1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Biochem J. Author manuscript; available in PMC 2016 September 01.

-, HHS Public Access
«

Published in final edited form as:
Biochem J. 2015 September 1; 470(2): 233-242. doi:10.1042/BJ20150548.

Non-B-blocking R-carvedilol enantiomer suppresses Ca2+ waves
and stress-induced ventricular tachyarrhythmia without lowering
heart rate or blood pressure

Jingqun Zhang™!, Qiang Zhou™!, Chris D. Smith', Haiyan Chen”, Zhen Tan®, Biyi Chen?,
Alma Nani®, Guogen Wu”, Long-Sheng Song*, Michael Fill2, Thomas G. Back:2, and S.R.
Wayne Chen*:8:2.3

*Department of Molecular Biophysics and Physiology, Rush University Medical Center, Chicago,
IL 60612 U.S.A

TDepartment of Chemistry, University of Calgary, Calgary, Alberta, Canada, T2N 1N4

*Division of Cardiovascular Medicine, Department of Internal Medicine, University of lowa Carver
College of Medicine, lowa City, IA 52242, U.S.A

$The Libin Cardiovascular Institute of Alberta, Department of Physiology and Pharmacology,
University of Calgary, Calgary, Alberta, Canada, T2N 4N1

Abstract

Carvedilol is the current f~blocker of choice for suppressing ventricular tachyarrhythmia (V).
However, carvedilol’s benefits are dose-limited, attributable to its potent f-blocking activity that
can lead to bradycardia and hypotension. The clinically used carvedilol is a racemic mixture of /-
blocking S-carvedilol and non-#-blocking R-carvedilol. We recently reported that novel non-f4-
blocking carvedilol analogues are effective in suppressing arrhythmogenic Ca2* waves and stress-
induced VT without causing bradycardia. Thus, the non-#blocking R-carvedilol enantiomer may
also possess this favourable anti-arrhythmic property. To test this possibility, we synthesized /-
carvedilol and assessed its effect on Ca2* release and VT. Like racemic carvedilol, R-carvedilol
directly reduces the open duration of the cardiac ryanodine receptor (RyR2), suppresses
spontaneous Ca2* oscillations in human embryonic kidney (HEK) 293 cells, Ca?* waves in
cardiomyocytes in intact hearts and stress-induced VT in mice harbouring a catecholaminergic
polymorphic ventricular tachycardia (CPVT)-causing RyR2 mutation. Importantly, ~-carvedilol
did not significantly alter heart rate or blood pressure. Therefore, the non-#-blocking R-carvedilol
enantiomer represents a very promising prophylactic treatment for Ca2*-triggered arrhythmia
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without the bradycardia and hypotension often associated with racemic carvedilol. Systematic
clinical assessments of /R-carvedilol as a new anti-arrhythmic agent may be warranted.
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INTRODUCTION

Ventricular tachyarrhythmia (\VT) is a leading cause of sudden cardiac death in patients with
heart failure (HF). Despite an intense effort to suppress VT in HF, there are only a few anti-
VT treatments that bring a significant survival benefit to HF patients [1-3]. Large clinical
trials have shown that carvedilol, a non-selective f-blocker with a-blocking and antioxidant
activities, substantially reduces VT and sudden death risk in HF patients [4-8]. However, the
molecular mechanism underlying carvedilol’s favourable anti-arrhythmic effect is unclear.

A major cause of VT in HF is abnormal diastolic intracellular Ca2* handling [9,10]. It is
well known that cardiac stress can lead to sarcoplasmic reticulum (SR) Ca?* overload.
Elevated SR Ca?* load promotes cardiac ryanodine receptor (RyR2) opening, resulting in
spontaneous SR Ca?* release in the form of Ca* waves [9-11]. These Ca2* waves can
evoke delayed after depolarizations (DADs), triggered arrhythmia and sudden death [12-18].
Importantly, Ca2* waves and DADs frequently occur in failing hearts [9,10]. Furthermore,
naturally occurring mutations in RyR2 cause catecholaminergic polymorphic ventricular
tachycardia (CPVT) by enhancing the propensity for Ca2* waves and DADs [19-26]. Thus,
spontaneous Ca2* waves are a common cause of CPVT as well as VT in HF.

Suppressing abnormal RyR2-mediated Ca?* waves would thus represent an effective
strategy for preventing Ca2* -triggered arrhythmias in both CPVT and HF. In support of the
present view, we have recently shown that carvedilol is the only fblocker tested that
effectively suppresses spontaneous Ca?* waves by directly modifying RyR2 gating, an
action independent of its well-described #-blocking, a-blocking and antioxidant activities
[27,28]. Racemic carvedilol, but not metoprolol, is also able to suppress CPVT in a RyR2
mutant mouse model [27]. This unique inhibitory action of racemic carvedilol on Ca?*
waves probably contributes to its favourable anti-arrhythmic benefits.

Racemic carvedilol is a potent f-blocker with an ICsq of ~1 nM [29]. Unfortunately, a
substantially higher carvedilol concentration (~1 M) is required to optimally suppress Ca%*
waves [27] and these higher doses would result in excessive f-blockade and the
accompanying adverse effects, such as bradycardia and hypotension [30,31]. In other words,
the anti-Ca?* wave benefit of racemic carvedilol is dose-limited by the agent’s potent /-
blocking activity. This is indeed the case, as clinical studies show that high doses of racemic
carvedilol produced better outcomes [32], but were associated with bradycardia and
hypotension [31]. We have recently isolated the RyR2-targeted Ca2* wave inhibition of
carvedilol by synthesizing several carvedilol analogues that possess minimal p-blockade, but
still inhibit Ca?* waves [27,28]. These novel carvedilol analogues suppress CPVT in mice
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without causing bradycardia [27]. Further development of these non-/-blocking carvedilol
analogues with anti-Ca2* wave action is likely to lead to a new class of RyR2-targeted anti-
arrhythmic agents that can be used to specifically limit Ca2* -triggered arrhythmias.

Today, the clinically used carvedilol is a racemic mixture composed of /- and S-carvedilol
enantiomers [33-35]. Interestingly, unlike S-carvedilol, the R-carvedilol enantiomer does
not have f-blocking activity [35-38]. This raises the exciting possibility that, like our novel
non-/-blocking carvedilol analogues, the /R-carvedilol enantiomer may provide carvedilol’s
favourable RyR2-targeted anti-arrhythmic action without the adverse effects of excessive #
blockade. To test this possibility, we synthesized R-carvedilol and assessed its effect on
single RyR2 channels, Ca2* waves in cells and stress-induced VT in mice. R-carvedilol
inhibited Ca2* waves in intact hearts by directly modifying the gating of RyR2 and
suppressed VT in mice harbouring a CPVT-causing RyR2 mutation (R4496C). Importantly,
R-carvedilol, unlike racemic carvedilol, did not cause bradycardia or hypotension in mice.
These results indicate that ~-carvedilol could be an effective anti-arrhythmic agent for
limiting fatal Ca2*-triggered arrhythmias without the bradycardia or hypotension associated
with racemic carvedilol.

MATERIALS AND METHODS

Animal studies

All animal studies were approved by the Institutional Animal Care and Use Committees at
Rush University Medical Center or the University of Calgary and were performed in
accordance with NIH (National Institutes of Health) guidelines. The knockin mouse model
harbouring the CPVT RyR2 mutation (R4496C) [27] and its wild-type littermates in the 129/
SvimJ background were used in the present research.

Synthesis of the (R)-(+)-carvedilol enantiomer

Commercially available (/)-glycidol was converted into its (/)-o-nitrobenzenesulfonate
(nosylate) by the method of Shiratsuchi et al. [39]. The (/)-glycidyl nosylate (9.60 g, 37.0
mmol) in 35 ml of N,N-dimethylformamide (DMF) was added drop-wise to a cooled (0°C)
solution of 4-hydroxycarbazole (6.90 g, 37.7 mmol) and sodium hydroxide (1.55 g, 38.7
mmol) in 100 ml of DMF and 1 ml of water. Stirring was continued for 5 h at 0°C and then
at room temperature overnight. The mixture was diluted with brine, extracted with ethyl
acetate and the combined organic layers were washed with saturated aqueous sodium
bicarbonate, 1 M sodium hydroxide and brine. The resulting solution was dried over
anhydrous sodium sulfate, concentrated under vacuum and subjected to flash
chromatography over silica gel (elution with 2—4% ethyl acetate/toluene) to afford 7.95 g
(90%) of the corresponding 4-[(/)-1-oxiranylmethoxy]-9 H-carbazole as a white solid,
melting point (mp) 159-160°C, with 1H and 13C NMR spectra identical to those of the
racemic material.

2-(2-Methoxyphenoxy)ethylamine (7.00 g, 41.9 mmol) in 15 ml of propan-2-ol was added
drop-wise to the above product (5.49 g, 22.9 mmol) in 35 ml of propan-2-ol. The mixture
was refluxed for 1.5 h. The solvent was evaporated and the product was purified by flash
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chromatography over silica gel (elution with 3-7% of methanol-dichloromethane) to
provide 6.20 g (67%) of (R)-(+)-carvedilol as a white solid foam, mp 115-116°C; [a]p?!
+17.3°C (c 1.0, acetic acid); lliterature mp 121-123°C; [a]p2° + 18.4° (c 1, acetic acid)
[40]. Elemental analysis calculated for Co4H26N204: C 70.93, H 6.45, N 6.89; found: C
70.75, H 6.67, N 6.85. The product gave IR, 1H and 13C NMR spectra identical to those of
authentic racemic carvedilol.

Single-cell Ca%* imaging of HEK293 cells

Stable, inducible human embryonic kidney (HEK) 293 cells expressing the CPVT-causing
RyR2 mutant, R4496C, display robust spontaneous Ca?* oscillations when perfused with 1
mM Ca?* in Krebs-Ringer-HEPES (KRH) buffer (125 mM NaCl, 5 mM KCI, 1.2 mM
KH,PO4, 6 mM glucose, 1.2 mM MgCl, and 25 mM HEPES, pH 7.4). These RyR2-
R4496C cells were used to assess the impact of R-carvedilol on spontaneous Ca2*
oscillations. Ca2* oscillations were measured using single-cell Ca2* imaging and the
fluorescent Ca2* indicator dye fura 2 acetoxymethyl ester (fura 2/AM) (Invitrogen) as
described previously [27]. Briefly, cells grown on glass coverslips for 20-24 h after
induction by 1 yg/ml tetracycline were loaded with 5 t/M fura 2/AM in KRH buffer plus
0.02% pluronic F-127 and 0.1 mg/ml BSA for 20 min at room temperature (23°C). The
coverslips were then mounted in a perfusion chamber on an inverted microscope (Nikon
TE2000-S) and perfused with KRH buffer containing CaCl, stepped from 0.1 mM, 0.5 mM
to 1 mM for 5 min each. The cells were then continuously perfused with KRH buffer
containing 1 mM CacCl, and R-carvedilol or DMSO (control) stepped from 0 M to 3 (M,
10 ¢M and 30 pM for 8 min each. Caffeine (15 mM) was applied at the end of each
experiment to verify the presence of functional RyR2 channels. Time-lapse images (0.25
frame/s) were captured and analysed with Nikon NIS-Elements software. Fluorescence
intensities were measured from regions of interest centred on individual cells that responded
to caffeine. All chemicals were obtained from Sigma unless otherwise specified.

Confocal Ca2* imaging of intact hearts

Excised hearts were loaded with Rhod-2 AM (rhodamine 2 acetoxymethyl ester; 3—4 1iM;
Biotium) in Krebs—Henseleit (KH) solution (120 mM NaCl, 24 mM NaHCO3, 11.1 mM
glucose, 5.4 mM KCI, 1 mM MgCly, 0.42 mM NaH,PO,4, 10 mM taurine and 5 mM
creatine, oxygenated with 95% O, and 5% CO») at room temperature for 40 min via a
retrograde Langendorff perfusion system, as described previously [41]. After Rhod-2 AM
loading, hearts were attached to a confocal microscope system and perfused sequentially
with 5 ml of KH solution containing 0 mM, 0.25 mM, 0.5 mM, 1 mM and 2 mM Ca2* and
then continuously with 6 mM Ca2* (37°C) to induce Ca%* waves. /n situ confocal line-scan
imaging of Ca2* signals arising from epicardial myocytes was performed and acquired at a
rate of 1.93 ms per line. To minimize motion artefacts during Ca2* imaging, blebbistatin (5-
10 pM) was added to the perfusion solution. To eliminate the intrinsic sinus rhythm
interrupting Ca2* wave measurements, as well as to help standardize SR Ca2* load, the
arterioventricular (AV) node was ablated by electro-cautery. The AV-node-ablated hearts
were then paced at 6 Hz for at least 30 s before being switched to 1 Hz to promote Ca2*
waves [42]. The frequency of Ca2* waves per 100 zm line was measured.
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Single-channel recordings in planar lipid bilayers

Heavy SR microsomes were prepared from rat ventricular muscle using the method
described by Chamberlain et al. [43]. Planar lipid bilayers were composed of a 5:4:1 mixture
(50 mg/ml in n-decane) of bovine brain phosphatidylethanolamine, phosphatidylserine and
phosphatidylcholine. Bilayers were formed across a 100-4m diameter hole in a 10-xm thick
teflon partition separating two compartments. The solution on one side of the bilayer (cis)
was virtually grounded and initially contained 250 mM HEPES and 120 mM Tris/HCI (pH
7.4). The solution on the other side initially contained 250 mM HEPES and 10 mM CacCl,
(pH 7.4). Heavy SR microsomes (5-15 /g) were added to the cis solution along with 500
mM CsCl and 2 mM CacCl, to promote microsome—bilayer fusion. SR vesicles were pre-
incubated for 1 h with the tested drugs (1 /M) before their addition to the cis solution. After
microsome fusion, the cytosolic side of the RyR2 channel faced the ¢/s compartment [44,45]
and solutions in both compartments were exchanged for cell-relevant solutions. The cell-
relevant cytosolic solution contained 120 mM HEPES/Tris/HCI (pH 7.2), 50 /M free

Ca?* (0.5 mM EGTA), 1 mM free Mg?* and 5 mM total ATP. The cell-relevant luminal
solution contained 200 mM Cs-HEPES (pH 7.2), 1 mM free Mg2* and 1 mM free Ca?*.
Solutions on both sides of the bilayer (before and after SR microsome fusion) contained 1
1M of the tested drug. Recipes for the Ca2* buffer solutions were generated using
WIinMAXC 2.05 and verified by a Ca2* electrode. Single RyR2 recordings were made at
room temperature (20-22°C) with net current in the luminal-to-cytosolic direction. Analysis
was done using pCLAMP9 software (Molecular Devices). Currents were sampled at 50 ys/pt
and filtered (4-pole Bessel) at 1 kHz for display.

ECG recordings and induction of VTs in anaesthetized mice

RyR2-R4496C heterozygous mutant mice (RC) readily display polymorphic VT as well as
bidirectional VT when challenged by an intraperitoneal injection of epinephrine (adrenaline)
(1.2 mg/kg of body weight) and caffeine (100 mg/kg of body weight) cocktail (referred to as
epi/caff) [27]. A 3-10 min baseline ECG (electrocardiogram; heart rate stable) was
established before epi/caff injection. Following epi/caff injection, the ECG was recorded for
30 min (continuously). Briefly, mice were lightly anaesthetized with isoflurane vapour
(0.5%) and 95% O,. Anaesthetized mice were placed on a heating pad (27°C) and needle
electrodes (BIOPAC MP System) were inserted subcutaneously into the right-upper limb
and left-lower abdomen. The VT duration (as percentages of time) in each of ten consecutive
3-min periods or over the entire 30-min period post-injection was determined. VT was
defined as three or more consecutive ectopic beats.

Drug treatments of RyR2-R4496C*~ mice

RyR2-R4496C*/~ mice were treated with different doses of R-carvedilol (0.4, 0.8, 1.6 or 3.2
mg/kg/day) or DMSO of the same volume according to the body weight via intraperitoneal
injection for five consecutive days. ECG recordings were performed on day five as described
previously [27]. Heart rate before epi/caff injection and the VT duration after epi/caff
challenge in control and drug-treated mice were determined.
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Measurement of isoproterenol-stimulated heart rates

Drug (racemic carvedilol, R-carvedilol or DMSO) action on isoprenaline (also known as
isoproterenol) (Iso)-stimulated heart rate was determined in anaesthetized wild-type mice
[27]. Briefly, mice were lightly anaesthetized with isoflurane vapour (0.5%) and then placed
on a heating pad (27°C) where needle electrodes were applied subcutaneously into the right-
upper limb and left-lower abdomen for ECG recordings (BIOPAC MP System). The
animals’ ECGs were continuously monitored under anaesthesia until the heart rate
stabilized. The heart rates were continuously monitored via ECG recordings. 1so (0.8 mg/kg)
was then intraperitoneally injected to increase the heart rate. Three minutes later, various
drugs were intraperitoneally injected to evaluate their action on the Iso-stimulated heart rate,
which were continuously monitored via ECG recordings.

Blood pressure measurements

R-carvedilol (1.6 mg/kg/day), racemic carvedilol (1.6 mg/kg/day) or DMSO of the same
volume according to the body weight was administered to 129/SvimJ wild-type mice by
intraperitoneal injection for five consecutive days. Blood pressure before and after the 5-day
treatment was measured by using the CODA™ 8-Channel High Throughput Non-Invasive
tail-cuff blood pressure system (Kent Scientific) following the manufacturer’s instructions.
Briefly, mice were allowed to enter holders freely. The holders were placed on an infrared
warming platform (25°C). A blood pressure cuff was then placed on the mouse’s tail.
Recordings were performed with five acclimation cycles, 20 test cycles, 5 s between cycles,
a deflation time of 20 s, a maximum occlusion pressure of 250 mmHg and a minimum
volume of 15 /. Systolic, diastolic and mean blood pressures were determined using the
CODA program.

Statistical analysis

All values shown are means + S.E.M. unless indicated otherwise. To test for differences
between groups, we used Student’s ftest (two-tailed) or one-way ANOVA with post-hoc
test. The paired ¢test was used to compare blood pressures before and after drug treatment.
Statistical analyses were performed using the SPSS V.15.0 (SPSS). A P-value <0.05 was
considered statistically significant. To make a priori statistical power calculations, we used
G*Power software to predict the needed number of experiments to detect a significant
difference.

RESULTS

R-carvedilol suppresses spontaneous Ca?* oscillations in HEK293 cells

To determine whether the non-f-blocking ~R-carvedilol enantiomer is able to suppress
spontaneous Ca2* release, we synthesized R-carvedilol (Figure 1A) and assessed its effect
on spontaneous Ca2* oscillations in HEK293 cells expressing a CPVT-causing RyR2
mutation (R4496C). As shown in Figure 1(B), RyR2-R4496C-expressing HEK?293 cells
displayed spontaneous Ca?* oscillations in the absence of R-carvedilol (control).
Application of R-carvedilol inhibited these Ca2* oscillations in a concentration-dependent
manner (Figures 1C and 1D), similar to that of racemic carvedilol [27]. Thus, like racemic
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carvedilol, R-carvedilol is also able to suppress spontaneous RyR2-mediated Ca2* release in
HEK293 cells.

R-carvedilol directly modifies the gating of the RyR2 channel

We have shown that racemic carvedilol suppresses spontaneous Ca2* release by directly
altering RyR2 channel function [27]. To determine whether R-carvedilol directly modifies
the function of the RyR2 channel, we assessed the effect of /-carvedilol on single RyR2
channels in lipid bilayers. We have previously shown that with longer drug incubation time,
lower carvedilol concentrations were able to modify the gating of single RyR2 channels and
suppress spontaneous Ca2* release in cardiomyocytes [27]. Hence, we pre-incubated SR
microsomes with R-carvedilol (1 M) for 1 h prior to their incorporation into lipid bilayers.
We found that R-carvedilol (1 tM) significantly reduced the mean open time (OT; 40.8
+12.9-9.1 + 3.6 ms; P <0.05) and increased the event frequency (133 + 15-257 +6s71; P <
0.001) of single RyR2 channels (Figure 2). The open probability (~,; 0.84 = 0.06 compared
with 0.57 + 0.16) and mean closed time (CT; 3.7 £ 0.8 compared with 9.1 + 6.1 ms) were
not significantly altered by R-carvedilol (Figure 2).

The possibility that the drug-treated channels are displaying an increased frequency of sub-
conductance states was evaluated by plotting amplitude frequency (all points) histograms
(Figure 2). The control and drug-treated histograms each had two distinct peaks (closed and
full open). There was no distinct peak associated with a sub-conductance state in the drug-
treated case. Note that the full-open peak is skewed but this skewing is equal in both the
control and drug-treated histograms. Thus, there was no evidence that /-carvedilol evokes a
sub-conductance state.

We have also analysed the open and closed time distribution (Supplementary Figure S1).
The control and R-carvedilol-treated open and closed time histograms were best fitted by
assuming three open-state components. R-carvedilol reduced OT and narrowed the overall
open time range. This smaller open time range is consistent with the smaller (compared with
control) error level for the R-carvedilol-treated OT bar in (Figure 2). In contrast, /-
carvedilol increased CT and widened the overall closed time range. This larger closed time
range is consistent with the larger (compared with control) error level for the R-carvedilol-
treated CT bar in Figure 2. These results demonstrate that, like racemic carvedilol [27], R-
carvedilol directly modifies the gating of RyR2.

R-carvedilol suppresses spontaneous Ca2* waves in intact hearts

To determine whether R-carvedilol suppresses spontaneous Ca2* release in the context of
cardiac cells and intact hearts, we assessed the effect of R-carvedilol on spontaneous Ca2*
waves in ventricular myocytes in intact hearts expressing the wave-promoting RyR2
mutation (R4496C). Spontaneous Ca2* waves were induced by elevating the extracellular
Ca?* concentration to 6 mM and monitored by using confocal line-scan Ca2* imaging of
intact hearts (ex vivo) [42]. To eliminate the influence of the intrinsic sinus rhythm on Ca?*
wave, we ablated the AV node by electro-cautery [42]. AV-node-ablated hearts were
electrically paced at 6 Hz to standardize SR Ca2* loading before the pace was reduced to 1.0
Hz. As shown in Figure 3, spontaneous Ca2* waves occurred in 89.3 + 4.7% of cells with a
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frequency of 3.3 £ 0.4 Hz/100 xm during the 1.0 Hz pacing period (Figure 3A) under control
conditions (DMSO). As in our single RyR2 channel studies, these intact hearts were pre-
incubated with R-carvedilol (1 xM) for 1 h, as this would allow carvedilol to accumulate in
the tissue [46-51]. We found that R-carvedilol (1 M) significantly reduced the occurrence
(51.1 + 7.9%) and frequency (0.6 + 0.1 Hz/100 zm) of Ca%* waves (i.e. the Ca2* release that
occurred between electrical stimulations), as compared with control (P <0.001) (Figures 3B
and 3C). We previously showed that racemic carvedilol also inhibits spontaneous Ca2*
waves in cardiomyocytes [27]. Thus, like racemic carvedilol, R-carvedilol suppresses
spontaneous Ca2* waves in cardiomyocytes.

R-carvedilol does not alter depolarization-induced Ca?* transients in intact hearts

We also examined the action of R-carvedilol on depolarization-induced Ca2* transients. The
amplitude and dynamics of Ca2* transients evoked by depolarization were measured using
confocal line-scan Ca?* imaging of intact hearts ex vivo. We found that R-carvedilol (1 M)
had no significant impact on the amplitude (AA Fy) (R-carvedilol: 1.64 + 0.09 compared
with DMSO: 1.86 + 0.19), time to peak (~-carvedilol: 36.0 + 0.7 ms compared with DMSO:
35.4 + 1.0 ms) or time to 50% decay (T50); R-carvedilol: 58.0 £ 1.4 ms compared with
DMSO: 60.0 + 2.8 ms) of depolarization-evoked Ca?* transients (Figure 4). Thus, R-
carvedilol suppressed spontaneous Ca2* waves that occur between electrical stimulations
(Figure 3), but did not significantly alter the depolarization-induced Ca2* transients.

R-carvedilol suppresses CPVT in RyR2-R4496C mutant mice

CPVT is caused by spontaneous Ca?* waves. Our finding that R-carvedilol suppresses Ca%*
waves would suggest that /-carvedilol may also limit CPVT. To test this idea, we employed
RyR2-R4496C mutant mice that are known to develop Ca?* wave-evoked CPVT [27]. As
shown in Figure 5, long-lasting VTs (66.4 £ 4.4%) including bidirectional VVTs were readily
induced in R4496C mice by the injection of caffeine and epinephrine (Figures 5A and 5C).
Pre-treating R4496C mice with R-carvedilol daily for 5 days suppressed CPVT in a dose-
dependent manner. At a dose of 1.6 mg kg/day, R-carvedilol reduced VT duration by ~70%
(to 20.8 + 4.2%; P <0.001) (Figures 5B and 5D). Since R-carvedilol was given daily for 5
days, it is possible that metabolites of /R-carvedilol produced during the 5-day treatment may
contribute to the observed effects of R-carvedilol, either by directly interacting with the
RyR2 channel or via potential long-term effects on, e.g., gene expression or membrane
properties. We have previously shown that racemic carvedilol (1.6 mg/kg/day for 5 days)
reduces VT duration in RyR2-R4496C mice by ~80% [27]. Thus, like racemic carvedilol,
Ca?* -wave-inhibiting ~-carvedilol is also effective at suppressing CPVT.

R-carvedilol does not alter heart rate or blood pressure

Racemic carvedilol is a potent f-blocker that lowers both heart rate and blood pressure [35-
38]. Since R-carvedilol has little f~blocking activity, R-carvedilol would be expected to have
minimal impact on heart rate or blood pressure. Indeed, we found that R-carvedilol (1.6
mg/kg) had no effect on Iso-induced heart rate increase, whereas racemic carvedilol
significantly suppressed it (Figure 6A). Pre-treating mice with racemic carvedilol (1.6
mg/kg/day) for 5 days also decreased heart rate [racemic carvedilol: 420 + 8 beats per
minute (bpm) compared with DMSO: 659 + 9 bpm; £ < 0.001], but pretreatment with /-
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carvedilol (1.6 mg/kg/day) for 5 days did not (639 + 9 bpm; Figure 6B). We also assessed
the action of R-carvedilol on blood pressure. Pre-treating mice with racemic carvedilol (1.6
mg/kg/day) for 5 days significantly reduced the systolic, diastolic and mean blood pressure,
whereas pre-treatment with /R-carvedilol (1.6 mg/kg/day) for 5 days had no significant effect
on any of these blood pressure measurements (only mean blood pressure shown; /-
carvedilol: from 98.6 + 4.5 mmHg to 96.4 + 3.6 mmHg; compared with DMSQO: from 98.4
+ 3.1 mmHg to 95.6 + 3.0 mmHg; compared with racemic carvedilol: from 100.1 + 2.6
mmHg to 83.3 + 2.5 mmHg; Figure 6C). This is consistent with previous reports [35-38].
Taken together, our data indicate that, unlike racemic carvedilol, the non-/-blocking ~-
carvedilol enantiomer suppresses stress-induced VT without lowering heart rate or blood
pressure.

DISCUSSION

The major finding of the present study is that the non-#-blocking ~-carvedilol enantiomer
suppresses arrhythmogenic spontaneous Ca2* waves and stress-induced VT in mice without
significantly lowering heart rate or blood pressure. We have shown that the clinically used
racemic carvedilol also suppresses Ca?* waves and stress-induced VT, but also causes
bradycardia [27]. Indeed, bradycardia and hypotension are two major adverse effects of
carvedilol attributable to this agent’s potent f~blocking activity [30,31]. Therefore, R-
carvedilol’s capacity to suppress Ca?* waves provides a promising new anti-arrhythmic
prophylactic option for treating Ca2* -triggered arrhythmias without the adverse effects of
bradycardia and hypotension currently associated with racemic carvedilol.

Spontaneous SR Ca2* release in the form of Ca2* waves in cardiac cells can lead to DADs,
which in turn can cause triggered activities, cardiac arrhythmias and sudden death [9-11].
These arrhythmogenic Ca2* waves result from abnormal opening of RyR2 channels by
elevated SR luminal Ca2* during SR Ca?* overload [21,22,26,52-56]. Many conditions such
as excessive f-adrenergic receptor stimulation (as during emotional or physical stress) can
lead to SR Ca?* overload and store-overload-induced Ca?* waves [12—18]. These Ca2*
waves and subsequent DADs frequently occur in diseased hearts [9,10]. Spontaneous Ca?*
waves are thus a common pathological entity. Therapeutically targeting spontaneous Ca%*
waves and especially the RyR2 channel may represent an effective and attractive approach to
suppressing dangerous Ca2* -wave-evoked VT in various pathological settings. Indeed, we
have demonstrated that racemic carvedilol directly modifies the gating of single RyR2
channels and effectively suppresses Ca?* wave and wave-evoked CPVT [27]. Additionally,
we reported that a carvedilol analogue (VK-11-86) with minimal f-blocking activity also
alters RyR2 gating and suppresses Ca2* waves and CPVT [27]. In the present study, we
demonstrate that the non-/#blocking R-carvedilol enantiomer reduces the duration of RyR2
channel openings and inhibits spontaneous Ca?* waves and CPVT. Taken together, these
observations support the practicality and effectiveness of this therapeutic strategy for
preventing Ca2* -mediated arrhythmias by modifying the gating of the RyR2 channel
[27,56].

Our studies showed that R-carvedilol and novel carvedilol analogues (e.g. VK-11-86) have
limited /+blocking activity, but still suppress Ca2* waves and wave-evoked VT. This
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indicates that blockade is not required for inhibiting Ca?* waves and wave-evoked VT in
our experimental setting. However, blocking f-adrenergic receptor signalling does suppress
the stress-induced SR Ca?* overload that promotes Ca%* waves. Hence, blockade will
reduce the likelihood of spontaneous Ca2* waves. Indeed, clinical studies have consistently
demonstrated the benefit of f-blockade in reducing the occurrence of VT and risk of sudden
death [57-59]. Therefore, although excessive f-blockade can lead to adverse effects,
adequate (well-managed) f~blockade is clearly valuable and beneficial. In this regard,
combining the benefit of the non-/#blocking R-carvedilol with the benefit of a well-managed
Sblockade regimen might provide a promising new approach to preventing Ca2* -triggered
arrhythmia with optimal control of heart rate and blood pressure.

We have recently produced and characterized a large number of carvedilol analogues that are
capable of suppressing RyR2-mediated spontaneous Ca?* release [27,28]. Developing these
novel compounds into clinically useful anti-arrhythmic agents will require years of efforts.
However, the R-carvedilol enantiomer is already present in racemic carvedilol that is being
used clinically today. In other words, R-carvedilol is currently being used in humans along
with the S-carvedilol enantiomer. More encouragingly, A-carvedilol alone has already been
applied to healthy human volunteers without major adverse effects [35]. Thus, an important
and exciting future effort is to systematically assess the safety and efficacy of ~-carvedilol in
human patients. Given that abnormal intracellular Ca?* handling commonly occurs in many
cardiac settings, R-carvedilol with its anti-Ca2* wave action may provide a promising and
effective treatment for CPVT as well as for VT in HF and other heart conditions associated
with SR Ca?* mishandling.

In summary, the clinically used carvedilol is a racemic mixture of the f-blocking S
carvedilol and non-#blocking R-carvedilol. We show that /-carvedilol inhibits spontaneous
Ca?* waves by directly modifying the gating of RyR2 and suppresses Ca2* wave-evoked VT
without significantly lowering heart rate or blood pressure. Thus, R-carvedilol can limit
Ca?* -triggered arrhythmias without the unwanted bradycardia and hypotension that are
typically associated with racemic carvedilol. Given our results in the present study and this
agent’s current clinical application, large-scale clinical assessments of ~-carvedilol as a
novel anti-arrhythmic agent may be warranted.
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Refer to Web version on PubMed Central for supplementary material.
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bpm beats per minute

CPVT catecholaminergic polymorphic ventricular tachycardia
CT mean closed time

DAD delayed after depolarization

DMF dimethylformamide

ECG electrocardiogram

epi/caff epinephrine (adrenaline) and caffeine
fura 2/AM fura 2 acetoxymethyl ester

HEK human embryonic kidney

HF heart failure

Iso isoprenaline

KH Krebs—Henseleit

KRH Krebs—-Ringer-HEPES

mp melting point

oT mean open time

Po open probability

Rhod-2 AM rhodamine 2 acetoxymethyl ester
RyR2 cardiac ryanodine receptor

SR sarcoplasmic reticulum

VT ventricular tachyarrhythmia
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Figure 1. R-carvedilol inhibits spontaneous Ca2" release in HEK293 cells
(A) Chemical structure of R-carvedilol. (B and C) Stable inducible HEK293 cells expressing

the RyR2-R4496C mutant were loaded with 5 ¢M fura2/AM in KRH buffer. Representative
traces of fura 2 ratios in HEK293 cells (~197-419) perfused with 1 mM extracellular Ca2*
in KRH buffer containing DMSO (B) or various concentrations of R-carvedilol (0, 3, 10 and
30 £M) are shown. (C) Percentage of cells showing spontaneous Ca2* oscillations in cells
treated with DMSO (control) or R-carvedilol. Data shown are means + S.E.M. (7=5-7; * P<
0.05, **P < 0.001 compared with DMSO).
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Figure 2. R-carvedilol modifies the gating of single RyR2 channels
Single rat RyR2 channels were recorded in quasi-physiological salt solutions. SR

microsomes were pre-incubated for 1 h without (control) (A) or with (1 M) R-carvedilol
(B) before they were fused into the lipid bilayer with the drug in both the cytosolic and
luminal solutions. Single control (/7=7) and R-carvedilol-treated (n7=6) channels were
recorded at —40 mV. Openings are downward. Baselines are indicated (short bars). All-point
histograms (C), 7, (D), OT (E), CT (F) and event frequency (s™1) (G) are shown (*P< 0.05;
**P< 0.01 compared with control).
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Figure 3. R-carvedilol suppresses spontaneous Ca2* waves in intact hearts
Intact hearts isolated from RyR2-R4496C*/~ mice were loaded with Rhod-2 AM and

Langendorff-perfused with KH solution containing 6 mM extracellular Ca2* to induce SR
Ca?* overload. Blebbistatin (10 zM) was used to inhibit muscle contraction. The AV node
was ablated by electro-cautery and the hearts were paced at 6 Hz first and then the pace was
switched to 1 Hz. Intracellular Ca?* dynamics in epicardial ventricular myocytes in intact
hearts was monitored by using line-scan confocal Ca2* imaging. (A) Representative line-
scan images of Ca2* dynamics in hearts treated with DMSO or R-carvedilol (1 zM). (B)
Percentage of cells showing Ca2* waves. (C) Frequency of spontaneous Ca?* waves.
Arrowheads show the occurrence of Ca2* waves. Short bars to the left indicate cell
boundaries within the intact heart. Data shown are means = S.E.M. from 27-34 areas of four
hearts for each group (**£<0.001 compared with DMSO).
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Figure 4. R-carvedilol does not markedly affect depolarization-induced Ca?* transients in intact
hearts

Intact hearts isolated from RyR2-R4496C*/~ mice were loaded with Rhod-2 AM in KH
solution and Langendorff-perfused with blebbistatin (10 M) to inhibit muscle contraction.
The perfused heart was paced at 4 Hz and Ca2* transients were monitored by line-scan
confocal Ca2* imaging. Representative images/traces in hearts treated with DMSO (A) or
with R-carvedilol (1 /M) (B). Short bars to the left indicate cell boundaries within the intact
heart. The amplitude (C), time to peak (D) and time to 50% decay (T50) (E) of Ca2*
transients in hearts treated with DMSO or R-carvedilol are shown. Data shown are means +
S.E.M. from six or seven areas of three or four hearts for each group.
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Figure 5. R-Carvedilol suppresses CPVT in RyRZ-R4496C+" mutant mice
Representative ECG recordings (15 s-trace at top, 2 s-trace at bottom) of RyR2-R4496C*/~

mice treated with DMSO (control) (A) or with R-carvedilol (1.6 mg/kg/day for 5 days) (B)
before (top panels) and 3-6 min after (bottom panels) intraperitoneal injection of
epinephrine (1.2 mg/kg) and caffeine (100 mg/kg). VT occurred intermittently and
percentage time in VT (VT duration) in mice treated with DMSO (control) or R -carvedilol
(1.6 mg/kg/day) was measured in sequential 3-min periods post-injection (C). Average time
in VT (VT duration) in mice treated with DMSO or various doses of R-carvedilol (0.4, 0.8,
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1.6 and 3.2 mg/kg/day) was measured (post-injection) over the entire 30-min recording
period (D). The time scale bar sets for ECG traces before and after injection of epinephrine
and caffeine are the same. Data shown are means + S.E.M. from 12-38 mice for each group
(*P<0.05, **P<0.001 compared with DMSO).
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Figure 6. Effect of R-carvedilol on heart rate and blood pressure
(A) Iso-stimulated heart rate was monitored by ECG recordings in R4496C*/~ mice (/=6 for

each group) after the injection of Iso (0.8 mg/kg), followed by the treatment with DMSO
(control), R-carvedilol (1.6 mg/kg) or racemic carvedilol (1.6 mg/kg). (B) Unstimulated
heart rate was determined by ECG recordings in R4496C*~ mice (7= 18-38 for each
group) after the treatment with DMSO (control), R-carvedilol (1.6 mg/kg/day) or racemic
carvedilol (1.6 mg/kg/day) for 5 days. (C) Mean blood pressure was determined by
measuring the systolic and diastolic blood pressure using the CODA™ high-throughput non-
invasive tail-cuff blood pressure system in wild-type mice (77=7-11 for each group) treated
with DMSO (control), R-carvedilol (1.6 mg/kg/day) or racemic carvedilol (1.6 mg/kg/day)
for 5 days. Data shown are means + S.E.M. (**£<0.001; compared with DMSO).
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