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Ranolazine: Ion-channel-blocking actions and in vivo
electrophysiological effects
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1 Ranolazine is a novel anti-ischemic drug that prolongs the QT interval. To evaluate the potential
mechanisms and consequences, we studied: (i) Ranolazine’s effects on HERG and IsK currents in
Xenopus oocytes with two-electrode voltage clamp; (ii) effects of ranolazine, compared to D-sotalol, on
effective refractory period (ERP), QT interval and ventricular rhythm in a dog model of acquired long
QT syndrome; and (iii) effects on selected native currents in canine atrial myocytes with whole-cell
patch-clamp technique.

2 Ranolazine inhibited HERG and IsK currents with different potencies. HERG was inhibited with
an ICs, of 106 umoll~!, whereas the ICs, for IsK was 1.7 mmoll~".

3 D-Sotalol caused reverse use-dependent ERP and QT interval prolongation, whereas ranolazine
produced modest, nonsignificant increases that plateaued at submaximal doses. Neither drug affected
QRS duration. D-Sotalol had clear proarrhythmic effects, with all D-sotalol-treated dogs developing
torsades de pointes (TdP) ventricular tachyarrhythmias, of which they ultimately died. In contrast,
ranolazine did not generate TdP.

4 Effects on Ik, and Ix, were similar to those on HERG and IsK. Ranolazine blocked /-, with an
ICso of ~300 umoll~'. Iy, was unaffected.

5 We conclude that ranolazine inhibits /i, by blocking HERG currents, inhibits /¢, at slightly larger
concentrations, and has modest and self-limited effects on the QT interval. Unlike D-sotalol,
ranolazine does not cause TdP in a dog model. The greater safety of ranolazine may be due to its
ability to inhibit I, at concentrations only slightly larger than those that inhibit I, thus producing
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offsetting effects on repolarization.
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Introduction

Ranolazine is an interesting anti-anginal and anti-ischemic
agent in clinical development, (Chaitman et al., 2004a,b).
Although the mechanism(s) underlying the anti-ischemic effect
of ranolazine has not yet been elucidated, it has been reported
that this piperazine derivative increases myocardial glucose
oxidation and decreases fatty acid oxidation (Clarke et al.,
1993; 1996; McCormack et al., 1996). Reduced lactate
production and a greater amount of ATP formed per O,
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consumed (McCormack et al., 1996) could account for
preservation of cellular viability under ranolazine therapy
(Clarke et al., 1993; Gralinski et al., 1994).

Clinical studies in patients with chronic stable angina have
shown that ranolazine increases the total time that patients can
exercise during symptom-limited treadmill exercise tests, as
well as the time to onset of angina (Jain et al., 1990), in a
concentration-dependent fashion (Wolff, 2000). One study
failed to demonstrate the beneficial effects of ranolazine
(Thadani et al., 1994), a result that has been attributed to
insufficient plasma concentrations (Pepine & Wolff, 1999).
Ranolazine has been shown to be effective in monotherapy or
in combination with fS-blockers or calcium antagonists, with-
out affecting the heart rate and arterial blood pressure (Cocco
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et al., 1992; Pepine & Wollff, 1999; Louis et al., 2002; Chaitman
et al., 2004a,b). In a primate model of ischemia—reperfusion,
ranolazine prevented the release of myocardial enzymes,
suggesting a cardioprotective drug effect (Allely & Alps,
1990). Although Black et al. (1994) were unable to detect a
reduction in infarct size after regional myocardial ischemia and
subsequent reperfusion in a dog model, the same group found
substantial cardioprotective effects in the isolated perfused
rabbit heart (Gralinski ez al., 1994). A recent study found that
ranolazine significantly reduced infarct size and cardiac
troponin T release in rats subjected to left anterior descending
artery occlusion—reperfusion (Zacharowski et al., 2001). In
dogs with heart failure, ranolazine improved left ventricular
function without increasing myocardial oxygen consumption
(Chandler et al., 2002).

Very little is known about the effects of ranolazine on
cardiac electrophysiology. Although Allely & Alps (1988) did
not find any effect of ranolazine on myocardial conduction in
anesthetized dogs, clinical trials have shown a slight but clear
prolongation of the QT interval in the ECG (Chaitman et al.,
2004a,b). Drug-induced long QT syndrome.

(LQTS) might lead to potentially fatal ventricular arrhyth-
mias (Roden et al., 1996). It is therefore of importance to
understand the effects of ranolazine on cardiac electrophysio-
logy, and to appreciate the potential mechanism of any effects
based on changes in ionic currents.

The present study was designed to evaluate the electro-
physiological actions of ranolazine and the drug’s effect on
cardiac rhythm in a dog model of TdP. Inhibition of outward
potassium (K ) currents is known to cause prolongation of
the QT interval (Keating & Sanguinetti, 2001). To assess
ranolazine’s effect on outward K™ currents in a system free of
contamination by overlapping currents, we performed voltage-
clamp studies of heterologously expresssd HERG and IsK
subunits encoding the main repolarizing currents /i, and Ik,
respectively, in Xenopus oocytes. To determine the drug effects
on inward and outward currents in a native system, we
performed patch-clamp studies on isolated canine atrial
myocytes. To assess in vivo actions and possible arrhythmogenic
potential, the effects of ranolazine were studied in a dog model
of LQTS (Derakhchan et al., 1998) and compared to those of
the Iy, blocking class 11T antiarrhythmic drug D-sotalol.

Methods

Heterologous expression of HERG and IsK in Xenopus
oocytes

HERG and IsK cRNAs were synthesized with the mMES-
SAGE mMACHINE kit (Ambion Inc., Austin, TX, U.S.A.)
using SP6 and T7 promoters, respectively. cRNAs were
injected into stage IV-V Xenopus oocytes (ng cRNA/oocyte:
HERG 6, IsK 1), followed by two-electrode voltage-clamp
recordings 24-48h after ¢cRNA injection. Currents were
elicited at room temperature by 4-s voltage steps at 0.1 Hz
from a holding potential of —80mV to membrane potentials
ranging from —50 to +40mV in 10-mV increments, using a
GeneClamp 500 amplifier and pClamp® 6.0 software (Axon
Instruments, Inc., Union City, California, U.S.A.). The
external (bath) solution contained (mmol1~"): 2 KCl, 96 NaCl,
1 MgCl,, 5 HEPES, 1.8 CaCl, (pH adjusted to 7.4 with

NaOH). Stock solutions were added to bath solutions as
needed to obtain the final test concentrations. Currents from
Xenopus oocytes expressing HERG were recorded before
(control) and after application of 10, 30, 100 umol 1= and
Immol 17! ranolazine. Currents from Xenopus oocytes
expressing IsK were recorded before and after 100, 300 umol
1!, 1 and 3mmol 17! ranolazine. Drug-containing solutions
were superfused until steady-state block occurred (generally
~ 15 min) before repeating full voltage-clamp protocols. Glass
microelectrodes (3-moll ~! KCl-filled) had 1.3-2.0 MQ
resistances. Iyprg amplitude was determined by back-extra-
polating a two-exponential fit of tail currents to the end of
the depolarizing pulse. IsK current amplitude was measured at
the end of the test pulse.

In vivo studies

Adult mongrel dogs were pre-treated with Atravet®
0.07mgkg~' sc (acepromazine maleate USP sterile, Ayerst,
DIN 00053023). After 15min, animals were anesthetized with
Ketalean® 5.3 mgkg™" i.v.

(ketamine hydrochloride USP, Bimeda MTC, DIN
00612316) and diazepam 0.25mgkg~" i.v. (Sabex Inc., DIN
00399728), followed by isoflurane 1-2% (Isoflurane USP,
Abbott, DIN 02032384), intubated and mechanically venti-
lated. AV block was produced with radiofrequency ablation.
D-Sotalol was administered intravenously at a loading dose
of 8mgkg™' and a maintenance dose of 4mgkg~'h~! (n=>5).
Five dogs received ranolazine as a 0.5mgkg' intravenous
load, followed by a first, a second and a third continuous
intravenous infusion of 1, 3 and 15mgkg~'h~!, respectively.
At 20 min after the beginning of the maintenance infusion (for
D-sotalol) or 30 min after the start of each intravenous infusion
rate (for ranolazine), electrophysiological measurements (right
ventricular effective refractory period (ERP), QT and QRS
intervals) were obtained at basic cycle lengths (BCLs) of 300,
400, 600 and 1000 ms. Phenylephrine challenges were given
as boluses (10, 20, 30, 40 and 50 ugkg™") at each D-sotalol or
ranolazine infusion rate to induce ventricular tachyarrhyth-
mias as previously described (Derakhchan ez al., 1998).

Voltage-clamp experiments in native myocytes

Adult mongrel dogs (20-30kg) were anesthetized with
pentobarbital sodium (30 mgkg ' intravenously). Their hearts
were quickly removed and immersed in Tyrode’s solution
equilibrated with 100% O, at room temperature. Left atrial
myocytes were isolated as previously described (Li et al., 1996;
1999; 2000; Lu et al., 1998) and maintained in a high-K™*
storage solution for use the same day.

General voltage-clamp techniques were performed as pre-
viously described in detail (Li ez al., 1996; 1999; 2000; Lu et al.,
1998). The standard Tyrode solution for cell isolation and
patch-clamp studies of Iy, and Iy, contained (mmoll~") 136
NacCl, 5.4 KCl, 1 MgCl,, 1 CaCl,, 0.33 NaH,PO,, 5 HEPES,
and 10 dextrose (pH adjusted to 7.4 with NaOH). The high-
K+ storage solution contained (mmoll~") 20 KCI, 10 KH,PO,,
10 dextrose, 70 glutamic acid, 10 f-hydroxybutyric acid, 10
taurine, 10 EGTA, and 0.1% albumin (pH adjusted to 7.4 with
KOH). The extracellular solution used to record I, contained
(mmol1~") 136 tetracthylammonium chloride (TEA), 5.4 CsCl,
1 MgCl,, 0.33 NaH,PO,, 2 CaCl,, 10 dextrose, and 10 HEPES.
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The extracellular solution used to record Iy, contained
(mmoll~") 132.5 CsCl, 5 NaCl, 1 MgCl,, 1 CaCl,, 11 dextrose,
and 20 HEPES. The pipette solution used to study K™
currents contained (mmol 17') 110 potassium aspartate, 20
KCl, 1 MgCl,, 5 Mg,-ATP, 10 HEPES, 5 phosphocreatine, 0.1
GTP, and 10 EGTA (pH adjusted to 7.2 with KOH). The
pipette solution used to record I, contained (mmoll™") 20
CsCl, 110 cesium aspartate, 10 HEPES, 10 EGTA, 1 MgCl,, 5
Mg,-ATP, 5 phosphocreatine, and 0.1 GTP (lithium salt). The
pipette solution used to record Iy, contained (mmoll~") 135
CsF, 5 NaCl, 5 HEPES, 10 EGTA, and 5 Mg,-ATP. The pHs
of internal and external solutions for studies of I, and I\,
were adjusted to 7.2 and 7.4, respectively, with the use of
CsOH. Ik was studied in the presence of 0.2 mmol1~! CdCl, to
block I, and 2mmoll~! 4-AP to inhibit 7, and I, 4. Ixs Was
measured in the presence of 5umoll™' E-4031 to block ..
Chromanol 293B (50 umoll~") was added to the superfusate
for Iy, recording to block I,. In, was studied in the presence
of 100 umol1~' CdCl, to inhibit Ic,. Dofetilide and atropine
(1 umol1~") and CdCl, (200 umol1~") were added to block I,
acetylcholine-dependent K* current and I, respectively. All
chemicals were obtained from Sigma-Aldrich, St Louis, MO,
U.S.A. Ranolazine dihydrochloride was obtained from CV
Therapeutics, Inc., Palo Alto, CA, U.S.A., lot number E3-ML-
003. The stock solutions were prepared in methanol and water,
and kept in the refrigerator (4°C).

Before series resistance (Rs) compensation, time constants
of the decay of the capacitive surge averaged 580+21 us (Cm,
77.4+2.6 pF; n=18) for cells used to study Ix,, 515+98 us
(Cm, 76.7+3.3pF; n=15) for cells used to study I,
696145 us (Cm, 88.8+6.8 pF; n=12) for cells used to study
Ica, and 454+ 53 us (Cm, 73.7+5.0 pF; n=6) for cells used to
study In,. Rs values were 7.5+0.2, 6.74+0.2, 7.940.2, and

6.4+ 1.0 MQ for electrodes used to study Ik, Ixs, Ica, and Ina,
respectively. After compensation, the time constants were
reduced to 216+ 10, 195+ 10, 241+ 14, and 23549 us, and Rs
values were reduced to 2.940.1, 2.74+0.1, 2.840.1, and
3.3+0.4MQ for electrodes used to study lx,, Ik Ica, and
In., respectively. Iy, amplitude was determined by back-
extrapolating a two-exponential fit of tail currents to the end
of the depolarizing pulse. Currents were recorded at physio-
logical temperatures (35-37°C) unless otherwise stated. Re-
cordings were performed before (control) and after 10 min of
superfusion with ranolazine. Reversal of effects was confirmed
upon drug washout.

Data analysis

Data were analyzed with Axon Clampfit 6, Graphpad Prism 3
(Graphpad Software, San Diego, CA, U.S.A.) and Microsoft
Excel 2000 (Microsoft Corporation, Redmond, WA, U.S.A).
Group data are presented as the mean+s.e.m. Statistical
comparisons between groups were made with Student’s
t-test and a two-tailed probability <0.05 was taken to
indicate statistical significance. Nonlinear curve fitting was
performed with the use of the algorithm provided in Clampfit
6 or Prism 3.

Results

Effects of ranolazine on HERG current in Xenopus
oocytes

Figures la and b show original HERG current (lygrc)
recordings before (a) and after (b) application of 100 umoll™!
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Figure 1 Inhibition of Iygrg current by ranolazine. (a, b) Currents from a representative cell before (a) and after application of
100 gmol 1! ranolazine (b). Currents were elicited by the protocol shown in the inset. (c) Mean current-voltage relationships of
Iuerg tail currents under control conditions (filled circles) and in the presence of 100 umoll™" ranolazine (open circles). (d) Mean
concentration—response curve at a test potential of 0 mV. Results are mean+s.e.m. *P<0.05, **P<0.01, ***P<0.001 vs control,
n=>5. (e) 50% inhibition of Iygrg by ranolazine (ICsy; y-axis) as a function of test potential (x-axis).
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ranolazine. Mean tail current-voltage relations of Iygrg
obtained from five oocytes under control conditions (filled
circles) and in the presence (open circles) of 100 ymoll™"
ranolazine are shown in (c). Ranolazine significantly decreased
Iugrc over the voltage range from —40 to 40mV. Panel d
shows ranolazine concentration—response relationships at a
membrane potential of OmV. Block was concentration
dependent with an ICsy of 106 yumoll~! at a test potential of
0mV. Panel e depicts the voltage dependence of Iygrg block
by ranolazine. At test potentials between —20 and +40mV,
ICsy’s ranged from 60 to 120 umoll~'. Overall, 100 uM
ranolazine inhibited Iygrg by ~50%.

Effects of ranolazine on IsK current in Xenopus oocytes

Original IsK current recordings before and after 1 mmoll™
ranolazine are shown in Figure 2, panels a and b, respectively.
Mean current—voltage relationships of IsK current obtained
from six Xenopus oocytes before (filled circles) and after
I mmoll~' ranolazine (open circles) are illustrated in panel c.
Panel d shows the ranolazine concentration—response curve
at a membrane potential of 0 mV. Measurements could not
be obtained with concentrations greater than 3mmoll™’
because of limited solubility. To calculate the ICs, of IsK
inhibition by ranolazine, we assumed a maximum inhibition of
100% at a concentration of 10moll™' ranolazine. The
extrapolated part of the concentration—response curve in panel
d is represented by a dotted line. Ranolazine inhibited IsK
currents in a concentration-dependent fashion, with an ICs, of
1.7mmoll™! at a test potential of OmV. At test potentials
between —20 and +40mV, ICsy’s were between 1.5 and
2.5mmol 1™, as shown in panel e. No clear voltage dependence
of block was observed.

Effects of ranolazine on QT intervals and arrhythmia
induction in anesthetized dogs: comparison with D-sotalol

Figure 3 shows the effects of D-sotalol and ranolazine on ERP
and QT interval as a function of BCL. D-Sotalol and rano-
lazine had quite different effects on repolarization. D-Sotalol
increased right ventricular ERP and QT interval in a reverse
use-dependent fashion (panels a and b, respectively). Ranola-
zine, on the other hand, had only a modest, statistically non-
significant, tendency to increase ERP and QT interval (c and
d). For example, at a BCL of 1000 ms, D-sotalol increased the
QT interval from 333+27 to 441+ 14ms (a 32% increase),
whereas at the same cycle length the maximum increase by
ranolazine (at the submaximal infusion rate of 3mgkg="'h™")
was from 34849 to 384 + 14 ms (a 10% increase). Neither drug
significantly affected QRS duration (data not shown).

Figure 4 illustrates the arrhythmogenicity of D-sotalol upon
challenge with phenylephrine 10 ugkg™"' (a) and phenylephrine
40 ugkg™' (b) and ranolazine at an infusion rate of
3mgkg'h™' with phenylephrine at 20 ugkg™' (c) and at
15mgkg~'h™" with phenylephrine 50 ugkg™"' (d). The occur-
rence of tachyarrhythmia (percentage of animals) upon
challenge with the dose of phenylephrine shown is provided
in the bar graph in the right panel of each original recording.
D-Sotalol had clear proarrhythmic effects such as bigeminy,
trigeminy, TdP (a), and TdP degenerating to ventricular
fibrillation (b). One of five dogs had TdP without phenylephr-
ine challenge, and all five had TdP upon phenylephrine
challenge (mean lowest dose causing TdP was 28+ 8 ugkg™).
All dogs receiving D-sotalol eventually died from TdP
degenerating to ventricular fibrillation. In contrast, no TdP
or ventricular fibrillation was observed during ranolazine
infusion with or without i.v. bolus injections of phenylephrine
(panels ¢ and d).
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Figure 2 Inhibition of IsK by ranolazine. (a, b) Currents from a representative cell under control conditions (a) and in the presence
of 1 mmoll~! ranolazine (b). Currents were elicited by the protocol shown in the inset. (c) Mean current-voltage relationships of IsK
under control conditions (filled circles) and in the presence of I mmol1™" ranolazine (open circles). (d) Mean concentration—response
curve at a test potential of 0 mV. Results are mean+s.e.m. *P<0.05, **P<0.01, ***P<0.001 vs control, n=6. (¢) 50% inhibition
of IsK by ranolazine (ICsy; y-axis) as a function of test potential (x-axis).
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Figure 3 Effects of D-sotalol and ranolazine on right ventricular ERP and QT interval as a function of BCL. (a, b) Effect of
D-sotalol on ERP (a) and QT duration (b). Filled diamonds: Control, n = 5. Open diamonds: D-Sotalol bolus of 8 mgkg™', followed
by a maintenance dose of 4mgkg='h~', n=35. (c, d) Effects of ranolazine on ERP (c) and QT duration (d). Filled diamonds:
Control, open squares: ranolazine 3mgkg 'h~!, open diamonds: ranolazine 15mgkg 'h~'. *P<0.05, **P<0.01, n=>5.

Effects of ranolazine on 1y, and lx, in native myocytes

Experiments to study Ik, were performed in the presence of
50 umol I=! chromanol 293B to suppress contamination by Ix,.
Recordings were obtained at 0.1 Hz with 200-ms pulses from —
60 to + 10mV, followed by 2-s repolarizations to —40mV to
observe tail currents, after verifying that tail currents were
fully suppressed by 5umoll~' E-4031. Figure 5 shows
representative recordings before (a) and after (b) 100 umol1~!
ranolazine. Ranolazine decreased I, tail current density by
8.2, 15.2 and 49.3% at 10, 30, and 100 umoll~!, respectively, at
a test potential of OmV. As for Ilygrg, block of Iy, was
concentration-dependent (c) with about 50% block at
100 umol1~! at a test potential of 0mV.

Experiments to study Ik, were performed in the presence
of 5umoll~" E-4031 to prevent contamination by Ix,. Ixs was
elicited by 3-s depolarizing pulses from —50 to +50mV,
followed by 2-s repolarizations to —40mV to observe tail
currents. Original I, recordings before and after 1 mmol 17!
ranolazine are shown in Figures 5d and e, respectively. Mean
step current density—voltage relations were not significantly
affected by 10 and 30 umoll™' ranolazine. Block of Iy, step
current was concentration-dependent (Figure 5f), with an 1Cs,
of 1.9mmol1~! at 40mV, similar to that of IsK current.

Effects of ranolazine on 1, in native myocytes

Ic, was recorded upon 240-ms depolarizing pulses from
—50mV to voltages ranging from —40 to +60mV. Figures
6a and b show original recordings of I, before and after
application of 300 umoll™' ranolazine, respectively. Mean
current density—voltage relationships at 1 Hz under control
conditions (filled circles) and in the presence of 300 yumoll™!

ranolazine (a concentration close to the ICs,, open circles) are
shown in (c). At low concentrations (10 and 30 yumoll™"), no
significant change was found, but at higher concentrations
(100, 300 yumol 17" and 1 mmol1™"), I, density was significantly
reduced, with block increasing as drug concentration in-
creased. Panel d illustrates the concentration-dependent
inhibition of I, by ranolazine. At the voltage associated with
maximum current (4 10mV), ECs, values averaged
311499 umol 17",

Effects of ranolazine on ly, in native myocytes

In, was recorded at 17°C during 40-ms depolarizations applied
from a holding potential of —140mV to a test potential of up to
—40mV in 10mV steps at 1 and 2 Hz. Figure 7 shows original
recordings of Iy, before (a) and after (b) application of
1 mmoll~! ranolazine. In the cell shown, ranolazine did not
alter Iy, at either 1 or 2Hz. A similar lack of effect was
observed in a total of six cells. Panel ¢ shows the density—
voltage relation of Iy, before (filled circles) and after (open
circles) exposure to 1 mmoll~! ranolazine at 1 Hz.

Discussion

Ranolazine is a promising new agent for the treatment of
myocardial ischemia (Conti, 2003), with particular advantages
for the management of patients with congestive heart failure
(Ferrari et al., 2003). The drug causes some degree of QT
interval prolongation, which has been a concern in develop-
ment. In the present study, we evaluated ranolazine’s effects on
a variety of ionic currents. Results in Xenopus oocytes pointed
to inhibition of delayed-rectifier currents, with selectivity for

British Journal of Pharmacology vol 142 (8)
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Figure 4 Arrhythmogenic effects of D-sotalol and ranolazine. TdP
was induced by challenge with phenylephrine, which was adminis-
tered as an intravenous bolus of 10-50 ugkg™'. (a) D-Sotalol
8mgkg™"' bolus followed by continuous infusion of 4mgkg'h™'
and phenylephrine 10 ugkg~" bolus. (b) D-Sotalol 8 mgkg~' bolus
followed by continuous infusion of 4mgkg~'h~! and phenylephrine
40 ugkg™"' bolus. (¢) Ranolazine 3mgkg™ and phenylephrine
20 ugkg ' bolus. (d) Ranolazine 15mgkg ' and phenylephrine
50 ugkg™" bolus. The bar graphs on the right-hand panel of each
ECG illustrate the number of animals (in %; n=26 in each group)
developing TdP in each series of experiments.

HERG current over IsK. This was confirmed in native
cardiomyocytes, and in addition significant effects on I, were
identified. Experiments in a dog model confirmed ranolazine’s
ability to increase the QT interval, but showed that, in contrast
to the more selective I, blocker D-sotalol, ranolazine’s QT—
prolonging action reached a maximum at a modest level and
failed to increase despite increasing dose, and that unlike
D-sotalol ranolazine failed to produce significant ventricular
proarrhythmia. To our knowledge, the present study is the first
evaluation in the literature of ranolazine’s ion-channel-block-
ing actions and the first comparison of ranolazine’s in vivo
electrophysiological actions with those of a class III compound
known to cause TdP.

Ion current-blocking effects of ranolazine

The delayed rectifier current Ik is a key repolarizing current
of the cardiac action potential. It consists of the rapidly
activating component /i, and the slowly activating component
Ik, (Sanguinetti & Jurkiewicz, 1990; 1991). The pore-forming
subunit HERG is believed to coassemble with the regulatory
subunit MiRP1 to form I, (Sanguinetti ez al., 1995; Trudeau
et al., 1995; Abbott et al., 1999), although there is some
contradictory evidence regarding the role of MiRP1 (Weer-
apura et al., 2002). KvLQT1 coassembles with minK (or IsK)
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Figure 5 Iy, and I, inhibition by ranolazine. (a, b) Ik, from a
representative cell before (a) and after application of 100 gmoll™"
ranolazine (b). Currents were elicited by the protocol shown in the
inset. (c) Concentration-response curve of mean data at a test
potential of 0mV. *P<0.05, **P<0.01 vs control, n=10. (d, e)
Representative Ig, recordings before (d) and after 1mmoll™
ranolazine (e). (f) Concentration—response curve of mean data at a
test potential of +40mV. *P<0.05, **P<0.01 vs control, n==6.
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Figure 6 I, inhibition by ranolazine. (a, b) Ic, current recordings
before (a) and after application of 300 umoll™' ranolazine (b).
Currents were elicited from a holding potential of —50mV to test
potentials between —40mV (arrow) and +60mV as shown by the
protocol in the inset. (¢) Mean current—voltage relationships under
control conditions (filled circles) and in the presence of 300 yumol 1~
ranolazine (open circles). (d) Mean concentration—response curve
at a test potential of [0 mV. Results are mean+s.e.m. *P<0.05 and
**P<0.01 vs control, n=2_8.

to form Ix, (Barhanin et al., 1996; Sanguinetti et al., 1996).
Dysfunction of delayed rectifier potassium channels commonly
underlies prolongation of the QT interval in the ECG and is
associated with inherited cardiac arrhythmias (Sanguinetti,
1999). Drug-induced block of HERG has been identified as a
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Figure 7 Effect of ranolazine on Iy, (a, b) Currents from a
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Currents were elicited by the protocol shown in the inset. (c) Mean
current—voltage relationship under control conditions (filled circles)
and in the presence of 1mmoll~' ranolazine (open circles), n=6.
Results are mean +s.e.m.

common cause of TdP and occasionally sudden cardiac death
(Mitcheson et al., 2000). Ic, is a significant contributor to the
early afterdepolarizations implicated in drug-induced TdP
(Nattel & Quantz, 1988). Drugs that block I, as well as Ik,,
such as verapamil and amiodarone, are less likely to produce
TdP than pure Ik, blockers, possibly because Ic, inhibition
prevents early afterdepolarization generation despite substan-
tial repolarization delay (Nattel & Quantz, 1988; Nattel &
Talajic, 1988; Zhang et al., 1999). The concomitant block of
I, and I, may explain ranolazine’s lack of TdP induction in
our in vivo dog model. Indeed, preliminary data have been
presented that suggest similarities in the ionic actions of
ranolazine and amiodarone (Zygmunt et al., 2002).

Drug-induced LOTS

Acquired LQTS is a potentially lethal side effect of common
medications and is most often caused by block of cardiac

HERG channels (Roden et al., 1996). In our study, ranolazine
inhibited Iygrg expressed in Xenopus oocytes in a concentra-
tion- and voltage-dependent fashion. Drug-induced inhibition
of Iy, along with Ix, can be particularly potent in delaying
repolarization, because of loss of ‘repolarization reserve’
(Biliczki et al., 2002). Ranolazine effects on IsK occurred only
at concentrations expected to be higher than those achieved in
man, and about an order of magnitude greater than those on
HERG, indicating that ranolazine is a very weak IsK blocker.
Inhibition of native Ik, and I, was consistent with results of
heterologous expression of HERG and IsK in Xenopus
oocytes. Like Iygrg, Ix: was inhibited with an ICsy in the
range of 100 uM. I, was less potently inhibited by ranolazine
than were HERG/Ik, currents. The effects of ranolazine on
Iugrg and Iy, provide a potential explanation for the drug’s
QT-prolonging effects in man (Chaitman et al., 2004a, b).

To assess ranolazine’s potential to cause ventricular proar-
rhythmia, we evaluated its effects in a dog model of LQTS and
compared the results to the Iy, blocking class III antiarrhyth-
mic drug D-sotalol. D-Sotalol had clear proarrhythmic effects,
with all D-sotalol-treated dogs developing TdP and ultimately
dying due to arrhythmia. In contrast, ranolazine did not
produce TdP. The only ventricular arrhythmias occurring in
the presence of ranolazine were isolated, brief runs of
accelerated ventricular rhythms, not more than would be
expected by phenylephrine infusion alone. D-Sotalol produced
marked reverse use-dependent prolongation of ERP and QT
interval, whereas ranolazine produced very modest increases.
Ranolazine’s QT-prolonging action became maximal at
3mgkg 'h™! and decreased thereafter at 15mgkg 'h™'. In a
primate model of local ischaemia with reperfusion, ranolazine
infusion at this dose resulted in the prevention of cardiac
enzyme release, suggesting reduced ischemic damage (Allely &
Alps, 1990). In a rat model, infusion of 9.6mgkg 'h! (a
dosage similar to the high ranolazine infusion in our in vivo dog
experiments) resulted in 33% reduction in myocardial infarct
size compared to control rats. Troponin T release was also
significantly attenuated by this ranolazine dosage (Zacharowski
et al., 2001), indicating cardioprotective effects of ranolazine at
the dosages tested. Therefore, our data show that, despite its
effect on outward K™ currents, ranolazine is not arrhythmo-
genic in our dog model at therapeutically effective dosages.

A potential explanation for the lack of arrhythmogenicity
despite ranolazine’s HERG-blocking effect is concurrent inhibi-
tion of inward currents. Ranolazine had no effect on Iy, but
inhibited the inward calcium current I, with an ICy, in the range
of 300 umol1~". Consistent with our findings, Allen & Chapman
(1996) observed ~ 11.3% inhibition of peak I, by 100 umoll™
in guinea-pig ventricular myocytes. Thus, I, is inhibited at
concentrations just higher than those that block Ix,/HERG. This
result may explain the limited maximum APD/QT prolongation
produced by the drug. At low and therapeutic clinical
concentrations, [, block is minimal and very little, if any,
APD/QT change is seen. At maximum clinical concentrations,
Iy, block might become measurable and modest APD/QT
prolongation occurs. At higher concentrations, /i, block would
be expected to increase, but I, block would be expected to
become manifest, counteracting the tendency of Ik, inhibition to
cause APD/QT prolongation and limiting arrhythmogenic
effects of the drug. An additional potential mechanism for
ranolazine-limited repolarization-delaying action is its ability to
suppress late (slowly-inactivating) Iy, (Zygmunt et al., 2002),
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which likely contributes to the drug’s ability to suppress TdP
induced by an Iy, inactivation inhibitor, anemone toxin (ATX-
II), in the guinea-pig heart (Wu et al., 2004).

Potential limitations

We have not examined the effects of ranolazine on the
transient outward current (/,,) at either the level of cloned
I, subunits or native current. /;, contributes primarily to early
repolarization and I, inhibition tends to reduce the overall
action potential because of secondary changes, primarily /i,
activation, due to a raised plateau voltage (Courtemanche
et al., 1998). It is therefore unlikely that I, inhibition
contributes importantly to ranolazine’s ability to delay
repolarization in dogs or man. Zygmunt et al. (2002) found
in preliminary studies that 100 umoll™' ranolazine causes
about 17% inhibition of [, in ventricular myocytes.

We did not find any inhibition of Iy, by ranolazine.
However, we cannot fully exclude the possibility that the drug
may have Iy,-inhibiting actions that are not manifest under the
conditions needed for Iy, study in isolated myocytes: low
temperature (17°C) to achieve voltage control and negative
holding potentials to remove inactivation.

We have not measured the effects of D-sotalol on ionic
currents. D-Sotalol is known to block Ix (Carmeliet, 1985),
specifically the Ik, component (Sanguinetti & Jurkiewicz,
1990). Feng et al. (1997) showed that D-sotalol does not have
any effect on I, or the ultrarapid delayed rectifier ;.

We studied ranolazine’s effects on HERG and IsK current
in Xenopus oocytes, as well as on corresponding native
currents in canine cardiomyocytes. The oocyte studies provide
information on drug block in an isolated system in which the
problem of overlapping currents, which require the use of
blocking drugs and selected voltage protocols to suppress in
native systems, is minimized. On the other hand, studies in
native cardiac cell systems provide information about the
currents of interest in their cellular environment, but are
subject to the limitations of complex interventions to minimize
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