Rosuvastatin Blocks hERG Current and Prolongs
Cardiac Repolarization
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ABSTRACT: Blocking of the potassium current Ik, [human ether-a-go-go related gene (hERG)]
is generally associated with an increased risk of long QT syndrome (LQTS). The 3-hydroxy-3-
methyl-glutaryl-coenzyme A reductase inhibitor, rosuvastatin, is a methanesulfonamide deriva-
tive, which shows structural similarities with several I, blockers. Hence, we assessed the effects
of rosuvastatin on cardiac repolarization by using in vitro, ex vivo, and in vivo models. Patch
clamp experiments on hERG-transfected human embryonic kidney (HEK) 293 cells established
the potency of rosuvastatin to block hERG [half maximal inhibitory concentration (ICso) =
195nM]. We showed in isolated guinea pig hearts that 195 nM rosuvastatin prolonged (basic cy-
cle length of 250 ms; p < 0.05) the monophasic action potential duration at 90% repolarization
(MAPDyg) by 11+ 1ms. Finally, rosuvastatin (10 mg/kg, intraperitoneal) prolonged corrected
QT interval (QTec) in conscious and unrestrained guinea pigs from 201+ 1 to 210+ 2ms (p <
0.05). Thus, rosuvastatin blocks Ik, and prolongs cardiac repolarization. In additional experi-
ments, we also show that hERG blockade in HEK 293 cells was modulated by coexpression of
efflux [breast cancer resistance protein (BCRP), multidrug resistance gene (MDR1)] and influx
[organic anion transporting polypeptide (OATP) 2B1] transporters involved in the disposition
and cardiac distribution of the drug. Genetic polymorphisms observed for BCRP, MDR1, and
OATP2B1, and IC5; determined for hERG blocking lead us to propose that some patients may
be at risk of rosuvastatin-induced LQTS. © 2011 Wiley Periodicals, Inc. and the American

Pharmacists Association J Pharm Sci 101:868-878, 2012
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INTRODUCTION

Delayed rectifier current (Ix) is a major outward
potassium current responsible for the termination of
the action potential plateau phase in human ven-
tricular myocytes. Ik includes both rapidly (Ix,) and
slowly (Ixs) activating components.! The Ik, compo-
nent is encoded in human by the human ether-a-
go-go related gene (hERG; KCNH?2), whereas Ixs is
encoded by KvLQT1 (KCNQ1) and minK (KCNE1),
which coassemble to form a channel.?? Structure—
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activity relationship studies have shown that Ik,
is selectively blocked by methanesulfonamide class
ITT antiarrhythmic agents such as E-4031, ibutilide,
dofetilide, and sotalol, whereas Ik; is blocked by drugs
such as clofilium, propofol, and indapamide.* 10

At the end of the 1990s, some drugs were with-
drawn from the market due to reports of sudden
cardiac death (such as cisapride and terfenadine),
whereas others were forced to carry warning labels
and to be used as last resort therapies due to the
risk of proarrhythmic events.!'-13 The causative fac-
tors are not completely identified at present. How-
ever, extensive block of Ik,, which may be associated
with the induction of serious ventricular arrhythmias
(such as torsades de pointes), is often implicated.
Indeed, the occurrence of Ik, block by a new
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investigational drug, especially when the block is ob-
served in the range of therapeutic plasma concen-
trations, usually terminates the development of this
drug. In this regard, our laboratory demonstrated
that non-antiarrhythmic drugs such as cisapride,
domperidone, and risperidone can cause inhibition of
Ik: at clinically relevant concentrations.®~17 We also
found it to be the case for several other drugs such
as erythromycin, thioridazine, droperidol, diphenhy-
dramine, sildenafil, and pimozide.18-23

Rosuvastatin is a 3-hydroxy-3-methyl-glutaryl-
coenzyme A (HMG-CoA) reductase inhibitor, which
is very effective in lowering low-density lipoprotein
(LDL) cholesterol, triglycerides, and C-reactive pro-
tein levels.?* The drug is not metabolized by the
cytochrome (CY) P450 system, and its clearance is
mostly mediated by influx and efflux transporters
from the ATP-binding cassette family [breast cancer
resistance protein (BCRP), ABCG2] or the organic
anion transporter family [organic anion transport-
ing polypeptide (OATP) 1B1 (SLCO1B1I1), OATP1B3
(SLCO1B3), and OATP2B1 (SLCO2B1)].25-26 Large
intersubject variability is observed in peak plasma
levels, which vary from 10 t0100 ng/mL (21 to 208 nM)
at 40-mg dose.?” Drug—drug interactions and genetic
polymorphisms modulating drug transporter activ-
ity are major determinants of rosuvastatin pharma-
cokinetics. For instance, plasma concentrations of
rosuvastatin increased 10-fold during the coadmin-
istration of cyclosporine and almost fivefold during
the combined administration of lopinavir-ritonavir
due to the inhibition of transporter activities.?8-2°
Significant increases were also observed during the
coadministration of gemfibrozil.?® Pharmacogenetic
studies have also shown a doubling in the mean
plasma concentrations of rosuvastatin in Caucasians
homozygous (AA) for the ABCG2 (BCRP) variant al-
lele C421A or homozygous (CC) for the SLCO1B1x5
variant (T521C) allele.?”-31

We noticed that the chemical structure of rosuvas-
tatin shows similarities with the structure of several
Ik, blockers, including the presence of a methane-
sulfonamide moiety (Fig. 1). This led us to propose
that rosuvastatin may show affinity for Ik, and pro-
long the QT interval. The objectives of our studies
were: (1) to determine the extent of hERG block-
ade by rosuvastatin, (2) to determine the modula-
tory role of membrane transporters on the extent of
hERG blockade by rosuvastatin, and (3) to demon-
strate the rosuvastatin’s effects on cardiac repo-
larization using ex vivo (Langendorff retroperfused,
isolated guinea pig hearts) and in vivo models (mea-
surement of the QT interval in conscious guinea pigs)
validated for the assessment of drug effects on cardiac
repolarization.
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METHODS

Human Embryonic Kidney 293 Cell Preparation
and Electrophysiological Measurements

hERG-stably transfected human embryonic kidney
(HEK) 293 cells were kindly donated by Dr. Craig T.
January (University of Wisconsin—Madison, Madison,
Wisconsin). Cells were cultured, harvested, and
transferred to a bath mounted on the stage of
an inverted microscope, as described previously.2’
For membrane current recordings (baseline condi-
tions), cells were superfused with HEPES-buffered
Tyrode’s solution containing (in mM) 137 NaCl, 4 KCI,
1.8 CaCly, 1 MgCly, 10 glucose, and 10 HEPES
(pH 7.4 with NaOH). Cells were then superfused
for 15min (1 mL/min) with Tyrode’s solutions con-
taining five different concentrations of rosuvastatin
acid form (19.6-979.2nM). Membrane currents were
recorded to measure the percentage of block of the
hERG tail current induced by each rosuvastatin con-
centration. Finally, cells were superfused for 20 min
with the baseline Tyrode’s solution to observe the re-
versibility of drug effects on the hERG block (washout
conditions). Membrane currents were recorded in
whole-cell configuration using suction pipettes.?® All
experiments were performed at 30°C.

Transfection Procedure

In order to evaluate the effects of different trans-
porters on the block of hERG by rosuvastatin, the
hERG-stably transfected HEK 293 cells were tran-
siently transfected with 10pg of a recombinant
pIRES2 vector expressing the green fluorescent pro-
tein (GFP) and one or the other of the following
transporters: efflux transporter BCRP (strong affin-
ity for rosuvastatin), loss of function variants of BCRP
(BCRP-F208S, BCRP-S441N, and BCRP-Q141K), the
influx transporters OATP2B1 (strong affinity for ro-
suvastatin), and multidrug resistance gene (MDR1I)
(an efflux transporter showing weak affinity for rosu-
vastatin). The transfection was performed using the
calcium phosphate precipitation technique. Briefly,
10pg of the recombinant vector was mixed with
300 uL of CaCl, (250 mM) and then this solution was
added dropwise to a 300uL aliquot of 2x HEPES-
buffered saline containing (in mM) 280 NaCl, 50
HEPES, and 1.5 NaH2PO, (pH adjusted to 7.05
with HCI). Only green fluorescent cells were selected
and voltage clamped in the whole-cell configuration
48-72h after transfection at 30°C.

Site-Directed Mutagenesis

The three loss-of-function variants of BCRP (BCRP-
F208S, BCRP-S441N, and BCRP-Q141K) were
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Figure 1. Chemical structures of rosuvastatin and methanesulfonamide derivatives associ-
ated with the block of hERG/Ik,. Circles show methanesulfonamide moieties.

produced from the recombinant vector pIRES2BCRP-
GFP using the QuikChange site-directed mutagenesis
kit from Stratagene (La Jolla, California) according to
the manufacturer’s protocol (catalog #200519).

Drug Preparation

Rosuvastatin diacid calcium salt (Toronto Research
Chemicals Inc., North York, Ontario, Canada)
was dissolved in dimethyl sulfoxide (DMSO;
Sigma—Aldrich, Inc., St. Louis, Missouri) and added
to the HEPES-buffered Tyrode’s solution to yield fi-
nal concentrations of 19.6, 78.4, 156.8, 313.6, and
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979.2 nM of rosuvastatin acid. For each concentration
tested, an equivalent volume of DMSO was added to
the HEPES-buffered Tyrode’s solution used during
the measurements recorded at baseline and washout.
The maximal DMSO concentration (for 979.2nM ro-
suvastatin) was 0.05% (v/v), a concentration known
and previously shown not to interfere with hERG
activity.!

Patch Clamp Protocol

Effects of rosuvastatin on the hERG current were
studied in cells clamped at a holding potential

DOI 10.1002/jps



of-80 mV. Depolarizing steps were applied for 4s
to voltages between—-50 and +50mV in 10-mV in-
crements. Deactivating tail currents were measured
at—-40mV for 6s before cells were returned to the
holding potential (=80 mV). Currents were low-pass
filtered at 1 KHz (four-pole Bessel filter;—3 dB/octave)
and sampled at 2 KHz. Cells were exposed to one
of the five rosuvastatin concentrations studied (n =
5-8 cells per concentration) to determine the effects
of rosuvastatin on hERG current. The amplitude of
hERG tail current relative to the baseline was plotted
against the log of rosuvastatin concentrations stud-
ied. Then, the data were fitted to the Hill’s equation
in order to estimate the half maximal inhibitory con-
centration (ICsg) of rosuvastatin for block of hERG.

Housing and Use of Animals

Experiments were performed in accordance with our
institutional guidelines on animal use in research.
Animals were housed and maintained in compliance
with the Guide to the Care and Use of Experimental
Animals of the Canadian Council on Animal Care.

Langendorff Retroperfusion Experiments

Male Hartley guinea pigs (n = 11; Charles River
Laboratories, Montreal, Quebec, Canada) weighing
350-450g were anticoagulated by intraperitoneal
(i.p.) injection of heparin sodium (400 IU). Thirty min-
utes later, animals were killed by cervical dislocation
and the hearts were rapidly extirpated and immersed
in cold (4°C) Krebs—Henseleit buffer containing (in
mmol/L) glucose 5, KClI 4.7, CaClg 1.2, NaHCOg3 25,
NaCl 118.5, MgSO, 2.5, and KH3PO4 1.2. This solu-
tion was continuously gassed with 95% oxygen and
5% carbon dioxide (pH 7.4, 37°C). Each heart was
cannulated and retrogradely perfused via the aorta
with the buffer at a constant pressure equivalent to
70mmHg using a custom-made isolated heart ITH-
SR double-warming coil heart perfusion system from
Hugo Sachs Elektronik—Harvard Apparatus (March-
Hugstetten, Germany). Hearts were electrically stim-
ulated at a basic pacing cycle length (BCL) of 250 ms
(4 Hz, approximately the natural sinus rate for guinea
pigs and the slowest possible to work with when one
wishes to avoid atrioventricular nodal ablation) with
a small coaxial stimulation electrode connected to
a programmable stimulator module. Monophasic ac-
tion potential (MAP)-tip recording electrodes were se-
curely positioned on the surface (epicardium) of each
ventricle to obtain visually adequate signals (ampli-
tude > 25mV, stable phase 4). Both MAP signals
were continuously recorded (digital sampling rate
1 kHz), along with perfusion pressure, and stored on
hard disk for analysis. These values were averaged
by use of a routine designed specifically for this pur-
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pose and incorporated in the analysis algorithm of
the ISOHEART software package from Hugo Sachs
Elektronik. At least 12 complexes were used for each
measurement. MAP signals were recorded at a BCL
of 250 ms. Then, to assess rate dependency, BCL was
changed to 200 ms and the heart was paced for 1 min
before the MAP was recorded. The same procedure
was repeated for BCL of 150 ms. Thereafter, perfusion
was performed with a buffer containing rosuvastatin
195nM [dissolved in 50 pL of DMSO; final DMSO in
buffer 0.01% (v/v)] for a period of 15min at a BCL
of 250 ms. To assess the rate-dependent effects of the
drug, MAP signals were recorded again at BCLs of
200 and 150 ms. Perfusion with a buffer containing
no drug was then restarted to assess the reversibility
of drug effects.

Wireless Cardiac Telemetry Experiments

Male Hartley guinea pigs (Charles River Laborato-
ries) weighing 350-450g (n = 7 animals) were sur-
gically implanted with wireless cardiac telemetry ra-
dio transmitters (model TAIICTA-F40; Data Sciences
International (DSI), St. Paul, Minnesota). Aseptic
surgery was performed to implant a telemeter in the
peritoneal cavity of each animal following the general
procedures recommended by the manufacturer (DSI).
Animals were anesthetized by isoflurane inhalation
(4 L/min of isoflurane 3% to induce anesthesia and
1 L/min to maintain it). A midline abdominal incision
was made in the skin and muscle layers. The body
of the telemeter was laid gently onto the intestines
and attached to the overlying muscle wall with non-
absorbable sutures. The muscle wall was then closed
with absorbable sutures. The telemeter is equipped
with two leads for sensing the heart electrical activ-
ity; these leads ran through small punctures made
in the muscle wall to exteriorize them from the peri-
toneal cavity. The final position of the telemeter leads
was with the negative lead tip near the right shoul-
der and the positive lead tip below the left axilla on
the fifth left rib; this simulates a conventional lead II
electrocardiography (ECG). The abdominal skin was
then closed with surgical staples, and the animals
were allowed to recover for 2 weeks. Immediately af-
ter the surgery, animals were administered ketopro-
fen 1 mg/kg daily subcutaneously (s.c.) for 3days to
reduce postoperative pain and inflammation. They
were also administered a single dose of enrofloxacin
(2.5 mg/kg, s.c.) to prevent perioperative infections.
Electrocardiography data were collected continu-
ously using the Dataquest A.R.T. acquisition system
(version 4.1) from DSI 15 days after surgery. Contin-
uous recording was started 30 min prior to the i.p. in-
jection of rosuvastatin (10 mg/kg, dissolved in saline
0.9%) and continued up to 24h after the injection.
ECG signals were sampled at 1000 Hz. RR and QT
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intervals were analyzed using the Ponemah electro-
physiology platform (DSI) using the ECG module. QT
was corrected by using the Van de Water formula
[QTcyw = QT-0.087 x (RR-1000)], which has been
shown to be more “conservative” for correcting the
QT interval in conscious guinea pigs and dogs than
the Bazett or the Fridericia formulas, both of which
tend to overcorrect the QT at rapid heart rates.3?-33

Statistical Analyses

All values are expressed as mean + SEM. Student’s
paired ¢-test was performed on the magnitude of ro-
suvastatin’s effects on the MAP duration at 90% repo-
larization (MAPDyg) at BCLs of 250, 200, and 150 ms
using statistical tools in SigmaPlot (Jandel Scien-
tific Software, San Rafael, California). Differences
were considered significant at a p value less than
0.05. Student’s unpaired ¢-test was performed to as-
sess the rate dependency of rosuvastatin’s effects on
MAPDgy for BCL250 versus BCL200 and BCL200 ver-
sus BCL150. Differences were considered significant
at a p value less than 0.05. Student’s paired ¢-test was
performed on the magnitude of rosuvastatin’s effects
on the prolongation of QTc,w.

RESULTS
Patch Clamp Experiments and 1C5¢ Curve Determination

Patch clamp experiments were conducted in hERG-
stably transfected HEK 293 cells in order to test the
effects of rosuvastatin on the hERG tail current am-
plitudes. Figure 2 (upper panel) shows the currents
elicited in a hERG-stably transfected HEK 293 cell
perfused under control conditions (baseline) after ex-
position to rosuvastatin 78.4nM and after a 20 min
washout period. In this cell, rosuvastatin caused a
25% reduction of the tail current amplitude elicited
by a 0mV activating pulse. Concentrations of 19.6,
78.4, 156.8, 313.6, and 979.2nM of rosuvastatin were
tested. For each of these concentrations and after an
activating pulse of +50 mV, tail currents of hERG rel-
ative to the baseline were (mean + SEM) 0.872 +
0.013 (n = 7), 0.756 + 0.043 (n = 6), 0.577+ 0.075
(n=5),0.435+ 0.018 (n = 8), and 0.277 4+ 0.034 (n =
5), respectively. These data were fitted to Hill’s equa-
tion, which gave an estimated ICsy of 195nM [95%
confidence interval (CI): 62-612] (Fig. 2, lower panel),
with a fitted maximum inhibition of 71.6%, Hill’s co-
efficient 0f—1.92, and 2 of 0.9986.

Effects of Transporters on hERG Block by Rosuvastatin

Patch clamp experiments were performed on HEK
293-hERG cells exposed to 156.8 nM rosuvastatin
and coexpressing different efflux or influx trans-
porters (Fig. 3). Concentration of rosuvastatin was
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fixed slightly below the predefined ICs5y (195nM) to
avoid maximal block of hERG under various condi-
tions tested. First, we did a coexpression of hERG
with the efflux transporter BCRP. Although the block
of hERG current was still observable in the pres-
ence of this transporter, it was strongly reduced as
compared with the extent of block obtained in HEK
293-hERG cells without transporters [17 &+ 4% (n = 6)
vs. 42+ 8% (n = 5); p < 0.05). We propose that this is
mostly due to a decrease in the amount of drug in the
intracellular compartment. Then, we performed site-
directed mutagenesis on BCRP and produced three
variants associated with a loss of function of the pro-
tein: C421A (Q141K), T623C (F208S), and G1322A
(S441N).34-36 The coexpression of hERG with one or
the other of these variants blunted the effects ob-
served with the native efflux transporter BCRP, that
is, the block was in the order of 40%. Indeed, inhi-
bition of hERG was 40+ 4 (n = 5), 41+ 7 (n = 7),
and 41+ 4 (n = 7) for Q141K, F208S, and S441N,
respectively (all not different from control, but differ-
ent from HEK 293-hERG cells with functional trans-
porters; p < 0.05). We also conducted experiments
while coexpressing the efflux transporter MDR1 in
the hERG-stably expressed HEK 293 cell line. Rosu-
vastatin is a weak substrate of MDR1, and the block
of hERG by rosuvastatin [27 &+ 6% (n = 6, p < 0.05)]
in these cells was less than that in the control cells,
but more than in those coexpressing the efflux trans-
porter BCRP.?” Finally, we did an experiment with the
influx transporter OATP2B1, which is found in the
heart and for which rosuvastatin shows affinity.?8-3%
As expected (an influx transporter increases the in-
tracellular concentrations of drugs), we tended to ob-
serve an increase in the block of hERG induced by
rosuvastatin as compared with the control cells [48 +
3(n=6)vs. 42+ 8 (n = 5); p = NS|.

Langendorff Retroperfusion Experiments

Figure 4 shows the typical recordings of ventricu-
lar epicardial MAPs of Langendorff retroperfused,
isolated guinea pig hearts (n = 11) at the baseline
(solid tracing) and after a 20-min exposure to rosu-
vastatin 195 nM (dashed tracing). The effects of the
drug on MAPDg, at BCLs of 150, 200, and 250 ms are
shown in Table 1. Rosuvastatin 195nM caused a typ-
ical reverse-rate-dependent prolongation of MAPDg,
associated with Ig,-blocking drugs. Indeed, the drug
prolonged MAPDgy by 4+ 1,7+ 1, and 11+ 1ms at
BCLs of 150, 200, and 250 ms, respectively (p < 0.001
vs. baseline at BCL 200; p < 0.001 vs. baseline at BCL,
250; p < 0.01 vs. baseline at BCL 150). Moreover, in-
crease in MAPDgy, was more important at BCL250
versus BCL200 (+11+ 1vs. +7+ 1ms; p < 0.01) and
more important at BCL200 versus BCL150 (+7+ 1
vs. + 4+ 1ms; p < 0.05).

DOI 10.1002/jps
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Figure 2. Activating and tail currents elicited, respectively, by a 4-s step to 0mV and a 6-s
step to—40 mV in a hERG-stably transfected HEK 293 cell. Currents elicited are shown under
control conditions (baseline), after 15 min of perfusion with 78.4 nM rosuvastatin, and after
20 min of washout (upper panel). The lower panel illustrates the hERG tail current amplitudes
normalized to control (n = 31 cells) plotted as a function of rosuvastatin concentration and fitted

to the Hill’s equation.

Wireless Cardiac Telemetry Experiments

Upper panel of Figure 5 shows the typical recordings
of lead IT ECG in conscious and unrestrained guinea
pigs before and after a single i.p. injection of rosuvas-
tatin (10 mg/kg). In this animal, rosuvastatin caused a
9-ms prolongation of the QT interval. When QT is cor-
rected for the heart rate using the Van de Water for-
mula [QTc,w = QT-0.087 x (RR-1000)], QTc,w goes
from 201 ms at the baseline to 210 ms 120-150 min af-
ter a single i.p. injection of rosuvastatin (10 mg/Kg).
Lower panel of Figure 5 shows the individual effect
of rosuvastatin (10 mg/kg, i.p.) on QTc,w in conscious
and unrestrained guinea pigs (n = 7) implanted with
cardiac telemetry radio transmitters. On average (n
= T), QTc,w was prolonged from 201+ 1ms at the
baseline to 210 + 2 ms approximately 120—150 min af-

DOI 10.1002/jps

ter a single i.p. injection of rosuvastatin (10 mg/kg),
giving an average prolongation of 9+ 1ms of QTc,w
(» < 0.001 vs. baseline). At the 120-min time point,
preliminary studies in animals injected with rosu-
vasatin (10 mg/kg, i.p.) showed that plasma levels
of the drug vary between 189 and -628 nM. Saline-
injected animals (n = 4) showed a—2.0 + 0.9 ms vari-
ation (p = NS) in the QT interval.

DISCUSSION

Results obtained in this study demonstrate that ro-
suvastatin blocks the hERG current with an ICs,
of 195nM. Rosuvastatin also prolongs MAPDg, by
10ms in isolated guinea pig hearts (195nM) and
prolongs the QT interval in animals injected with

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 101, NO. 2, FEBRUARY 2012
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(OATP2B1) transporters. Inhibition of current activity was also determined in cells expressing
transporters with a loss of function in BCRP activity due to mutations (BCRP-F208S, BCRP-
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the drug (10 mg/kg). A concentration of 195nM can
be easily achieved and exceeded at peak plasma
concentrations of the drug in patients with de-
creased clearance due to genetic polymorphisms or
drug—drug interactions.?’->! We have demonstrated
that the block of hERG by rosuvastatin is modulated
by influx and efflux drug transporters involved in the
disposition and cardiac distribution of the drug. These
results lead us to propose that some patients with

MAP amplitude (mV)
5mv

250 ms

BCL 250

genetic defects or receiving concomitant drug thera-
pies may be at risk of rosuvastatin-induced long QT
syndrome (LQTS) due to significant block of Ik, and
increased cardiac intracellular concentrations of the
drug.

Rosuvastatin shows many advantages as compared
with other statins, such as low extrahepatic cellular
penetration, low potential for CYP3A4 drug interac-
tions, capacity to produce a substantial high-density

— Baseline
------- Rosuvastatin 195 nM

Time (ms)

Figure 4. Typical recordings of ventricular epicardial monophasic action potentials from
Langendorff retroperfused, isolated guinea pig hearts paced at a BCL of 250ms at baseline
(solid tracing) and after a 20-min exposure to rosuvastatin 195 nM (dashed tracing).
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Table 1. Effects of Rosuvastatin 195nM on MAPDgy, at BCLs of
150, 200, and 250 ms

BCL Baseline Rosuvastatin 195 nM Changes in
(ms) MAPDg, (ms) MAPDg, (ms) MAPDg, (ms)
150 106+ 3 110 4 3% +4+1
200 125+ 3 132 + 4% +7+1*
250 138+ 4 149 + 4% +11+ 1%

***p < 0.001 versus baseline, **p < 0.01 versus variation of MAPDy, at
BCL 200, *p < 0.05 versus variation of MAPDg, at BCL 150.

lipoprotein cholesterol increase, and a reduction of
LDL cholesterol to a greater extent than atorvas-
tatin, simvastatin, and pravastatin.*® Compared with
atorvastatin, simvastatin, cerivastatin, fluvastatin,
and pravastatin, rosuvastatin is a more potent in-
hibitor of hepatocyte sterol synthesis.*’ Rosuvastatin
is available as oral tablets of 5, 10, 20, and 40 mg
(CRESTOR product monograph). At steady state, a
dosing of 40 mg produces, on average, a Cy,,x of about
20ng/mL (39.2nM). However, there is a large inter-
subject variability, and the peak plasma levels can
vary from 10 to 100 ng/mL (21-208 nM).%"

The presence of a stable polar methanesulfonamide
group in the rosuvastatin structure confers an en-

Time (ms)
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hanced interaction with the HMG-CoA enzyme.*!:42
Unfortunately, this moiety also generally confers a
high affinity for the hERG potassium channel. To
date, no clinical case of ventricular arrhythmias and
torsades de pointes have been reported in patients
treated with rosuvastatin. Our data should then still
be considered as theoretical. However, drug-induced
torsades de pointes is a very rare event, even for well-
characterized QT-prolonging drugs such as cisapride,
terfenadine, pimozide, droperidol, domperidone, and
so on. For instance, it is believed that drug-induced
torsades de pointes are observed in 1:100,000 patients
with these drugs. In 2002, Barbey et al.*? could iden-
tify only 391 cases of torsades de pointes with cis-
apride, even though, in the 1990s, the drug was used
daily by millions of individuals. The use of rosuvas-
tatin remains limited as compared with other QT-
prolonging drugs both for time of exposure and num-
ber of patients taking the drug. The largest clinical
trial with rosuvastatin is the Jupiter study, with 5000
patients.

Finally, well-designed mechanistic studies are of-
ten the best way to identify drugs associated with
LQTS. For instance, in the case of cisapride, Walker
et al.* reviewed the use of cisapride in 36,743
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Figure 5. Upper panel shows the typical lead II guinea pig ECG tracings recorded at baseline
and 120-150 min after a single i.p. injection of rosuvastatin (10 mg/kg). Vertical lines indicate
where cursors were placed for QT interval measurements. Lower panel shows the individual
effects of rosuvastatin (10 mg/kg, i.p.) on QTc,w in conscious and unrestrained guinea pigs (n =
7) implanted with cardiac telemetry radio transmitters.
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patients and could not find any link between cis-
apride use and LQTS; the odds ratio for cisapride use
and cardiac outcomes was 1 (95% CI 0.3-3.7). How-
ever, at the same time, mechanistic in vitro (patch
clamp) studies, ex vivo studies (explanted hearts), in
vivo animal models, and case reports in patients were
all pointing toward the conclusion that cisapride use
is associated with an increased risk of drug-induced
LQTS and death in certain patients.!®

Hepatic uptake of rosuvastatin involves trans-
porters such as OATP1B1, OATP1B3, and
OATP2B1.26 Following oral administration, the
drug is predominantly secreted from the hepatocytes
to the canalicular bile tract by the efflux transporter
BCRP such that approximately 72% of absorbed
rosuvastatin is eliminated via bile secretion and 28%
via renal excretion.?8:#> We tested the effects of rosu-
vastatin on hERG tail current in cells coexpressing
efflux transporters such as BCRP and MDRI1 or the
influx transporter OATP2B1. BCRP and MDR1 are
strong and weak efflux transporters, respectively,
of rosuvastatin.?’” These transporters were selected
because their expression in human cardiac tissue
had been previously demonstrated.*® We observed a
large decrease in the percentage of block of hERG in
the presence of BCRP as compared with the control
cells (17 & 4% vs. 42 &+ 8%), this decrease being more
discrete in the presence of MDR1 (27 4+ 6% vs. 42+
8%). When the hERG current was coexpressed with
the influx transporter OATP2B1, the percentage
of block tended to increase from 42+ 8% to 48+
3%. These results suggest that these transporters
control the access of the drug to well-characterized
intracellular binding sites to hERG and consequently,
extent of channel block by rosuvastatin.

We also tested the effects of rosuvastatin on hERG
in the presence of three loss-of-function polymor-
phisms of BCRP (Q141K, F208S, and S441N) and ob-
served a block comparable to the one found in the con-
trol cells (=42%). These polymorphisms are found in
humans with relatively high frequencies (0.3%—25%),
especially for Q141K (25% of Caucasians).*’” Pa-
tients sharing a loss of function in BCRP (ABCG2
421AA; 1.2%) and OATP1B1 (SLCO1BI 521CC; 2%),
the major efflux transporters involved in the dispo-
sition of rosuvastatin, or a gain of function poly-
morphism in OATP2B1 (SLCO2B1 935GG; 10%)
should use rosuvastatin with caution due to increased
plasma and cardiac levels. Hence, under normal con-
ditions, membrane transporters appear protective of
rosuvastatin’s effects on Ik,. Genetic polymorphisms
or block of the transporters (gemfibrozil, lopinavir/
ritonavir, cyclosporine) may increase the likelihood

of potentially deleterious effects of rosuvastatin on
I, 28-30
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CONCLUSION

We demonstrated that rosuvastatin blocks the hERG
current and causes prolongation of MAPDy, and
QT intervals in well-established electrophysiologi-
cal models. Blunting of rosuvastatin-induced block of
hERG following the coexpression of the efflux mem-
brane transporter BCRP provides a rationale for the
low frequency of rosuvastatin-induced LQTS. Our re-
sults suggest that a subpopulation of patients with a
decreased clearance of the drug due to genetic poly-
morphisms or inhibition of BCRP/OATP1B1 due to
concomitant drugs might be at an increased risk of
drug-induced proarrhythmic effects.
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