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Acute effects of dronedarone on both components of the cardiac
delayed rectifier K™ current, HERG and KvLQT1/minK

potassium channels
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1 Dronedarone is a noniodinated benzofuran derivative that has been synthesized to overcome the
limiting iodine-associated adverse effects of the potent antiarrhythmic drug amiodarone. In this study,
the acute electrophysiological effects of dronedarone on repolarizing potassium channels were
investigated to determine the class III antiarrhythmic action of this compound. HERG and KvLQT1/
minK potassium channels conduct the delayed rectifier potassium current /x in human heart, being a

2 HERG and KvLQTI1/minK were expressed heterologously in Xenopus laevis oocytes, and the
respective potassium currents were recorded using the two-microelectrode voltage-clamp technique.

3 Dronedarone blocked HERG channels with an 1Csy value of 9.2 uM and a maximum tail current

4 HERG channels were blocked in the closed, open, and inactivated states. The half-maximal
activation voltage was shifted by —6.1 mV, and HERG current block by dronedarone was voltage-

5 Dronedarone exhibited a weaker block of KvLQTI1/minK currents (33.2% at 100 uM drug
concentration), without causing significant changes in the corresponding current—voltage relation-

6 In conclusion, these data demonstrate that dronedarone is an antagonist of cloned HERG
potassium channels, with additional inhibitory effects on KvLQT1/minK currents at higher drug
concentrations, providing a molecular mechanism for the class III antiarrhythmic action of the drug.

Amiodarone; arrhythmia; antiarrhythmic drug; dronedarone; electrophysiology; ion channels; K* channel;

APD, action potential duration, HERG, human ether-a-go-go-related gene; Ik, delayed rectifier potassium

current; [, rapidly activating component of the delayed rectifier potassium current; Ix,, slowly activating

Germany
primary target for class III antiarrhythmic therapy.
reduction of 85.2%.
dependent, but not use-dependent.
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Introduction

Amiodarone has been widely used as an effective drug in the
treatment of supraventricular and ventricular arrhythmias
(Singh, 1995). Concerns have been raised about noncardiac
adverse effects of amiodarone, especially ocular and pulmon-
ary toxicity or thyroid dysfunction, aggravated by its long
biologic half-life. In search for a potential alternative to
amiodarone, the noniodinated benzofuran derivative drone-
darone (SR33589B), which is structurally related to amiodar-
one, has been developed. Its short-term electrophysiological
effects in rabbit hearts have been shown to be similar to those
of amiodarone (Sun ez al., 1999; 2002). Moreover, a study by
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Chatelain et al. (1995) revealed that dronedarone exhibits
antiadrenergic properties. Recent electrophysiological studies
confirmed that this agent displays a wide pharmacological
spectrum, since dronedarone inhibits the rapid component of
the delayed rectifier potassium current I, and L-type calcium
currents, Ic,q), in isolated canine cardiomyocytes (Varro et al.,
2001). In addition, dronedarone blocks both components of
the delayed rectifier potassium current, Iy, and Ix,, as well as
Icaay and inward rectifier potassium currents in guinea-pig
cardiomyocytes (Gautier et al., 2003).

In human cardiomyocytes, repolarization is mainly carried out
by the rapidly and slowly activating components /i, and Ik, of
the delayed rectifier potassium current (Sanguinetti & Jurkiewicz,
1990). The underlying potassium channel genes encoding /i, and
Iy, are HERG (Sanguinetti et al., 1995) and KvLQT1/minK
(Barhanin et al., 1996; Sanguinetti et al., 1996), respectively.
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The aim of the present study was to investigate the acute
electrophysiological effects of dronedarone on the human
molecular counterparts of the crucial repolarizing current I,
HERG, and KvLQTI1/minK, expressed heterologously in
Xenopus oocytes.

Methods

Molecular biology

The cDNA clones encoding for HERG and KvLQTI1 were
generously donated by Dr M.T. Keating, and the minK clone
was kindly provided by Dr A.M. Brown. Procedures for in
vitro transcription and oocyte injection have been published
previously (Kiehn et al., 1999). Briefly, HERG (Warmke &
Ganetzky, 1994), KvLQT1 (Sanguinetti et al., 1996), and
minK (Sanguinetti et al., 1996) cRNAs were prepared with the
mMESSAGE mMACHINE kit (Ambion, Austin, U.S.A.),
using SP6 RNA polymerase after linearization with EcoRI
(Roche Diagnostics, Mannheim, Germany). Stage V-VI
defolliculated Xenopus oocytes were injected with 46nl of
cRNA per oocyte. The investigation conforms with the Guide
for the Care and Use of Laboratory Animals published by the
U.S. National Institute of Health (NIH Publication No. 85-23,
revised 1996). All experiments followed the European Com-
munity guidelines for the use of experimental animals.

Electrophysiology and statistics

Two-microelectrode voltage-clamp recordings from Xenopus
laevis oocytes were carried out as published previously
(Thomas et al., 1999). In brief, recordings were performed
using a Warner OC-725A amplifier (Warner Instruments,
Hamden, U.S.A.) and pClamp software (Axon Instruments,
Foster City, U.S.A.) for data acquisition and analysis.
Microelectrodes had tip resistances ranging from 1 to 5 MQ.
The recording chamber was continually perfused. All experi-
ments were carried out at room temperature (20—22°C), and
no leak subtraction was done during the experiments.
Concentration—response relationships for dronedarone
block were fit with a Hill equation of the form Iy.,./
Leonror = 1/[1 + (D/ICs)"], where I indicates the current, D is
the drug concentration, 7 is the Hill coefficient, and ICs, is the
concentration necessary for 50% block. Activation curves were
fit with a Boltzmann distribution: G(V)= Guax/(1—exp
[(Vi2—V)/k]), where V is the test pulse potential, V), is the
half-maximal activation potential, and k is the slope of the
activation curve. All data are expressed as mean +s.d., unless
otherwise specified. We used paired and unpaired Student’s
t-tests (two-tailed tests) to compare the statistical significance
of the results; a P-value <0.05 was considered statistically
significant. The effects of dronedarone and ethanol on HERG
and KvLQTI/minK currents, respectively, were compared
using one-way ANOVA. If the hypothesis of equal means
could be rejected at the 0.05-level, pairwise comparisons of
groups were made and the probability values were adjusted for
multiple comparisons using the Bonferroni correction.

Solutions and drug administration

Voltage clamp measurements of Xenopus oocytes were
performed in a solution containing (in mM): 5 KCI, 100 NaCl,

1.5 CaCl,, 2 MgCl,, and 10 HEPES (pH 7.4 with NaOH).
Current and voltage electrodes were filled with 3mM KCl
solution.  N-[2-butyl-3-(4-[3-dibutylaminopropoxy]-benzoyl)-
benzofuran-5-yl]-methanesulfonamide (dronedarone) hydro-
chloride (kindly provided by Sanofi-Synthelabo, Montpellier,
France) was prepared as 10 mM stock solution in ethanol and
stored at 4°C. On the day of the experiments, aliquots of the
stock solution were diluted to the desired concentration with
the bath solution.

Results
Inhibition of HERG currents by dronedarone

Injection of oocytes with cRNA encoding HERG channels
resulted in potassium currents showing inward rectification at
positive membrane potentials (Figure 1a). HERG currents
were measured with a two-step protocol. From the holding
potential (—80 mV), currents were activated by a variable test
pulse from —80 to 80 mV (400 ms), followed by a return pulse
to —60mV (400ms) to evoke outward tail currents. Pulses
were applied at a frequency of 0.2Hz. The amplitude of the
outward tail currents exceeded the amplitude of the activating
currents during the test pulse, due to slow activation, fast
inactivation, rapid recovery from inactivation, and slow
deactivation, which 1is characteristic of HERG currents
(Sanguinetti et al., 1995; Kiehn et al., 1996; 1999; Smith
et al., 1996). After application of 10uM dronedarone for
30 min, HERG-activating currents (measured at the end of the
10mV step) and HERG peak tail currents were significantly
reduced by 33.5+10.9 and 48.6 +6.8%, respectively (Figure 1)
(n=4). The half-maximal activation voltage V, (Figure 1d)
was shifted by —6.1+1.6 from —4.1+3.6mV under control
conditions to —10.24+2.5mV after dronedarone incubation
(n=4). This difference was statistically significant. The ICs,
value for dronedarone block of HERG tail currents yielded
9.2 uM with a Hill coefficient of 0.91 (n =4-5; Figure le), with
a maximum block of 85.2% at 100 uM dronedarone. The time
course of HERG channel inhibition by dronedarone is shown
in Figure 1f, displaying relatively slow onset and very slow
unblock kinetics. Neither HERG step currents (7= 12) nor the
half-maximal activation voltage (n=28) were significantly
altered during a control period of 30min without drug
application. The control HERG peak tail current amplitude,
however, was increased by 12.3+4.0% (n=7). In addition,
1% (vv~') ethanol (the maximum bath concentration) had no
significant effects on HERG outward tail currents (n=7) or
the half-maximal activation voltage (n=4), whereas HERG
step currents were reduced by 9.2+2.3% (n=56).

The biophysical mechanism of HERG current inhibition

To determine whether dronedarone blocks HERG channels in
the closed or open state, we recorded activating currents
during a long depolarizing voltage step to OmV (30s) to
resolve the slow kinetics of dronedarone block. Figure 2a
displays the graphical overlay of the control measurement and
two consecutive recordings (2 min apart) after bath application
of 10 uM dronedarone for 30 min, revealing two components of
the block. The reduced initial peak current after dronedarone
application reflects the blockade of closed channels, whereas
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Inhibition of HERG currents by dronedarone. Original current traces obtained before (a) and after incubation with

10 uM dronedarone (b) in a representative oocyte. Outward currents (measured at 10 mV) and peak tail currents were significantly
reduced by 33.8 and 39.1%, respectively. This is illustrated by the /- V relationships for HERG outward currents (c) and peak tail
currents (d), where current amplitudes were plotted against the respective test pulse potentials (data obtained from the experiments
shown in (a) and (b)). (e) Concentration—response curve for block of HERG tail currents by dronedarone after a test pulse to
30mV. The ICs, yielded 9.2 uM with a Hill coefficient of 0.91 (n=4-5). (f) Time course of HERG tail current inhibition by 100 uM
dronedarone in one representative cell. For simplicity, not all current measurements are displayed. After a control period of 30 min,
currents decreased upon perfusion with the drug solution within 10 min, reaching the maximum block after 30 min. Upon washout
of dronedarone, the blocking effects on HERG were partially reversible within 30 min.

the additional time-dependent reduction that developed during
the test pulse is caused by inhibition of open HERG channels.
In a series of four cells, the peak current was reduced by
41.5+11.0%, and maximum block yielded 53.4+11.5%. The
open-channel block component was reversible within 2 min,
since the second current trace in the presence of dronedarone
recorded 2min after the first recording displayed equal peak
current amplitudes compared to the first pulse (Figure 2a). The
inhibition of closed and open channels is further illustrated in
an enlargement of the first 2s of the blocking and control
curves (Figure 2b). The control curve and the first recording
after dronedarone application are continued with dotted lines,
revealing a current amplitude difference (A) when extrapolated
to the beginning of the measurement. This difference, A,
reflects the degree of closed-channel block that occurred before
the first test pulse during dronedarone incubation. The
activation time course during the first second does not interfere

with this idea, since the lower availability during activation of
the control current would have produced an even smaller A
value (if there was no closed state block, A would be even
negative, above the extrapolated control current in Figure 2b).
The amount of block in addition to the closed-state block A
can be interpreted as the block of open channels.

To address the question whether HERG channels are
blocked by dronedarone in the inactivated state, a long test
pulse to +80mV (45s) was applied to inactivate the channels,
followed by a second voltage step (0mV, 3.5s) to open HERG
channels (n=9). Typical current traces under control condi-
tions and after application of 100 uM dronedarone for 30 min
while holding the cell at —80mV are displayed in Figure 2c.
Figure 2d depicts the normalized relative block upon channel
opening during the second voltage pulse (0mV), illustrating
that pronounced inhibition of HERG channels had already
been obtained during the preceding inactivating +80mV
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Figure 2 Biophysical mechanism of HERG channel inhibition by
dronedarone. (a) Dronedarone block of HERG currents consists of
two components, as illustrated by a graphical overlay of the control
recording and the first two measurements after incubation with
10 uM dronedarone. Inhibition of closed channels is reflected by
reduced initial peak currents, whereas the additional time-dependent
component can be interpreted as block of open channels. (b)
Enlargement of the first 2s of (a). The current traces extrapolated to
the beginning of the recordings demonstrate an amplitude difference
A, which is the result of the closed-state block. (c) Inhibition of
inactivated channels by 100 uM dronedarone is displayed in this
representative single experiment. HERG channels were inactivated
by a first voltage step to +80mV, followed by channel opening at
0mV. The corresponding normalized relative block during the 0 mV
step is displayed in (d). Maximum inhibition was already achieved in
the inactivated state, and weak further time-dependent development
of block occurred upon channel opening after the inactivating
voltage step (see text for voltage protocols).

pulse, and virtually no additional time-dependent block of
open channels was observed during the 0 mV pulse.

It is concluded from these experiments that dronedarone
inhibits HERG channels in the closed, open, and inactivated
states.

Voltage dependence of HERG channel block by
dronedarone

The voltage dependence of HERG blockade by dronedarone
was analyzed by using long test pulses (21 s) ranging from —60
to 80 mV to reach steady-state block conditions, followed by a
second voltage protocol to determine the amount of block
during the preceding long pulse. The second protocol consisted
of a first step to —120mV (120 ms) to close HERG channels, a
second step to 40 mV (50 ms) to activate channels, and a third
step to —120mV (110 ms) to record tail currents, representing
the degree of current inhibition during the variable long 21-s
pulse. Under control conditions, the peak tail currents
displayed equivalent amplitudes, independent of the preceding
test pulse voltage. In Figure 3a, the block values after
incubation with 10 uM dronedarone (30 min) are plotted versus
the test pulse potentials. HERG current block increased at
voltages between —60 and 20mV where maximum inhibition
was reached, followed by a slight decrease at potentials above
20mV (n=06).

Lack of frequency dependence of HERG current block by
dronedarone

The frequency dependence was investigated after dronedarone
block (bath concentration 10uM) had reached steady-state
conditions (30 min incubation time). HERG potassium chan-
nels were rapidly activated by depolarizing steps to 100 mV for
400 ms, and outward tail currents were recorded at —60 mV
(400 ms), before returning to the holding potential of —80 mV.
Pulses were applied at intervals of 2, 4, 6, or 10s. The time
course of blockade is displayed in Figure 3b (n=6). The level
of blockade after 80s is a measure for the frequency
dependence of the block. Figure 3c depicts the mean relative
tail current block obtained from six cells under steady-state
conditions (after 80 s), illustrating that dronedarone block was
not frequency-dependent.

Effects of dronedarone on KvLQTI/minK currents

Human Iy, current was resembled by injection of oocytes with
cRNA encoding KvLQT1 and minK, resulting in outward
potassium currents characterized by a linear current—voltage
(I-V) relationship (Barhanin et al., 1996; Sanguinetti et al.,
1996). Currents were activated during depolarizing steps to
potentials ranging from —60 to 120mV (2s), and tail currents
were recorded at —40mV (2s). The holding potential was
—80mYV, and pulses were applied at a frequency of 0.2 Hz.
Addition of 100uM dronedarone to the bath for 30min
significantly reduced KvLQT1/minK outward currents (mea-
sured at 80 mV membrane potential) by 27.3+11.1% (Figure
4a and c), and peak tail currents were blocked by 50.3+18.8%
(Figure 4b and d; n = 6). The corresponding /- V relationships
for KvLQT1/minK currents were not significantly altered
(control:  V,»=53.1£3.0mV; drug: V;,=503+59mV;
n=1>5) (Figure 4d). A control period of 30 min (n=6) had no
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Figure 3 Voltage and frequency dependence of HERG current
block. (a) Relative inhibition of peak tail currents as a function of
the respective preceding test pulse potential, illustrating the voltage
dependence of the block (n=6). (b) Mean relative tail current
amplitudes obtained from six oocytes are plotted versus time. Trains
of pulses were applied at different intervals (see the inlet), revealing
that HERG current inhibition by dronedarone was not use-
dependent. (c) The values for steady-state block after 80s did not
differ significantly (see the text for voltage protocols).

significant effects on KvLQT1/minK step currents, outward
tail currents, or the half-maximal activation voltage. In
contrast, incubation with 1% (vv~') ethanol (the maximum
bath concentration) for 30 min also reduced KvLQT1/minK
tail currents by 17.1+10.3%, without significantly affecting
the outward step currents or the half-maximal activation
voltage V;, (n=>5). However, the inhibition of KvLQT1/minK
currents by 100uM dronedarone was significantly more
pronounced.

Discussion

In the present study, the heterologous Xenopus oocyte
expression system was used to determine the molecular
electrophysiological basis of the class III antiarrhythmic action
of dronedarone, focusing on the acute effects of dronedarone
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Figure 4 Acute effects of dronedarone on KvLQTIl/minK cur-
rents. (a, b) Representative current traces recorded from a cell
expressing KvLQT1 and minK proteins before and after application
of 100 uM dronedarone (30 min). (c) I-V relationship for currents
measured at the depolarizing test pulse. The maximum current
amplitude at 80 mV was reduced by 32.5% in the measurement with
dronedarone. (d) /—V relationship for peak tail currents, illustrating
a reduction by 58.8% in this oocyte (see the text for voltage
protocols).

on delayed rectifier potassium currents. Since inhibition of
these currents is most effective in prolonging refractoriness,
they constitute a primary target for class III antiarrhythmic
agents. HERG and KvLQT1/minK genes were expressed to
resemble the respective human potassium currents Iy, and ;.
This approach allowed detailed biophysical studies, without
the necessity to discriminate between the different native ion
currents on the basis of kinetics or pharmacology.

British Journal of Pharmacology vol 140 (5)
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Acute effects of dronedarone on HERG and KvLQTI/
minK currents

Application of dronedarone resulted in a concentration-
dependent decrease in HERG currents at moderate drug
concentrations (ICso=9.2 uM). These results provide a mole-
cular basis for the inhibition of native Iy, by dronedarone,
observed in canine and guinea-pig cardiomyocytes (Varro
et al., 2001; Gautier et al., 2003). In canine cells, 10uM
dronedarone blocked I, almost completely. In our experi-
ments, the concentration required for maximum inhibition
(85.2%) reached 100 uM. This difference can be explained by
specific properties of Xenopus oocytes (e.g. the vitelline
membrane and the yolk), reducing the actual concentration
of drugs at the cell membrane. Similar observations have been
made when HERG channel block by dofetilide (Kicehn et al.,
1996), BRL-32872 (Thomas et al., 2001) or chlorpromazine
(Thomas et al., 2003) was investigated. Inhibition of KvLQT1/
minK currents required a drug concentration of 100 uM. The
degree of blockade reached 50.3%, but the solvent ethanol also
reduced KvLQT1/minK tail currents by 17.1%, leaving
approximately 33.2% block attributable to dronedarone. The
1Cs, value could not be determined, since application of drug
concentrations higher than 100 uM was prevented by increas-
ing ethanol bath concentrations (>1% vv~'). In summary,
taking into consideration the specific properties of the expres-
sion system used, it is reasonable to assume that inhibition of
KvLQT1/minK channels underlies the reduction of native I, in
guinea-pig heart observed with dronedarone, where the ICs
yielded approximately 10 uM (Gautier et al., 2003).

The biophysical mechanism of potassium current
reduction by dronedarone: comparison with amiodarone
and clinical implications

Dronedarone blocks HERG channels in the closed, open, and
inactivated states, as demonstrated using specially designed
voltage protocols to discriminate between the different states.
Compared with the results obtained in a previous study (Kiehn
et al., 1999), the acute actions of dronedarone and amiodarone
on HERG channels are similar (Table 1), with the exception
that dronedarone displayed no frequency dependence and
stronger maximum inhibition. Thus, despite the deletion of
iodine from the drug molecule, the molecular electrophysio-
logical effects on HERG as a major target of the class III
antiarrhythmic drug action are equally or even more pro-
nounced compared with amiodarone. In contrast to amioda-
rone, frequency dependence could not be observed with
dronedarone. Furthermore, dronedarone application caused
a —6.1mV shift in the HERG activation curve, which may
cause an increase in the current amplitude if other biophysical
parameters remained unchanged. However, due to pro-
nounced pharmacological HERG channel block, current
increase could not be detected in our study.

Dronedarone blocked KvLQT1/minK potassium currents at
relatively high drug concentrations without causing significant
changes in the half-maximal activation voltage, suggesting that
activation kinetics were not markedly affected by the drug.
Additional data obtained from guinea-pig ventricular cardio-
myocytes revealed that Iy, is blocked in a voltage-dependent,
but time-, frequency-, and use-independent manner (Gautier
et al., 2003).

Table 1 Comparison of the electrophysiological
parameters of HERG channel block by dronedarone
and amiodarone

Dronedarone
(this study)

Amiodarone
(Kiehn et al., 1999)

1Cy, 9.8 uM 9.2 uM
Maximum inhibition 62.8% 85.2%
Blocked states Closed, open, Closed, open,
inactivated inactivated
Voltage dependence + +
Frequency dependence + —

Despite its inhibitory effects on delayed rectifier potassium
currents, acute application of dronedarone did not lengthen
the action potential duration (APD) of guinea-pig and rabbit
papillary muscle preparations at various stimulation rates (Sun
et al., 1999; Gautier et al., 2003). In fact, Sun et al. (1999)
reported APD shortening after acute dronedarone treatment.
The discrepancy between potassium current inhibition and the
lack of APD lengthening might be explained by multichannel
blocking properties of dronedarone. In particular, APD-
shortening inhibition of inward currents (L-type calcium
currents and sodium currents; Varro et al., 2001; Gautier
et al., 2003) by dronedarone might oppose its APD-lengthen-
ing blockade of outward potassium currents, which could lead
to the homogenization of repolarization.

Furthermore, the inhibition of HERG currents in combina-
tion with the blockade of L-type calcium currents by
dronedarone (Varro et al., 2001; Gautier et al., 2003) might
result in a relatively low proarrhythmic potential, as suggested
by earlier studies for several other drugs (Bril et al., 1996;
Chouabe et al., 1998; Zhang et al., 1999; Thomas et al., 2001;
2002; 2003). Due to the similarity between the molecular
structure of dronedarone and thyroid hormone, the potentially
beneficial electrophysiological effect of dronedarone might
also be caused by cardioselective inhibition of T; receptors in
cardiomyocytes, or by a combination of both mechanisms.

Conclusions

Our results demonstrate that dronedarone is an antagonist of
cloned HERG potassium channels with additional inhibitory
effects on KvLQT1/minK currents at high drug concentra-
tions, providing a molecular mechanism for the class III
antiarrhythmic action of the drug. In comparison with
amiodarone, dronedarone displays large similarities in the
biophysical blocking properties of HERG currents. Further in
vitro and particularly in vivo studies need to be conducted
carefully with respect to possible proarrhythmic risk to
evaluate whether dronedarone is an effective tool in the
treatment of atrial and ventricular tachyarrhythmias.
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