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Abstract Raloxifene is widely used for the treatment and
prevention of postmenopausal osteoporosis. We examined
the effects of raloxifene on the Kv4.3 currents expressed in
Chinese hamster ovary (CHO) cells using the whole-cell
patch-clamp technique and on the long-term modulation of
Kv4.3 messenger RNA (mRNA) by real-time PCR analysis.
Raloxifene decreased the Kv4.3 currents with an ICsy of
2.0 uM and accelerated the inactivation and activation kinet-
ics in a concentration-dependent manner. The inhibitory ef-
fects of raloxifene on Kv4.3 were time-dependent: the asso-
ciation and dissociation rate constants for raloxifene were
95 uM ' s and 23.0 s, respectively. The inhibition by
raloxifene was voltage-dependent (§=0.13). Raloxifene
shifted the steady-state inactivation curves in a hyperpolariz-
ing direction and accelerated the closed-state inactivation of
Kv4.3. Raloxifene slowed the time course of recovery from
inactivation, thus producing a use-dependent inhibition of
Kv4.3. 3-Estradiol and tamoxifen had little effect on Kv4.3.
A preincubation of ICI 182,780, an estrogen receptor antago-
nist, for 1 h had no effect on the inhibitory effect of raloxifene
on Kv4.3. The metabolites of raloxifene, raloxifene-4'-glucu-
ronide and raloxifene-6'-glucuronide, had little or no effect on
Kv4.3. Coexpression of KChIP2 subunits did not alter the
drug potency and steady-state inactivation of Kv4.3 channels.
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Long-term exposure to raloxifene (24 h) significantly de-
creased the expression level of Kv4.3 mRNA. This effect
was not abolished by the coincubation with ICI 182,780.
Raloxifene inhibited Kv4.3 channels by interacting with their
open state during depolarization and with the closed state at
subthreshold potentials. This effect was not mediated via an
estrogen receptor.
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Introduction

Raloxifene, a selective estrogen receptor modulator, is widely
used in the prevention and treatment of osteoporosis in post-
menopausal women [18, 27, 40]. A number of clinical and
experimental studies have shown that raloxifene exerts a
multitude of favorable effects on the cardiovascular system
[38, 52]. For example, this drug has direct cardioprotective
effects against myocardial ischemia-reperfusion injury by im-
proving coronary perfusion, cardiac contractility, and
myocardiac metabolism in the canine ischemic heart [31].
Although the ionic mechanism for the antiarrhythmic effects
of raloxifene was not investigated, in animal models, raloxi-
fene has reduced the incidence of ventricular fibrillation and
suppressed the duration of ventricular tachycardia elicited by
myocardial ischemia [9, 30]. In this context, raloxifene has
reportedly inhibited many different types of cardiac ion chan-
nels. Raloxifene directly inhibits the human atrial repolarizing
voltage-gated K" (Kv) currents, which are the transient out-
ward and ultrarapid delayed rectifier Kv currents [25]. The
inhibitory effects of raloxifene on these currents are indepen-
dent of estrogen receptors. In addition, raloxifene inhibits the
cloned human ether-a-go-go related gene (hERG) channel and
the recombinant human cardiac KCNQ1/KCNE]1 channel that
are stably expressed in human embryonic kidney (HEK) cells
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[26]. Raloxifene also inhibits voltage-gated Ca®* currents,
including T- and L-type Ca®" currents, which are involved in
the depolarization of cardiac action potentials [24, 48, 50].

Kv4.3 channels give rise to transient, rapidly activating and
inactivating Kv currents and have been identified as the pri-
mary o-subunits that contribute to the transient outward Kv
currents in human myocytes [12, 32]. These currents play
important roles in the initial repolarization phase of the action
potential in the human heart [6, 36]. Consistent with this role,
physiologic or pathologic conditions such as pregnancy, heart
failure, and atrial fibrillation modulate the expression of this
channel gene [17, 22, 44]. For instance, sex hormones, partic-
ularly estrogen, are associated with a functional downregula-
tion of Kv4.3 channel gene expression [14]. Raloxifene exerts
estrogenic agonistic or antagonistic effects on different tissues
[28]. Because raloxifene is associated with estrogen-like ef-
fects on the cardiovascular system [38], it is possible that
Kv4.3 channels are affected by raloxifene. Therefore, we have
examined the direct effects of raloxifene on the Kv4.3 currents
that are stably expressed in Chinese hamster ovary (CHO) cells
using the patch-clamp techniques. Many women have received
raloxifene over a long period of time [35], and, therefore, in
addition to acute effects, the long-term modulation of Kv4.3 by
raloxifene was investigated using real-time PCR.

Materials and methods
Cell preparation

CHO cells stably transfected with Kv4.3L complementary
DNA (cDNA) were maintained in Iscove’s modified
Dulbecco’s medium (Invitrogen, Grand Island, NY, USA)
supplemented with 10 % fetal bovine serum, 2 mM glutamine,
0.1 mM hypoxanthine, 0.01 mM thymidine, and 0.3 mg/ml
geneticin (Invitrogen), as described previously [1, 32]. For the
coexpression of an ancillary 3-subunit, CHO cells were tran-
siently transfected with 1.4 pg KChIP2 plasmid DNA
(GenBank No. NM 014591) and 4.2 ul FuGENE HD (Roche
Diagnostics, Indianapolis, IN, USA) per 35-mm petri dish
according to the manufacturer’s protocol. Patch-clamp exper-
iments were performed 1-2 days after transfection. Only
green fluorescing cells were used for recordings. Cells were
detached from the culture flask using brief trypsin-EDTA
(Invitrogen) treatments and were seeded onto glass coverslips
(12-mm diameter; Fisher Scientific, Pittsburgh, PA, USA)in a
35-mm petri dish 24 h prior to use.

Electrophysiological recordings
Whole-cell currents were recorded at room temperature (22—

24 °C) using an Axopatch 200B amplifier (Molecular De-
vices, Sunnyvale, CA, USA). Patch pipettes were pulled from
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borosilicate glass capillaries (PG10165-4; World Precision
Instruments, Sarasota, FL, USA) using a programmable hor-
izontal microelectrode puller (P-97; Sutter Instrument Co.,
Novato, CA, USA) and had a tip resistance of 3—5 M) when
filled with a pipette solution. When the Kv4.3 currents
exceeded 1 nA, voltage errors were minimized using 80 %
series resistance compensation. Cells were perfused with an
extracellular solution containing (in mM) 140 NaCl, 5 KCl, 1
CaCl,, 1 MgCl,, 10 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), and 10 glucose,
which was adjusted to pH 7.3 using NaOH. The intracellular
pipette solution contained (in mM) 140 KCI, 1 CaCl,, 1
MgCl,, 10 HEPES, and 10 EGTA, adjusted to pH 7.3 with
KOH. The measured osmolarity of the extracellular solution
was 300-310 mOsm. Raloxifene, 3-estradiol, tamoxifen (Sig-
ma, St. Louis, MO, USA), ICI 182,780, raloxifene-4'-glucu-
ronide, and raloxifene-6'-glucuronide (Santa Cruz Biotechnol-
ogy, Inc, Santa Cruz, CA, USA) were dissolved in dimethyl
sulfoxide (DMSO, Sigma) as stock solutions. The concentra-
tions used in the present study were then diluted with the
extracellular solution to obtain the desired concentration.
The concentration of DMSO in the final dilution was less than
0.1 %, and this concentration had no effect on Kv4.3 currents.

Data analysis

Data were analyzed using Clampfit 10.0 (Molecular devices)
and Origin 8.0 software (Origin Lab Corp., Northampton,
MA, USA). The data of the concentration-response curve
were fitted to the Hill equation:

f=1/[1 + (D)/(ICs0)"] (1)

where f'is the fractional inhibition, [D] is the drug concen-
tration, ICs is the drug concentration necessary for a 50 %
inhibition, and 7 is the Hill coefficient. A first-order blocking
scheme was used to describe the drug-channel interaction. The
apparent rate constants for association (k) and dissociation
(k-1) were obtained from the following equation. [43]:

o = 1/(ks1[D] + k1) (22)

KD - k—] /k+1 (2b)

in which 7 is the time constant of the fast initial drug-
induced current decay. The voltage dependence of steady-
state inactivation was measured using a two-pulse protocol.
A series of 1 s conditioning pulses with potentials ranging
from —110 to +10 mV was delivered, followed by a test pulse
of 500 ms to +40 mV. The curves were fitted with the follow-
ing equation:

(I~Le) ) (Imax—1c) = 1/[1 + CXP(V_VI/Z)/H 3)



Pflugers Arch - Eur J Physiol (2015) 467:1663-1676

1665

in which I, represents the maximum current from the
absence of inactivation, and /. represents a noninactivating
current at the most depolarized 1 s preconditioning pulse. ¥,
V15, and k are the test potential, the potential at which half of
the channel population is inactivated, and the slope factor,
respectively. The noninactivating residual current was re-
moved by subtracting it from the actual value. The voltage
dependence of the inhibition was determined as follows: the
fractional inhibition was measured at individual test potentials
and the voltage dependence of the fractional inhibition was
fitted with a Woodhull equation:

J = [DI/{ID] + Kq(0) x exp(=z0FV /RT)} (4)

where Ky (0) is the apparent affinity at 0 mV (the reference
voltage), z is the charge valence of the drug, ¢ is the fractional
electrical distance (i.e., the fraction of the transmembrane
electric field sensed by a single charge at the receptor site),
F is Faraday’s constant, R is the gas constant, and 7 is the
absolute temperature. In the present study, 25.4 mV was used
as the value of RT/F at 22 °C.

RNA isolation and real-time PCR

Total RNA from the CHO cells was isolated using TRIzol®
Reagent (Life Technologies, Carlsbad, CA, USA) and it was
reverse-transcribed by PrimeScript™ RT kit (Takara, Otsu,
Shiga, Japan), according to the manufacturer’s instructions.
For the quantitative real-time PCR analysis, the cDNA was
amplified with primers and a SYBR Green Q-PCR Master
Mix (Takara) using an ABI 7300 thermal cycler (Applied
Biosystems, Foster City, CA, USA). Real-time PCR was
started at 95 °C for 10 s in the initial denaturation stage,
followed by a PCR of 40 cycles at 95 °C for 5 s (denaturing
step) and 60 °C for 30 s (annealing step). The PCR was
validated via melting curve analysis performed in the dissoci-
ation stage. The primer sequences were as follows: Kv4.3
forward 5-TAGCAAGAAGACCACGCACC-3' and reverse
5'-GCTGGAGCGACTAGTGGTGA-3'; GAPDH forward 5'-
CTGCCTTCACTTCTGGCAAA-3" and reverse 5-GCCTTG
ACTGTGCCTTTGAA-3". The relative quantity of Kv4.3
expression was calculated using the AACt method with the
GAPDH messenger RNA (mRNA) as an internal control, and
four to six independent RNA samples were examined for
statistical analysis.

Statistical analysis

All values are expressed as the mean+SE. Statistical
significance was tested using Student’s ¢ test and one-
way analysis of variance followed by Bonferroni test for
comparisons of multiple groups. P values were consid-
ered significant at P<0.05.

Results
Concentration- and time-dependent inhibition of Kv4.3

Figure 1 shows the whole-cell Kv4.3 currents evoked by 500-
ms depolarizing pulses to +40 mV from a holding potential of
—80 mV every 10 s, before and after the application of ralox-
ifene. Under control conditions, the Kv4.3 currents were
rapidly activated and inactivated during 500-ms depolarizing
pulses as described previously [2, 32]. Figure 1a demonstrates
the effect of cumulatively increased concentrations (0.3—
10 uM) of raloxifene on Kv4.3 currents. When raloxifene
was perfused, the inhibition of Kv4.3 reached a steady level
within 3 min. The current amplitudes recovered to 95.8+
2.1 % (n=12) of the control value after the drug washout.
Raloxifene had two effects on the Kv4.3 current. It decreased
the peak amplitude of Kv4.3 and accelerated the decay phase
of inactivation in a concentration-dependent manner. Thus,

Kv4.3
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Fig. 1 Concentration-dependent inhibition of Kv4.3 by raloxifene. a
Original Kv4.3 current traces were recorded following 500-ms
depolarizing pulses from a holding potential of —80 to +40 mV at 10 s
intervals under control conditions and after application of 0.3, 1, 3 and
10 uM of'raloxifene. The inset shows the first 50 ms of the Kv4.3 currents
on an expanded time scale. The dotted line marks zero current. b Con-
centration-response curve for Kv4.3 inhibition by raloxifene. The solid
line represents the fit of the data to the Hill equation. Data are expressed as
the mean+SE
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the inhibition of Kv4.3 current was quantified as a reduction in
the integral of the current during depolarization. A nonlinear
least-square fit of the Hill equation yielded an ICs value of
2.0+£0.1 uM with a Hill coefficient of 1.8+£0.1 (n=38)
(Fig. 1b). Under control conditions, the decay of the Kv4.3
current was well fitted by the double exponential function of
the fast and slow time constants (Fig. 2a). The acceleration in
the inactivation rate of Kv4.3 by raloxifene showed an appar-
ent dependence on the raloxifene concentration. At 3 and
10 uM, raloxifene significantly accelerated both the fast and
slow time constants as a function of its concentration. To
investigate the effect on the activation kinetics, we normalized
the Kv4.3 currents in the absence and presence of raloxifene.
The activation kinetics (the dominant time constant of activa-
tion kinetics) was determined by fitting a single exponential
function to the latter 50 % of activation [42, 53]. Under control
conditions, the activation time constant was 0.75+0.03 ms
(n=8) (Fig. 2b). The activation kinetics of the Kv4.3 current
was accelerated by raloxifene in a concentration-dependent
manner. The time constants of activation were decreased to
0.71+0.02, 0.66+0.03, 0.54+0.01, and 0.46+0.02 (Fy, 35=
17.13, P<0.01) for 0.3, 1, 3, and 10 uM of raloxifene, respec-
tively. We also analyzed the activation kinetics by measuring
the time from the onset of depolarization to peak Kv4.3
current (time-to-peak) [3], which reflects the transition from
the closed to the open state of Kv4.3 channels, in the absence
and presence of raloxifene. Raloxifene significantly decreased

Fig.2 Inactivation and activation

the time-to-peak in a concentration-dependent manner
(Fig. 2¢). The time-to-peak was also decreased for the poten-
tials tested (Fig. 2d). Taken together, the time-to-peak was
decreased secondary to the combination of acceleration in
both activation and inactivation kinetics of Kv4.3. The time
course for the development of a Kv4.3 inhibition by raloxifene
is shown in Fig. 3. Drug-induced inhibition was plotted as a
function of time after the onset of the pulse. The inhibition
developed exponentially with time, and the rate of inhibition
was increased with increase in concentration (Fig. 3a). The
time constant of the fast component was concentration-
dependent and was considered to represent the time constant
for the development of the inhibition of Kv4.3. The linear
regression fitted to the data at four concentrations yielded an
apparent association rate constant of9.5+1.1 uM ' s' and an
apparent dissociation rate constant of 23.0+3.2 s ! (n=8)
(Fig. 3b). The theoretical Kp value derived from these values
by k_i/ks; was 2.6+0.3 uM (n=8), which was similar to the
ICso value obtained from the concentration-response of
Fig. 1b.

Voltage-dependent inhibition of Kv4.3
The effects of voltage on the raloxifene inhibition of Kv4.3
were investigated by applying a series of 500-ms depolarizing

pulses between —70 and +60 mV from a holding potential of
—80 mV before and after the application of raloxifene

B

kinetics of Kv4.3. a The fast and 200+ 1.04

slow inactivation time constants —

as a function of concentration of g 150 —O— fast component @ 0.8-

raloxifene. b The dominant = 1504 @ slow component §, §§\§
activation time constants as a ; e 0.6 \*

. . *
function of concentration of O 1001 g 5\”“\5
raloxifene. Time-to-peak as a © = 0.4

. . > ®©
function of concentrations of B 50 >
raloxifene (c) and test potentials 8 1 * © 0.2
(d) in the absence and presence of £ @M\g <
raloxifene. *P<0.05, significantly 0 . . . : T 0.0+— , . : T T
different from the control value. 0 2 4 6 8 10 0 2 4 6 8 10
Data are expressed as the . .
meantSE Raloxifene (uM) Raloxifene (uM)

C D

6 50-
% 5] 2 a0
£ % 3 40 % ~O-— Control
X~ 44 N ~ —@— 3 uM Raloxifene
® & S 30+
Q 31 &— g
£ 2 ¢ S 201
b o
g 14 g 10
— -

0+— - : : : 0

0 2 4 6 8 10 -40 -20

Raloxifene (uM)

@ Springer

Potential (mV)



Pflugers Arch - Eur J Physiol (2015) 467:1663-1676

1667

A - Raloxifene (uM)
_ 1.0+
[
£ 1
—© 0.8
/-\w T
& 0.6-
& 1
©
— 0.4
s 1
_ 8 024
0.0 iy : : : :
0O 100 200 300 400 500
Time (ms)
B
140
120
~—~ 100+
)
~  80-
(a]
© 601
T 40-
20-
0 T T T T T T T T T T T T T

0 2 4 6 8 10 12
Raloxifene (uM)

Fig. 3 Time-dependent inhibition of Kv4.3. a Drug-sensitive currents
were calculated by subtracting the ratio of the current amplitude before
and after the addition of raloxifene from unity. The time courses of the
inhibition were fitted to a double exponential function that yielded the
concentration-dependent time constants. b The reciprocals of drug-in-
duced fast time constants (7p) were plotted versus raloxifene concentra-
tions. The solid line represents the linear fit for 7 of the fast component in
the presence of raloxifene. Data are expressed as the mean+SE

(Fig. 4a, b). Figure 4c shows a representative /- relationship
for the peak current of Kv4.3 in the control and presence of
raloxifene. For a voltage-dependent inhibition, the fractional
integral inhibition of Kv4.3 (Iraioxifene/ Icontrol) Was plotted
against the membrane potential (Fig. 4d). At test potentials
from —30 to +10 mV, the raloxifene-induced inhibition in-
creased from 56.4+4.5 % at —30 mV to 72.4+3.1 % at +
10 mV (n=7, P<0.01), which corresponded to the voltage
range of the channel activation. At a more positive potential
where the conductance was saturated, raloxifene displayed a
shallow voltage dependence. When the experimental data
were fitted with a Woodhull equation, the calculated fractional
electrical distance (9) was 0.13+0.04 (n=7) in the presence of
raloxifene.

Effects on the steady-state inactivation and closed-state
inactivation of Kv4.3

Figure Sa illustrates the effects of raloxifene on the voltage
dependence of the steady-state inactivation of Kv4.3. The
steady-state inactivation was determined by measuring the
Kwv4.3 currents that were evoked by depolarizing pulses to +
40 mV while the holding potential (1 s duration) was in-
creased in 10 mV increments from —110 to+10 mV. Under
control conditions, the V', and k values were —50.5+2.2 and
5.9+0.4 mV (n=7), respectively. After the administration of
raloxifene, there was a hyperpolarizing shift in Vy, (=56.3+
2.5 mV, n=7, P<0.05). However, the k£ value did not change
significantly in the presence of raloxifene (6.1+0.5 mV, n=7).
Since Kv4.3 channels are inactivated predominantly from the
closed state without opening at above subthreshold potentials
[4], the closed-state inactivation was measured with prepulses
of =60 and —50 mV [56]. The ratios of current measured at
—60 and —50 mV to that measured at —110 mV represent the
fraction of Kv4.3 currents directly entering into closed-state
inactivation (Fig. 5b). Raloxifene produced a significant re-
duction in the ratios at —60 and —50 mV, suggesting that the
kinetics of closed-state inactivation of Kv4.3 was accelerated
in the presence of raloxifene. Detailed analysis of the closed-
state inactivation of Kv4.3 was estimated under different
durations of conditioning prepulse from 5 ms to 20 s
(Fig. 6a). Under control conditions, the time course for the
closed-state inactivation of Kv4.3 was fitted to a single expo-
nential function with a time constant of 4.12+0.17 s (n=7)
(Fig. 6b). In the presence of raloxifene, the closed-state inac-
tivation was also fitted to a single exponential function and
was accelerated with a time constant of 1.07+£0.27 s (n=7,
P<0.05).

Effects on the recovery from inactivation and use dependence
of Kv4.3

Recovery from inactivation of Kv4.3 was investigated using a
two-pulse protocol with prepulses and test pulses to +40 mV
from a holding potential of —80 mV (Fig. 7a). The interval
between the prepulse and test pulse was increased (10—
10,000 ms), and the peak currents of Kv4.3 during test pulses
were then normalized to that during prepulses. Under control
conditions, the time course of recovery from inactivation of
Kv4.3 was fitted to a single exponential function with a time
constant of 198.4+16.0 ms (n=8) (Fig. 7b). The recovery
from inactivation in the presence of raloxifene was fitted to a
double exponential function with a fast time constant 0f 499.2
+46.1 ms and a slow time constant of 5,229.0+464.1 ms (n=
8, P<0.05), suggesting that raloxifene delayed the recovery
from inactivation of Kv4.3. To study the use-dependent inhi-
bition by raloxifene, Kv4.3 currents were evoked by 20 con-
secutive 200-ms pulses to +40 mV from a holding potential of
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Fig. 4 Voltage-dependent A
inhibition of Kv4.3. Kv4.3
currents were elicited by 500-ms
depolarizing pulses in the range
—80 to +60 mV from a holding
potential of =80 mV in the
absence (a) and presence (b) of
raloxifene. The inset shows the
first 50 ms of the Kv4.3 currents
on an expanded time scale. The
dotted line marks zero current. ¢
Current-voltage relationship for a
Kv4.3 inhibition. d Relative
integral currents from the data
shown in a and b. The dashed line
represents the normal activation
curve of Kv4.3 [20]. The voltage
dependence was fitted with Eq. 4
(see “Materials and methods™)
and yielded 6=0.13+£0.04 (n=7).
*P<0.05, significantly different
from the value at =30 mV. Data
are expressed as the mean+SE
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—80 mV at frequencies of 1 and 2 Hz in the absence and
presence of raloxifene (Fig. 8a). Under control conditions,
the peak current of Kv4.3 decreased by 7.5£1.8 % (n=
8) at a stimulation frequency of 1 Hz and 30.7£2.9 %
(n=8) at a frequency of 2 Hz over the course of 20
repetitive depolarizing pulses (Fig. 8b). In the presence
of raloxifene, there was a reduction in the peak ampli-
tude of Kv4.3 current evoked by the first pulse applied
after exposure of the cell to raloxifene for 3 min with-
out pulsing (tonic block), which averaged 20.1+0.4 %
(n=8). During the application of the train of pulses, the
current amplitude progressively decreased to reach a
final value of 57.844.2 % at 1 Hz and 75.0£2.1 %
(n=8) at 2 Hz.

Effects of (3-estradiol, tamoxifen, and ICI 182,780 on Kv4.3

To investigate whether the inhibitory effect of raloxifene is
mediated through estrogenic receptors, we tested the effects of
estrogen agonists, {3-estradiol and tamoxifen on Kv4.3
(Fig. 9a, b). 3-Estradiol and tamoxifen decreased Kv4.3 cur-
rents in a concentration-dependent manner. However, even
300 uM of (3-estradiol and tamoxifen reduced the peak am-
plitude of the Kv4.3 current by only 28.3+4.7 % (n=9) and
22.742.9 % (n=9), respectively, and complete inhibition
could not be achieved. A partial concentration-response curve
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yielded a tentative ICs, value of 1.2+£0.2 mM and a Hill
coefficient of 0.8+0.1 (n=9) for (3-estradiol and a tentative
ICsg value of 1.3£0.5 mM and a Hill coefficient of 1.14+0.3
(n=9) for tamoxifen. Thus, these agents are much less potent
than raloxifene in inhibiting Kv4.3 currents by about 600-fold.
After preincubation of 10 pM ICI 182,780 for 1 h, the appli-
cation of 3 uM raloxifene to the bath solution containing ICI
182,780 decreased Kv4.3 currents by 57.1+0.2 % (n=5)
(Fig. 9¢). Since this concentration of ICI 182,780 is known
to effectively block estrogen receptor activation, this result
suggests that the inhibition of Kv4.3 currents by raloxifene is
not mediated by estrogen receptors.

Effects of raloxifene-4'-glucuronide
and raloxifene-6"-glucuronide on Kv4.3

Raloxifene is metabolized via systemic glucuronidation into
the metabolites, raloxifene-4'-glucuronide and raloxifene-6'-
glucuronide [21, 23]. Raloxifene-4'-glucuronide had little ef-
fect on Kv4.3: raloxifene-4'-glucuronide at 10 and 30 uM
only inhibited the peak amplitude of Kv4.3 by 6.2+0.3 and
20.1£0.4 % (n=7), respectively (Fig. 10a). Raloxifene-6'-
glucuronide (30 uM) had no effect on Kv4.3 (96.2+2.4 %
of the control value, n=4) (Fig. 10b). These results indicate
that the metabolites of raloxifene were much less potent in
inhibiting Kv4.3 than the parent drug.
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Fig. 5 The effects of raloxifene A
on the steady-state inactivation of
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Effects of KChIP2 on concentration dependence
and steady-state inactivation of Kv4.3

Coexpression of KChIP2 (Kv4.3/KChIP2) modified the bio-
physical properties of Kv4.3 in two ways: (1) altered the
inactivation kinetics and (2) shifted the steady-state inactiva-
tion curve in a hyperpolarizing direction, as reported previ-
ously [5, 33, 51]. Extracellular application of raloxifene (0.3—

-50 mV

10 uM) decreased the peak amplitude of Kv4.3/KChIP2
currents together with an apparent acceleration of the inacti-
vation rate in a concentration-dependent manner (Fig. 11a).
The ICs value required for the inhibitory effects of raloxifene
on the integral of Kv4.3/KChIP2 currents was 2.8+0.3 uM
with a Hill coefficient of 0.8+0.05 (n=6). Therefore, raloxi-
fene inhibited Kv4.3 alone and Kv4.3/KChIP2 channels with
a similar potency. Under control conditions, the rate of
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Fig. 6 The effects of raloxifene on the kinetics of the closed-state
inactivation of Kv4.3. a The control and conditioning pulses were applied
from a holding potential of =100 mV. Kv4.3 currents were recorded using
a two-pulse protocol with a control pulse followed by a conditioning
pulse to —60 mV of variable duration (5 ms—20 s) in the absence and
presence of raloxifene. b The current amplitudes elicited by the test pulses
were normalized to the amplitude by the control pulse and plotted against
the duration of the conditioning pulse. The data were fitted to a single
exponential function. Data are expressed as the mean+SE

inactivation of Kv4.3 at +40 mV is a biexponential process
(Fig. 2a), but inactivation of Kv4.3/KChIP2 is well fit by a
single exponential function with time constants of 34.3+
1.2 ms (n=6). The steady-state inactivation of Kv4.3 was
shifted by the coexpression of KChIP2 in a hyperpolarizing
direction (V,=—62.4£0.8 mV, k=4.24+0.1 mV, n=6)
(Fig. 11b). In the presence of raloxifene, Kv4.3/KChIP2 ex-
hibited a hyperpolarizing shift in the voltage dependence of
steady-state inactivation (V;,=-70.9£1.9 mV, n=6,
P<0.05). However, the k value did not change in the presence
of raloxifene (k=4.4+0.2 mV, n=6).

Effects of raloxifene on the expression of Kv4.3 mRNA
We studied the effect of raloxifene on the expression of

the Kv4.3 channel mRNA using real-time PCR
(Fig. 12a). Incubation of 3 uM of raloxifene for as long
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Fig. 7 The effects of raloxifene on the kinetics of recovery from inacti-
vation of Kv4.3. a A two-pulse protocol was used to characterize the time
course of recovery from inactivation of Kv4.3 in the absence and pres-
ence of raloxifene. b Data were plotted as the normalized amplitude of
Kv4.3 against the interpulse interval. The recovery time course of Kv4.3
was best described by a single exponential function under control condi-
tions and a double exponential function in the presence of raloxifene.
Data are expressed as the mean+SE

as 1 h had no effect on the expression of Kv4.3 mRNA.
However, the expression of Kv4.3 mRNA was slightly
decreased at 6 and 12 h, and a statistically significant
reduction (66.1+0.1 % of the control value, n=4) was
observed at 24 h, suggesting that long-term exposure of
raloxifene decreased the expression level of Kv4.3
mRNA. To investigate whether the long-term effect of
raloxifene on Kv4.3 mRNA expression is mediated
through estrogenic receptors, we performed real-time
PCR after 24 h coincubation with ICI 182,780
(Fig. 12b). The raloxifene-induced reduction in Kv4.3
mRNA was not abolished by the coincubation with ICI
182,780 (70.1£0.4 % of the control value, n=6). Incu-
bation with ICI 182,780 alone was without effect. These
results suggest that the long-term effect of raloxifene on
Kv4.3 mRNA expression was independent of estrogenic
receptors.
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Fig. 8 Use-dependent inhibition of Kv4.3 by raloxifene. a Original
current traces of Kv4.3 obtained in the absence and in the presence of
raloxifene when applying 20 depolarizing pulses from —80 to +40 mVat a
frequency of 1 and 2 Hz. The dotted line marks zero current. b Peak
current was normalized to the control value in the absence and presence of
raloxifene and then plotted against the pulse number. Data are expressed
as the mean+SE

Discussion

Our study has demonstrated that raloxifene at concentrations
of 0.3-10 puM significantly inhibits Kv4.3 currents in a
concentration-dependent manner. The inhibition of Kv4.3 by
raloxifene was characterized by an acceleration of the inacti-
vation rate in a concentration-dependent manner. These char-
acteristics of the Kv4.3 inhibition were similar to previous
results showing an open channel block of transient outward
Kv currents by raloxifene [25]. This finding could be

explained by a preferential binding of raloxifene to the open
state and/or by a drug-induced acceleration in the transition of
the open state to the inactivated state of Kv4.3 channels [49,
57]. Although there are several similarities between an open
channel block and channel inactivation [11], raloxifene pro-
duced a time-, voltage-, and use-dependent inhibition of
Kv4.3 currents, which was interpreted as an open channel
block with the following results. The characteristic feature of
an open channel block is an induction of a fast time constant
during depolarization. From the analysis of the concentration
dependence of the channel block, the estimated Kp (k—;/k:q)
value for the time-dependent block by raloxifene was similar
to the ICsy value obtained from the concentration-response
curve, suggesting that the time course of channel block during
the depolarization was consistent with a bimolecular reaction
scheme between drug molecules and channels in the open
state [43]. These results imply that the effect of raloxifene on
Kv4.3 was independent of the inactivation process during
depolarization and was consistent with an open channel block
mechanism. However, we cannot completely rule out the
possibility that the fast time constant that was used as an
approximation of the time course for drug-channel interaction
kinetics may reflect the diffusion of the drug across the cell
membrane. Therefore, it is possible that the drug acts through
the membrane milieu to affect channel gating (mainly in the
open state), which induced the apparent acceleration of the
decay rate of Kv4.3 instead of the open channel block during
depolarization. Raloxifene also accelerated the inactivation
and activation kinetics and, thus, decreased the time-to-peak
of Kv4.3, a result consistent with an open channel block
mechanism [16, 47, 49]. In addition, both voltage- and use-
dependent inhibition by raloxifene are also compatible with an
open channel block of Kv4.3 [10, 49]. Since raloxifene has a
pKa of 8.89 and is mainly charged at the intracellular pH of
7.4 (http://www.drugbank.ca/drugs/DB00481), the voltage
dependence can be explained by an interaction between the
charged form of the drug and the binding sites in the electrical
field of the Kv4.3 channel. Raloxifene produced a
hyperpolarizing shift of the steady-state inactivation curve of
Kv4.3 with a slow rate of recovery from the inactivation.
These results suggest that raloxifene interacts with the
inactivated state of Kv4.3, particularly in the subthreshold
range of membrane potentials. Since Kv4.3 is known to be
inactivated from the closed state without opening at the sub-
threshold potentials [4], we further studied the closed-state
inactivation in detail by using variable durations of condition
prepulses. Raloxifene accelerated the rate of closed-state in-
activation, suggesting a preferential interaction with the
closed-inactivated states of Kv4.3 channels. Use-dependent
inhibition by raloxifene was associated with a slow rate of
recovery from inactivation [10], which reflected the interac-
tion of the drug with the activated states (open and/or
inactivated states) of the Kv4.3 channel [8, 49]. Thus,
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Fig. 9 The effects of 3-estradiol, A
tamoxifen, and ICI 182,780 on
Kv4.3. Kv4.3 currents were
elicited by 500-ms depolarizing
pulses from a holding potential of
—80 to +40 mV at 10 s intervals in
the absence and presence of (3-
estradiol (a) and tamoxifen (b). ¢
The control current recorded after
preincubation with ICI 182,780
and the current measured after a
subsequent 3 min treatment with
raloxifene are shown. The dotted
line marks zero current. Data are
expressed as the mean+SE
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raloxifene is not a pure open channel blocker of Kv4.3 chan-
nels, and raloxifene inhibited Kv4.3 by interacting with the
open state of the channel during depolarization and with the
inactivated state at subthreshold potentials.

Kv4.3 encodes the pore-forming and voltage-sensing o-
subunits of channels that conduct the transient outward Kv
currents in the heart [12, 32]. The channel interacts with a
number of ancillary (3-subunits in native cells, which modu-
late the kinetic properties, the surface expression, and the drug
potency of the Kv4.3 channels [5, 33, 51]. In the present study,
raloxifene inhibited Kv4.3 and Kv4.3/KChIP2 with similar
potency. Although raloxifene did not affect the steady-state

@ Springer

inactivation of transient outward Kv currents in human atrial
myocytes [25], the present study demonstrates that the steady-
state inactivation curve of Kv4.3/KChIP2 was shifted to hy-
perpolarizing potentials by raloxifene. These results indicate
that the coexpression of KChIP2 subunits in our study did not
alter the drug potency and steady-state inactivation of Kv4.3
channels.

In the present study, the inhibitory effects of raloxifene on
Kwv4.3 appeared rapidly within 3 min after application, indi-
cating either a direct or a nongenomic action. ICI 182,780, an
estrogen receptor antagonist, is known to bind to the estrogen
receptor with a similar binding affinity to raloxifene [54].
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Fig. 10 The effects of raloxifene metabolites on Kv4.3. Kv4.3 currents
were elicited by a 500-ms depolarizing pulse to +40 mV at 10 s intervals
in the absence or presence of raloxifene-4'-glucuronide (a) and raloxi-
fene-6'"-glucuronide (b). The dotted line marks zero current

Incubation of ICI 182,780 for 1 h had no effect on the
inhibitory properties of raloxifene on Kv4.3. In addition, (3-
estradiol and tamoxifen, another selective estrogen receptor
modulator, had little effect on Kv4.3 currents. Because ralox-
ifene has a high affinity for estrogen receptors that were
identified in CHO cells [7, 46], these results suggest that
raloxifene acts on Kv4.3 channel proteins independently of
the effects on estrogen receptor-mediated pathways. However,
it is known that Kv4.3 protein downregulation could result
from nongenomic actions of estrogen on the channel itself or
from genomic regulations (via the c-Src-Ras-MAPK path-
way) of the Kv4.3 gene [15]. Therefore, further studies are
required to investigate the possibility of direct actions on the
channel itself or the involvement of signal transduction path-
ways in the mechanism of downregulation of Kv4.3 mRNA
by raloxifene.

Raloxifene, a selective estrogen receptor modulator, is
clinically used for treating postmenopausal osteoporosis [18,
27, 40]. Although this drug is known to exert cardiovascular
protective actions via estrogen receptor-dependent and estro-
gen receptor-independent mechanisms in animal and human
studies [38, 52], its effect on cardiac electrophysiology is not
clearly understood. Raloxifene directly inhibited several types

of Kv currents that participate in the repolarization of cardiac
action potential: the human atrial transient outward and ultra-
rapid delayed rectifier Kv currents [25], the cloned hERG
channel and recombinant human cardiac KCNQI1/KCEI
channel stably expressed in HEK cells [26], and the Kv4.3
currents in the present study. Accordingly, the inhibitory ef-
fects of raloxifene on these currents prolonged the repolariza-
tion phase of action potential duration in human atrial
myocytes [25]. In cardiomyocytes, action potential duration
is determined by the balance and interplay between the
depolarizing and repolarizing currents [41]. On the other hand,
raloxifene blocked L-type Ca®" channels which are involved
in the plateau phase of action potential and shortened action
potential duration at 50 and 90 % repolarization in guinea pig
ventricular myocytes [24], which can potentially cause
proarrhythmic effects due to the concomitant shortening of
the effective refractory period. In addition, raloxifene signifi-
cantly decreased voltage-gated Na' currents in guinea pig
ventricular myocytes without QT interval prolongation [26].
Because Kv4.3 contributes to the initial phase of repolariza-
tion, pharmacological alteration of this channel, thereby, in-
fluences the amplitude of plateau potential and modulates the
subsequent activation of the L-type Ca>" channel and Ca®"
influx [12, 36]. Therefore, its impact on the duration of
cardiac action potential is believed to be complex [45].
However, drug effects on cardiac action potential in guin-
ea pig ventricular myocytes are difficult to extrapolate to
humans because transient outward Kv currents, mainly
encoded by Kv4.3, are entirely absent in guinea pig
ventricular myocytes [29]. Since the overall effect of
raloxifene on the action potential duration is determined
by the relative potencies of the drugs on cardiac ionic
currents, further study should focus on the effects of
raloxifene on cardiac electrophysiology in human subjects.

In addition to acute pharmacological modulation, the alter-
ation in the expression levels of the Kv4.3 gene has significant
effects on cardiac electrophysiology. In humans, compared
with males, females have a longer cardiac action potential
duration and are more susceptible to arrhythmias in response
to drugs [19]. Although the detailed mechanism of gender
differences in the risk of arrhythmia is unclear, it is likely to be
related to the influence of sex hormones on cardiac action
potentials. For example, downregulation of Kv4.3 and Kv1.5
transcripts by estrogen may, in part, be responsible for gender-
related differences in mouse ventricular repolarization [37].
The remodeling of the Kv4.3 gene expression by sex hor-
mones was also demonstrated in the pregnant uterus [44]. In
addition, estrogen treatment has been shown to downregulate
cardiac Kv4.3 transcript that was antagonized by ICI 182,780
[14, 15]. Raloxifene directly inhibited T-type Ca”" currents by
affecting the channels and indirectly inhibited them by de-
creasing the level of the mRNA for channel protein (Cav3.2,
Cav3.3) [50]. We found that long-term treatment with
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Fig. 11 Effects of KChIP2 on Kv4.3/KChIP2

concentration dependence and
steady-state inactivation of
Kv4.3. a Original current traces of
Kv4.3/KChIP2 were recorded
following 500-ms depolarizing
pulses from a holding potential of
—80 to +40 mV at 10 s intervals
under control conditions and after
application of 0.3, 1, 3, and

10 uM of raloxifene. The inset
shows the first 50 ms of the
Kv4.3/KChIP2 currents on an
expanded time scale. The dotted
line marks zero current.

A

500 ms

+40 mVJ—L
-80 mV

Concentration-response curve for
Kv4.3/KChIP2 inhibition by
raloxifene. The solid line
represents the fit of the data to the
Hill equation. b The effects of
raloxifene on the steady-state
inactivation of Kv4.3/KChIP2.
Original currents traces were
recorded using the two-pulse
protocol shown in the inset. The
normalized currents are plotted
against the membrane potential
and fitted with a Boltzmann

B

+10 mV

Control

A

+40 mV
110 mv % -8omv

equation. Data are expressed as
the mean+SE

3 uM Raloxifene

raloxifene (24 h) resulted in a significant decrease in the
expression of Kv4.3 at the mRNA level independently of
estrogen receptors, which may account for the chronic effects
of raloxifene on cardiovascular events.

Raloxifene is clinically used in nanomolar plasma concen-
trations ranging between 0.9 and 2.7 nM [40], whereas the
effective concentrations of raloxifene for the inhibition of
Kv4.3 are at micromolar levels. Since raloxifene is rapidly
absorbed from the gastrointestinal tract, its plasma concentra-
tions can rapidly reach high levels under certain conditions.
For example, the administration of a single dose of 185 mg of
raloxifene resulted in a maximum plasma concentration of
12.5 mg/l (24.5 uM) within 30 min [40]. Furthermore, ralox-
ifene has a long plasma elimination half-life of approximately
27 h [40], which may be attributed to a substantial accumula-
tion of raloxifene in certain tissues. Accordingly, a buildup of
raloxifene in different tissues has been known to reach micro-
molar concentrations [55]. Thus, the ICsq value of a Kv4.3
inhibition in the present study was within the range of thera-
peutic plasma concentrations of raloxifene. Raloxifene is rap-
idly absorbed from the gastrointestinal tract and undergoes
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extensive systemic glucuronidation, predominantly raloxi-
fene-4'-glucuronide and raloxifene-6'-glucuronide [21, 23].
Both metabolites had little effect on Kv4.3 currents compared
with the parent drug in the present study. However, the major
metabolites of raloxifene are known to convert back to the
parent compound in various tissues [13]. Thus, the chronic
effects of raloxifene may also be modulated substantially by
its reconversion in the tissues.

There are a number of potential limitations in the present
study. In the present study, the electrophysiological recordings
of Kv4.3 currents were performed at room temperature. The
biophysical characteristics of Kv4.3 channels were
temperature-dependent [34, 39]: the acceleration of the acti-
vation time course and the reduction in time-to-peak occurred
at 37 °C. For these reasons, the clinical relevance of the
observed electrophysiological effects of raloxifene on Kv4.3
channels requires further elucidation.

In summary, raloxifene produced a concentration-, time-,
voltage-, and use-dependent inhibition of Kv4.3 currents.
Raloxifene inhibited Kv4.3 channels by binding to the open
state during depolarization and to the closed state at
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Fig. 12 The effects of raloxifene on the expression of Kv4.3 mRNA. a
The cells were incubated for 10 min to 24 h with 3 uM raloxifene. Kv4.3
mRNA was measured using a real-time PCR. b The cells were incubated
with raloxifene, raloxifene and ICI 182,780, and ICI 182,780 alone for
24 h. Kv4.3 mRNA was measured using a real-time PCR. *P<0.05,
significantly different from the control value. Data are expressed as the
mean=SE

subthreshold potentials. These effects were not mediated via
an estrogen receptor.
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