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BACKGROUND AND PURPOSE

In spite of its widespread clinical application, there is little information on the cellular cardiac effects of the antidiabetic drug
rosiglitazone in larger experimental animals. In the present study therefore concentration-dependent effects of rosiglitazone
on action potential morphology and the underlying ion currents were studied in dog hearts.

EXPERIMENTAL APPROACH
Standard microelectrode techniques, conventional whole cell patch clamp and action potential voltage clamp techniques
were applied in enzymatically dispersed ventricular cells from dog hearts.

KEY RESULTS

At concentrations =10 uM rosiglitazone decreased the amplitude of phase-1 repolarization, reduced the maximum velocity of
depolarization and caused depression of the plateau potential. These effects developed rapidly and were readily reversible upon
washout. Rosiglitazone suppressed several transmembrane ion currents, concentration-dependently, under conventional voltage
clamp conditions and altered their kinetic properties. The ECs, value for this inhibition was 25.2 = 2.7 uM for the transient
outward K* current (l,), 72.3 = 9.3 uM for the rapid delayed rectifier K* current (Ix) and 82.5 = 9.4 uM for the L-type Ca**
current (lc,) with Hill coefficients close to unity. The inward rectifier K* current (Ik1) was not affected by rosiglitazone up to
concentrations of 100 uM. Suppression of I, Ik, and lc. was confirmed also under action potential voltage clamp conditions.

CONCLUSIONS AND IMPLICATIONS
Alterations in the densities and kinetic properties of ion currents may carry serious pro-arrhythmic risk in case of overdose with
rosiglitazone, especially in patients having multiple cardiovascular risk factors, like elderly diabetic patients.

LINKED ARTICLE
This article is commented on by Hancox, pp. 496-498 of this issue. To view this commentary visit http://dx.doi.org/10.1111/
j-1476-5381.2011.01281.x

Abbreviations

APDs, action potential duration measured at 50% level of repolarization; APDoo, action potential duration measured at
90% level of repolarization; Ic,, L-type Ca?* current; Ix;, inward rectifier K* current; Ix,, rapid delayed rectifier K* current;
Ina, Na* current; Iy, transient outward K* current; V., maximum velocity of depolarization

Introd uction type 2 diabetes (Quinn et al., 2008; Doshi et al., 2010). Rosigli-

tazone, similarly to other thiazolidinediones, like troglitazone
Rosiglitazone is a thiazolidinedione oral hypoglycemic agent or pioglitazone, is a high affinity ligand for the peroxisome
active in both diabetic animal models and patients with proliferator-activated receptor-y, which is responsible for the
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insulin-sensitizing action of the compound (Berger et al.,
1996; Welters etal.,, 2004). Beyond improving glycemic
control, rosiglitazone and pioglitazone have been shown to
exert some cardiovascular benefits (Khandoudi et al., 2002;
Cuzzocrea etal., 2003). In contrast, several large clinical
studies reported that thiazolidinedione therapy was associ-
ated with cardiovascular complications (Krentz, 2009; Kaul
etal., 2010). Increased risk of congestive heart failure was
observed with the use of both pioglitazone and rosiglitazone
(Gerstein et al., 2006; McGuire and Inzucchi, 2008; DREAM
Trial Investigators, 2008), while the increased risk of acute
myocardial infarction and mortality appeared to be limited to
rosiglitazone (Home et al., 2005; Nissen and Wolski, 2007).
These latter risks of rosiglitazone therapy have not been con-
firmed by other clinical studies (Rosen, 2007; Mannucci et al.,
2010).

In addition to the known cardiovascular side effects of
rosiglitazone, the drug increased the propensity of ventricular
fibrillation in pigs, an effect attributed to inhibition of the
cardiac ATP-sensitive K* channel (Lu et al., 2008). However,
no direct evidence based on voltage clamp analysis is avail-
able to exclude the contribution of other ion currents. Fur-
thermore, rosiglitazone was shown to block a wide variety of
non-cardiac ion channels, including neuronal Ca* channels,
epithelial Na* channels, ATP-sensitive K* channels, delayed
rectifier K* channels and L-type Ca? channels in aortic
smooth muscle cells (Knock et al., 1999; Mishra and Aaron-
son, 1999; McKay et al., 2000; Pancani et al., 2009; Pavlov
et al., 2009). In contrast to the lack of data on cardiac cells
with rosiglitazone, another thiazolidinedione derivative tro-
glitazone was shown to effectively block L-type Ca* current
(Ica) in ventricular myocytes of guinea pigs (Nakajima et al.,
1999; Katoh et al., 2000) and rats (Arikawa et al., 2002; 2004),
while in rabbit ventricular cells Na*, Ca?" and K* currents were
suppressed by the drug (Ikeda and Watanabe, 1998).

In absence of relevant voltage clamp data on the effects of
rosiglitazone in mammalian cardiac preparations, we aimed
to study the concentration-dependent effects of rosiglitazone
on action potential morphology and the underlying ion cur-
rents in isolated canine ventricular cardiomyocytes. Canine
ventricular cells were chosen because their electrophysiologi-
cal properties are believed to be very similar to those of
human regarding the distribution and kinetic properties of
transmembrane ion currents (Szabd et al., 2005; Szentan-
drassy et al., 2005).

Methods

Isolation of single ventricular myocytes

from dog heart

All animal care and experimental procedures conformed to
‘Principles of laboratory animal care’ (NIH publication N°
85-23, revised 1985) and were approved by the local ethical
committee. Adult beagle dogs of either sex were anaesthe-
tized with intravenous injections of 10 mg-kg"' ketamine
hydrochloride (Calypsol, Richter Gedeon, Budaspest,
Hungary) + 1 mg-kg' xylazine hydrochloride (Sedaxylan,
Eurovet Animal Health BV, Bladel, The Netherlands). The
hearts were quickly removed and placed in Tyrode solution.
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Single myocytes were obtained by enzymatic dispersion using
the segment perfusion technique (Szabé et al., 2005). Briefly,
a wedge-shaped section of the ventricular wall supplied by
the left anterior descending coronary artery was dissected,
cannulated and perfused with oxygenized Tyrode solution
containing: NaCl 144, KCl 5.6, CaCl, 2.5, MgCl, 1.2, HEPES 5,
and dextrose 11 mM at pH = 7.4. Perfusion was continued
until all blood was washed from the coronary system and
then switched to a nominally Ca*-free Joklik solution
(Minimum Essential Medium Eagle, Joklik Modification,
Sigma-Aldrich Co., St. Louis, MO, USA) for 5 min. This was
followed by 30 min perfusion with Joklik solution supple-
mented with 1 mg-mL™" collagenase (Type II., Worthington
Biochemical Co., Lakewood, NJ, USA) and 0.2% bovine serum
albumin (Fraction V., Sigma-Aldrich Co.) containing 50 uM
Ca?". Portions of the left ventricular wall were cut into small
pieces and the cell suspension obtained at the end of the
procedure, predominantly from the mid myocardial region of
the left ventricle, was washed with Joklik solution. Finally the
Ca?* concentration was gradually restored to 2.5 mM. The
cells were stored in minimum essential medium until use.

Recording of action potentials
All electrophysiological measurements were performed at
37°C. The rod-shaped viable cells showing clear striations
were sedimented in a plexiglass chamber allowing continuous
superfusion with oxygenated Tyrode solution. Transmem-
brane potentials were recorded using 3 M KClI filled sharp
glass microelectrodes having tip resistance between 20 and
40 MQ. These electrodes were connected to the input of an
Axoclamp-2B amplifier (Axon Instruments Inc., Foster City,
CA, USA). The cells were paced through the recording elec-
trode at a steady cycle length of 1 s using 1 ms wide rectan-
gular current pulses with 120% threshold amplitude. Because
the cytosol was not dialysed, time-dependent changes in
action potential duration were negligible for at least 60 min
under these experimental conditions (Horvath et al., 2006).
Concentration-dependent effects of rosiglitazone were
determined in a cumulative manner by applying increasing
concentrations of the drug between 1 and 100 uM. Each
concentration was superfused for 3 min and the washout
usually lasted for 10 min. These incubation and washout
periods were sufficient to develop steady-state drug effects
and practically full reversal. As the stimulus threshold was
gradually increased during the cumulative application of
rosiglitazone, the amplitude of stimuli had to be increased
accordingly. Action potentials were digitized at 200 kHz using
Digidata 1200 A/D card (Axon Instruments Inc.) and stored
for later analysis.

Conventional voltage clamp

The cells were superfused with oxygenated Tyrode solution.
Suction pipettes, fabricated from borosilicate glass, had a tip
resistance of 2 MQ after filling with pipette solution contain-
ing (in mM) K-aspartate, 100; KCl, 45; MgCl,, 1; HEPES, 5;
EGTA, 10; K-ATP, 3, or alternatively, KCl, 110; KOH, 40;
HEPES, 10; EGTA, 10; TEACI, 20; K-ATP, 3, when measuring
potassium or calcium currents respectively (pH = 7.2 in
both cases). Membrane currents were recorded with the
Axopatch-2B amplifier using the whole cell configuration of



the patch clamp technique (Hamill et al., 1981). After estab-
lishing a high (1-10 GQ) resistance seal by gentle suction, the
cell membrane beneath the tip of the electrode was disrupted
by further suction or by applying 1.5 V electrical pulses for
1 ms. The series resistance was typically 4-8 MQ before com-
pensation (usually 50-80%). Experiments were discarded
when the series resistance was high or substantially increas-
ing during the measurement. Outputs from the clamp ampli-
fier were digitized at 100 kHz under software control (pClamp
6.0, Axon Instruments Inc.). lon currents were normalized to
cell capacitance, determined in each cell using short hyper-
polarizing pulses from —-10 to —20 mV. Cell capacitance was
131 £ 5 pF in the average of 25 myocytes. The experimental
protocol for each measurement is described where pertinent
in the Results section. Concentration-dependent effects of
rosiglitazone were determined in a cumulative manner by
applying increasing concentrations of the drug between 1
and 300 pM.

Action potential voltage clamp

Using the whole cell configuration of the patch clamp tech-
nique, action potentials were recorded in current clamp
mode from the myocytes superfused with Tyrode solution.
The pipette solution was identical to that used for potassium
current measurement under conventional voltage clamp con-
ditions. The cells were continuously paced through the
recording electrode at a steady stimulation frequency of 1 Hz
so a 1-2ms gap between the stimulus artefact and the
upstroke of the action potential could occur. Ten subsequent
action potentials were recorded from each cell, which were
analysed online. One of these action potentials, having an
APDy, value closest to the average of the 10 recorded action
potentials, was delivered to the same cell at the identical
frequency as command voltage after switching the amplifier
to voltage clamp mode. The current trace obtained under
these conditions is a horizontal line positioned at the zero
level except for the very short segment corresponding to the
action potential upstroke (Fischmeister et al., 1984). Rosigli-
tazone was applied in a cumulative manner using concentra-
tions of 1, 10 and 100 uM. The profile of the ion currents
blocked by rosiglitazone was determined by subtracting the
post-drug curve from the pre-drug curve. This procedure
resulted in composite current profiles containing three dis-
tinct current peaks: an early outward peak for the transient
outward K* current (I,), an inward peak for the I, and a late
outward peak for the rapid delayed rectifier K* current (Ix.)
(Banyaz et al., 2007).

Statistics

Results are expressed as mean * SEM values. Statistical sig-
nificance of differences was evaluated using one-way ANOVA
followed by Student’s t-test. Differences were considered sig-
nificant when P < 0.05. For each type of experiment, both the
number of myocytes studied and the number of animals used
are specified.

Materials

Rosiglitazone was freshly diluted with Tyrode solution to
final concentration on the day of experiment. Rosiglitazone
was purchased from Molekula Ltd (Shaftesbury, UK); all other
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drugs were obtained from Sigma-Aldrich Co. Drug and
molecular target nomenclature follows Alexander et al.
(2009).

Results

Effect of rosiglitazone on action

potential configuration

Rosiglitazone treatment caused complex, concentration-
dependent, changes in action potential morphology in
canine ventricular myocytes (eight cells from four dogs),
paced at a constant frequency of 1 Hz, including reduction
of the amplitude of early (phase-1) repolarization, the
maximum velocity of depolarization (V.x), and depression of
the plateau potential (Figure 1A). These effects of rosiglita-
zone were significant at concentrations of 10 uM and higher
(Figure 1B and C). Action potential duration was little
affected by rosiglitazone; however, APDs, was significantly
shortened by 30 uM, while APDy, was lengthened by 100 uM
of rosiglitazone (Figure 1D). In spite of the reduction of Vi,
the amplitude of action potential was not decreased by
rosiglitazone. In contrast, it was significantly increased in the
presence of 100 uM rosiglitazone (Figure 1E). All these effects
of rosiglitazone developed rapidly (within 2-3 min) and were
readily reversible after superfusion with rosiglitazone-free
Tyrode solution for 10 min.

Effect of rosiglitazone on the density and
kinetics of cardiac ion currents measured by
conventional voltage clamp
In these experiments, performed under conventional voltage
clamp conditions, cumulative concentration-dependent drug
effects were monitored between 1 and 300 uM, increasing the
concentration of rosiglitazone usually in steps of 0.5 log
units. Kinetic properties of the channel gating were studied at
concentrations, which were close to the half effective block-
ing concentration of rosiglitazone on the given ion current.
I, was activated by depolarizations to +50 mV arising
from the holding potential of -80 mV and having duration of
200 ms. Before each test pulse, a short (5 ms) depolarization
to —40 mV was applied in order to inactivate the fast Na*
current (Ix,), while I, and Ik, were blocked by 5 pM nifedipine
and 1 uM E4031 respectively. I, was suppressed by rosiglita-
zone in a concentration-dependent manner in the five myo-
cytes studied (each from a different animal). This effect of
rosiglitazone was statistically significant at concentrations
=10 uM, the ECso value was 25.2 = 2.7 uM, and the Hill
coefficient 1.27 = 0.19 (Figure 2A and B). The effect of rosigli-
tazone developed rapidly (within 2-3 min) and was fully
reversible upon washout (Figure 2C). Rosiglitazone altered
the gating properties of I,. The current inactivated as a sum
of a faster and a slower component. The amplitude of both
components was significantly decreased in the presence of
30 uM rosiglitazone. The fast time constant was not modified,
while the slow time constant was doubled by rosiglitazone
(Figure 2D). Activation of I, required larger depolarizations in
the presence of rosiglitazone and the activation threshold
was shifted from —20 to +20 mV (Figure 2E), while no signifi-
cant change was observed in the voltage-dependence of inac-
tivation (Figure 2F).
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(A) Representative set of superimposed action potentials showing the cumulative concentration-dependent effects of rosiglitazone on action
potential configuration. Early events of the action potential are enlarged in the inset, the first time derivatives of action potential upstrokes are
depicted on the right. The action potentials were superimposed so as to match their upstrokes. (B—E) Cumulative concentration-dependent effects
of rosiglitazone on the maximum rate of depolarization (Vmax), amplitude of phase-1 repolarization, action potential duration measured at 50%
(APDsg) and 90% (APDyo) level of repolarization, and action potential amplitude respectively. Phase-1 amplitude was determined as a difference
of overshoot potential and the deepest point of the incisura. Each concentration of rosiglitazone was superfused for 3 min, the washout (Wo)
lasted for 10 min. Symbols and bars represent mean = SEM values of eight myocytes, obtained from four dogs. *P < 0.05, significant changes from

pre-drug control values, which are also indicated by dotted lines.

Ix, was activated by 1s long depolarizing pulses to
+50 mV, from the holding potential of —40 mV. I, was
assessed as tail current amplitudes recorded following repo-
larization to the holding potential. Ic, and the slow delayed
rectifier K* current were suppressed by 5 uM nifedipine and
1 uM HMR-1556 respectively. As shown in Figure 3A and B,
the amplitudes of the Iy, current tails were progressively
decreased by increasing concentrations of rosiglitazone. The
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ECso value and Hill coefficient were estimated to be 72.3 =
9.3 uM and 0.91 = 0.1, respectively, as the mean of five
myocytes, each derived from a different animal (Figure 3B).
Similarly to results observed with I, suppression of the I
tails developed rapidly and was fully reversible (Figure 3C).
Relaxation of I, current tails (deactivation) followed biexpo-
nential kinetics. Although the time constants of both com-
ponents decreased, this effect failed to reach the level of
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Figure 2

Effect of rosiglitazone on l,. (A), (B): Cumulative concentration-dependent effects of rosiglitazone on |, measured under conventional voltage
clamp conditions. Representative superimposed Iy, current traces (A) recorded before and after superfusion with increasing concentrations of
rosiglitazone, and the dose-response curve (B) obtained for I, blockade in five cells, each from a different animal, including the results of the Hill
plot. (C): Time course of development and reversibility of the effect of rosiglitazone on I, measured in a representative cell. (D)-(F): Effect of 30 uM
rosiglitazone on kinetic properties of |y, studied in five myocytes, each from a different dog. (D): Time course of inactivation of l,. The current
decay was fitted as a sum of two (fast and slow) exponential components. (E): Current-voltage relationship obtained for . Peak values of I, were
plotted against the respective test potential shown on abscissa. (F): Effect of rosiglitazone on the voltage-dependence of steady-state inactivation
of l,. Test depolarizations to +50 mV were preceded by a set of prepulses clamped to various voltages between —70 and +10 mV. Peak currents
measured after these prepulses were normalized to the peak current measured after the —70 mV prepulse and plotted against the respective
prepulse potential. Solid lines were obtained by fitting data to the two-state Boltzmann function. Symbols, columns and bars are means = SEM.
*P < 0.05, significant changes from control.

statistical significance (P > 0.05). In contrast, the amplitudes from a different dog, P < 0.05). Due to this shift of activation,
of both components were significantly reduced by 100 uM the block apparently increased with increasing depolariza-
rosiglitazone. Voltage-dependence of activation of Iy, was tions to more positive voltages, it was negligible at membrane
moderately shifted towards more negative potentials by potentials =-5 mV, while it represented close to half of
100 uM rosiglitazone: the half-activation voltage (Vos) of Ik control current amplitude at voltages more positive than
was shifted from -4.8 = 3.2 to -10.2 = 1.3 mV (five cells, each +10 mV (Figure 3E). No change in the monoexponential time
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Figure 3

Effect of rosiglitazone on lk. (A), (B): Concentration-dependent effects of rosiglitazone on Iy, measured under conventional voltage clamp
conditions. Representative superimposed Ik tail current traces (A) recorded before and after superfusion with increasing concentrations of
rosiglitazone, and the dose-response curve (B) obtained for Iy, blockade in five cells, each from a different animal, including the results of the Hill
plot. (C): Time course of development and reversibility of the effect of rosiglitazone on I recorded from a representative cell. (D)-(F): Effect of
100 uM rosiglitazone on kinetic properties of I studied in five myocytes, each obtained from a different dog. (D): Time course of deactivation
of lx.. Decay of tail currents was fitted as a sum of two (fast and slow) exponential components. (E): Voltage-dependence of activation of Iy, was
determined by varying the potential for Iy, activation as indicated on the abscissa. The results were fitted to the two-state Boltzmann function
denoted by solid lines. (F): Time constant of activation was determined by monoexponential fitting of data obtained using the tail envelope test
(applying depolarizations to +50 mV and determining tail current amplitudes at —40 mV). Durations of these depolarizing pulses are displayed on
the abscissa. Symbols, columns and bars are mean values = SEM. *P < 0.05, significant changes from control.

constant of activation of Iy, determined by using the tail
envelope test, was observed in the presence of 100 uM rosigli-
tazone (Figure 3F).

Ic, was recorded at +5 mV using 400 ms long depolariza-
tions arising from the holding potential of —40 mV. In these
experiments, Tyrode solution was supplemented with 3 mM
4-aminopyridine, 1 uM E4031 and 1 uM HMR-1556 in order
to block K currents. Rosiglitazone blocked Ic, in a
concentration-dependent manner causing statistically signifi-
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cant block at concentrations =10 uM. The ECs, value and Hill
coefficient were 82.5 = 9.4 uM and 0.82 *+ 0.08, respectively,
in the six myocytes obtained from five dogs (Figure 4A
and B). As indicated by Figure 4C, Ic, was only partially
reversed during the 10 min period of washout following
rosiglitazone treatment. Rosiglitazone altered slightly the
gating properties of Ic, as well. This current inactivated as a
sum of two exponential components and no significant
changes in the time constants were observed. Although
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Figure 4

Effect of rosiglitazone on Ic.. (A), (B): Cumulative concentration-dependent effects of rosiglitazone on Ic, measured under conventional voltage
clamp conditions. Representative superimposed Ic. current traces (A) recorded before and after superfusion with increasing concentrations of
rosiglitazone, and the dose-response curve (B) obtained for Ic, blockade in six cells from five dogs, including the results of the Hill plot. (C): Time
course of development and reversibility of the effect of rosiglitazone on Ic, measured in a representative cell. (D)—(F): Effect of 100 uM rosiglitazone
on kinetic properties of I¢, studied in five myocytes, derived from five different animals. (D): Time course of inactivation of Ic,. The current decay
was fitted as a sum of two (fast and slow) exponential components. (E): Current-voltage relationship obtained for Ic.. Amplitudes of Ic, were
plotted against the respective test potential shown on abscissa. (F): Effect of rosiglitazone on the voltage-dependence of steady-state inactivation
of Ic,. Test depolarizations to +5 mV were preceded by a set of prepulses clamped to various voltages between —50 and +5 mV. Peak currents
measured after these prepulses were normalized to the peak current measured after the —-50 mV prepulse and plotted against the respective
prepulse potential. Solid lines were obtained by fitting data to the two-state Boltzmann function. Symbols, columns and bars are means = SEM.
*P < 0.05, significant changes from control.

amplitudes of both the fast and slow components were for Ic, by plotting the amplitudes of the current against the
decreased by 100 uM rosiglitazone, suppression of the slow respective test potentials (Figure 4E). In contrast, steady-state
component was more pronounced. (Figure 4D). Rosiglitazone inactivation of Ic, was enhanced by 100 uM rosiglitazone.
had no effect on the current-voltage relationship obtained The half inactivation voltage (V,s) was significantly shifted
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towards more negative potentials (from -12.9 = 0.3 mV to
-15.5 = 0.3 mV, P < 0.05, five cells, each from a different
animal, Figure 4F).

The inward rectifier K* current (Ix;) was studied by apply-
ing hyperpolarizations to —135 mV from the holding poten-
tial of —40 mV. The steady-state current was determined
400 ms after the beginning of the pulse. As it is shown in
Figure 5, Ix; was not significantly modified by rosiglitazone
up to the concentration of 100 uM in the four cells chal-
lenged, each obtained from a different dog. Above this con-
centration (at 300 M) a small but fully reversible suppression
of Ix; was observed.

Effect of rosiglitazone on ion currents under
action potential clamp conditions

The profile of an ion current may be markedly different when
comparing under conventional voltage clamp and action
potential clamp conditions. An advantage of the action
potential clamp technique is that the effect of any drug on
the net membrane current can be recorded allowing thus to
monitor drug effects simultaneously on more than one ion
current. Furthermore, this technique enables us to record true
current profiles flowing during an actual cardiac action
potential. Of course, in the case of a drug acting on more than
one ion current, such as rosiglitazone, a series of peaks can be
detected on the current trace, each of them corresponding to
the fingerprint of an individual ion current. Accordingly, the
early outward current peak, shown in Figure 6, arises when I,
is suppressed, while the inward deflection indicates a block-
ade of Ic,. The late outward current peak, coincident with
terminal repolarization of the canine action potential,
is a mixture of I, plus Ix. In our case, however, it is likely
caused by pure Ik, blockade, because — as we have previously
shown - Iy was not affected by 100 uM rosiglitazone. As
demonstrated in Figure 6, rosiglitazone suppressed I, Ik
and I, under action potential voltage clamp conditions in a
concentration-dependent and largely reversible manner — in
line with results of conventional voltage clamp experiments.
The amplitudes of the three current peaks (early outward,
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inward and late outward) are presented in Figure 7 as the
mean of five myocytes, each obtained from a different dog.

Discussion

Effects of rosiglitazone on action potential
mo;phology are in line with effects on the
underlying ion currents

Effects of rosiglitazone on native cardiac ion currents were
first analysed in this study. The results revealed that rosigli-
tazone suppressed several ion currents, including Ixa, Lo, Ik
and I, in a concentration-dependent manner with the con-
comitant alterations in the configuration of the action poten-
tial. These changes can be associated with suppression of
various ion currents with concomitant changes in channel
gating. For instance, the rosiglitazone-induced decrease in
phase-1 repolarization may be due to reduction of I;,. Simi-
larly, the depression of the plateau, observed in the presence
of rosiglitazone, may be a consequence of inhibition of Ca*
and Na* currents. Concentration-dependent blockade of I,
and Ic, have been demonstrated by our present voltage
clamp experiments, while the observed suppression of Vi, is
believed to be a good indicator of Iy, blockade (Strichartz and
Cohen, 1978).

In spite of the multiple actions of rosiglitazone on cardiac
ion channels, action potential duration was little affected by
rosiglitazone, except for the moderate reduction of APDs, at
30 uM and lengthening of APDy, at 100 uM concentration.
This apparently paradoxical behaviour may be related to dif-
ferences in blocking potencies on the various ion currents.
On the other hand, the lack of marked effects of rosiglitazone
on action potential duration suggests that inhibition of
inward (window Iy, and I¢,) and outward (I, and I,,) currents
are relatively well compensated. This suggestion is strongly
supported by the action potential voltage clamp records
shown in Figure 6. Also, suppression of Vi, is usually accom-
panied with reduction of action potential amplitude. This
effect was not observed with rosiglitazone - in contrast —
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Effects of 1, 10 and 100 uM rosiglitazone on ion currents under
action potential voltage clamp conditions. Representative records of
a command signal (A), and the underlying current traces obtained
before (B), in the presence of (C)-(E), and after washout of rosigli-
tazone (F). Because ion currents were obtained from the same cell
that provided the command action potential, the pre-drug current
record was a horizontal line at the zero level. The post-drug differ-
ence currents have been inverted in order to present the currents
with their conventional polarity. Dotted lines indicate zero current
level for each trace except for (A), where it represents zero voltage.

action potential amplitude was significantly increased by the
highest rosiglitazone concentration applied (100 uM). This
effect is likely to be due to the simultaneous blockade of Ix,
and I, with the former effect tending to decrease, and the
latter tending to increase, the amplitude of action potentials.
Finally, the lack of depolarization is compatible with the
inability of rosiglitazone to alter Ix; at concentrations up to
100 uM.

Comparison with troglitazone
Our present results allow some comparison between the cel-
lular cardiac electrophysiological effects of rosiglitazone and

Rosiglitazone and cardiac ion currents

*

A § 10 |
2 ]
2
4
P
o *

T 5

= T
2

=

o

>

S o -

R
1
0 -
=

™
Q.
g 1
k4
S 05 - ¥
Q.
T
©
S
£
1

— % %

™

Q.

2

g

L4

2

B 0.5 1

5

: :

2

g ) =

1uM 10 pM 100 pM
Rosiglitazone

Figure 7

Effects of 1, 10 and 100 uM rosiglitazone on the early outward
current peak, indicator of I, (A), the inward current peak, indicator of
Ica (B), and the late outward current peak, indicator predominantly of
Ikr (C), obtained under action potential voltage clamp conditions in
five myocytes, each from a different animal. Columns and bars are
means = SEM. *P < 0.05, significant changes from control.

troglitazone. Troglitazone blocked I¢, with ICs, values close to
10 uM in rat (Arikawa et al., 2002; 2004), rabbit (Ikeda and
Watanabe, 1998) and guinea pig (Nakajima et al., 1999) myo-
cytes. This value is significantly smaller than the ICs, of
92 uM obtained with rosiglitazone in canine ventricular cells
(present study). The inhibitory effect of troglitazone on Iy, is
also much stronger than that of rosiglitazone. In contrast to
our results, where 100 uM rosiglitazone caused less than 50%
reduction of V., 1uM of troglitazone induced 50% Vi
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blockade, while 10 uM of the compound fully eliminated
action potentials in rabbit ventricular myocytes (Ikeda and
Watanabe, 1998). Thus the difference between the inhibiting
potency of rosiglitazone and troglitazone seems to be at least
one order of magnitude. In summary, as rosiglitazone is a
weaker inhibitor of cardiac ion channels than the other
thiazolidinedione derivative troglitazone, less cardiac side
effects would be anticipated with rosiglitazone than with
troglitazone.

Clinical implications

The lowest concentration of rosiglitazone that caused statis-
tically significant changes in our study was much higher than
the peak plasma levels obtained in patients. Peak plasma
concentration of 0.8 ug-mL™ (corresponding to 2 uM) is
typical in patients after receiving a single dose of 8 mg rosigli-
tazone (Park etal.,, 2004; Wittayalertpanya et al., 2010).
Therefore, it is not likely that rosiglitazone, in normal doses,
would alter cardiac electrogenesis in healthy individuals. In
line with this, no case of sudden death has been reported in
association with rosiglitazone therapy. But what might
happen with a rosiglitazone overdose? Under such non-
normal conditions, rosiglitazone concentrations in the
plasma are likely to reach a much higher level, probably
several tens of micromoles, where a variety of cardiac ion
channels could be suppressed thus favouring the develop-
ment of cardiac arrhythmias. This may be especially danger-
ous in patients with multiple cardiovascular risk factors, like
elderly diabetic patients with ischemic heart disease. Indeed,
rosiglitazone has been shown to increase the propensity for
ventricular fibrillation in ischemic pigs (Lu et al., 2008). Thus
the pro-arrhythmic action of rosiglitazone may be combined
with, and contribute to, the development of other unfavour-
able cardiac side effects observed in an at-risk group of dia-
betic patients. This is in line with the consensus statement of
the American and European Diabetes Associations, advising
clinicians against using rosiglitazone in patients with type 2
diabetes mellitus (Krentz, 2009; Kaul et al., 2010).

Limitations of the study

The present results with rosiglitazone were obtained in
healthy canine hearts, while rosiglitazone is usually given to
diabetic patients. Diabetes is known to induce marked
remodelling in the set of cardiac ion currents in all mamma-
lian species studied, including dogs (Lengyel et al., 2007),
rabbits (Lengyel et al., 2008) and rats (Magyar et al., 1992). In
addition, differences in the effects of both rosiglitazone and
troglitazone were observed when compared between healthy
and diabetic rats (Arikawa et al., 2002; Kavak et al., 2008). Our
data therefore should be extrapolated to diabetic patients
with caution.
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