovas-
cular effects are not fully understood. Previous studies showed
that the cardiovascular protection of raloxifene was related to
the reduction of low-density lipoprotein-2 cholesterol and
increase of high-density lipoprotein-2 cholesterol (Walsh et al.,
1998), and the vascular dilation in estrogen receptor-dependent
and independent pathways (Simoncini et al., 2002; Simoncini
and Genazzani, 2000; Figtree et al., 1999). In addition,
raloxifene was found to have direct cardioprotection against
myocardial injury and ventricular fibrillation via intra-coronary
infusion (I pM in coronary blood) in a canine model of
ischemia/reperfusion (Ogita et al., 2002, 2004a), and to prevent
cardiac hypertrophy and dysfunction in pressure-overloaded
mice (Ogita et al., 2004b).

A recent report demonstrated that raloxifene at 1 uM directly
inhibited the contractility by blocking I,y in guinea pig
ventricular myocytes (Liew et al., 2004), and the inhibition of
Ic,p in cardiac myocytes is very close to that of Ic,p
(IC5o=1 pM) in rat cerebral artery cells (Tsang et al., 2004).
In addition, a more recent study demonstrated that raloxifene at
0.3—10 pM exhibited a substantial relaxation of porcine
coronary artery contraction induced by high KCl, prostaglandin,
Bay K 8644, etc. The effect was related to the inhibition of
voltage-gated and receptor-operated L-type Ca”* channels, and
was independent of endothelial and ICI 182,780-sensitive
estrogen receptors (Moritz et al., 2000).

The present study provided additional information that
raloxifene directly blocks both [i,; and Ik, in human atrial
myocytes. I, contributes importantly to repolarization in
human heart (Li et al., 1995, 1998). Raloxifene inhibited 7,
in human atrial myocytes (Figs. 1 and 2) with an IC5y 0f 0.9 pM,
slowed the recovery of /,; from inactivation, but had no effect
on the voltage dependence of activation and inactivation of the
current (Fig. 5). The drug significantly accelerated inactivation
processes, and reduced the time to peak of the current (Fig. 4),
suggesting involvement of open channel blocking action
(Dukes et al., 1990; Feng et al., 1997). p-estradiol, however,
had a relatively weak inhibitory effect on /,; in human atrial
myocytes (Fig. 8). The selective estrogen receptor antagonist

ICI 182,780 did not affect the inhibitory effects of /,; by
raloxifene or P-estradiol, suggesting these effects are non-
genomic and/or independent of estrogen receptor.

I 1s found to be functionally expressed in human atrium
but not in ventricle (Li et al., 1996). Therefore, the drugs that
specially inhibit the unique /g, may provide a means of
preventing atrial fibrillation without the risk of ventricular
proarthythmia (Nattel, 2002). In the present study, we found
that raloxifene inhibited Ik, with an ICsq of 0.7 pM. The
significant effect of raloxifene on [y, started from the
concentration of 0.1 uM; however, -estradiol had no effect
on [y, The inhibitory effect was not affected by the selective
estrogen receptor antagonist ICI 182,780, suggesting a direct
blocking effect on Ik, in human atrial myocytes. Suppression
of Iy and I, is useful for anti-atrial fibrillation (Nattel, 2002).
Raloxifene inhibited both Ik, and /,;, and prolonged action
potential duration (Fig. 9) in human atrial myocytes, suggesting
a possible beneficial action on supraventricular arrhythmias.

Because there is no specific Ik, available to separate /i,
from I, it is always a weakness when /,; and/or I, are
studied in native cells expressing the two types of channel
currents. The present study used verapamil to separate /;,; from
Ix.; however, verapamil at 10 uM, although this concentration
inhibited /i, without affecting 7, (Gao et al., 2004), could not
fully inhibit /k,. It should be noted that a small portion of
remaining /i, might still contaminate the measured /,;, which
may underestimate the effect of raloxifene on /.

In summary, the present study demonstrates the novel infor-
mation that raloxifene directly inhibits /,; and /i, and prolongs
action potential duration in human atrial myocytes. These results
suggest that raloxifene may be beneficial for supraventricular
arrhythmias in humans, which remains to be studied in the future.
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