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Abstract
Cardiac glycosides, which inhibit the plasma membrane Na+ pump, are one of the four categories of
drug recommended for routine use to treat heart failure, yet their therapeutic window is limited by
toxic effects. Elevated cytoplasmic Na+ ([Na+]i) compromises mitochondrial energetics and redox
balance by blunting mitochondrial Ca2+ ([Ca2+]m) accumulation, and this impairment can be
prevented by enhancing [Ca2+]m. Here, we investigate whether this effect underlies the toxicity and
arrhythmogenic effects of cardiac glycosides and if these effects can be prevented by suppressing
mitochondrial Ca2+ efflux, via inhibition of the mitochondrial Na+/Ca2+ exchanger (mNCE). In
isolated cardiomyocytes, ouabain elevated [Na+]i in a dose-dependent way, blunted [Ca2+]m
accumulation, decreased the NADH/NAD+ redox potential, and increased reactive oxygen species
(ROS). Concomitant treatment with the mNCE inhibitor CGP-37157 ameliorated these effects.
CGP-37157 also attenuated ouabain-induced cellular Ca2+ overload and prevented delayed
afterdepolarizations (DADs). In isolated perfused hearts, ouabain’s positive effects on contractility
and respiration were markedly potentiated by CGP-37157, as were those mediated by β-adrenergic
stimulation. Furthermore, CGP-37157 inhibited the arrhythmogenic effects of ouabain in both
isolated perfused heart and in vivo. The findings reveal the mechanism behind cardiac glycoside
toxicity and show that improving mitochondrial Ca2+ retention by mNCE inhibition can mitigate
these effects, particularly with respect to the suppression of Ca2+-triggered arrhythmias, while
enhancing positive inotropic actions. These results suggest a novel strategy for the treatment of heart
failure.

Keywords
Cardiac glycosides; energy metabolism; Na+/Ca2+ exchanger; ion transport; heart failure;
arrhythmias

Introduction
Cardiac glycosides have been widely used in the treatment of heart failure (HF) for more than
200 years, and they are one of the 4 categories of drug that are recommended for routine use
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to treat HF by The American College of Cardiology/American Heart Association Joint
Guidelines[1]. Treatment with digitalis glycosides can improve HF symptoms, increase cardiac
output, enhance quality of life, and decrease clinical decompensation and hospitalization,
however, the digitalis toxicity-related death in HF patients especially in the subgroup with high
serum digoxin concentration undermines the beneficial effect of digitalis treatment on total
mortality rates (reviewed in [2]).

The primary action of cardiac glycosides is their ability to inhibit Na+/K+-ATPase (NKA),
which elicits multiple effects on cardiac physiology and pathology (reviewed in[3]). Inhibition
of NKA on the sarcolemma of cardiac myocytes has a positive inotropic effect, mediated by
an elevation of intracellular Na+ ([Na+]i). Elevated [Na+]i increases sarcoplasmic reticulum
(SR) Ca2+ load by affecting the activity of the sodium/calcium exchanger (NCX) on the
sarcolemma, as a consequence of a reduction of the driving force for Ca2+ extrusion and/or an
increase in Ca2+ influx via the NCX. The resulting increase of SR Ca2+ load is responsible not
only for the inotropic effect, but also for the arrhythmogenic effects of glycosides; the major
adverse effect of digitalis drugs. Besides its inotropic effect, clinical trials have shown that
digitalis glycosides could also reduce plasma norepinephrine levels[4–6], serum aldosterone
[4,6,7], and plasma renin activity [4,7] in patients with HF. The beneficial effects of glycosides
on HF are probably attributable to both their inotropic and neurohormonal effects. The adverse
effects of glycoside have also been well documented, which include cardiac arrhythmias,
gastrointestinal symptoms, and central nervous system abnormalities[1].

Our recent studies have led us to speculate that glycosides might impair mitochondrial
energetics in cardiac myocytes due to elevated [Na+]i [8,9]. Mitochondrial Ca2+ ([Ca2+]m)
homeostasis plays a central role in energy supply and demand matching. Increased cardiac
work leads to an increase in [Ca2+]m accumulation[8], which is critical for maintaining NADH/
NAD+ redox potential[8,9] by activating several enzymes in the tricarboxylic acid cycle[10].
Elevated [Na+]i blunts [Ca2+]m accumulation by activating the mitochondrial Na+/Ca2+

exchanger (mNCE), the major [Ca2+]m efflux pathway, and therefore it mediates net oxidation
of NADH during increased work. Our recent studies have demonstrated this adverse effect of
elevated [Na+]i on mitochondrial energetics in normal cardiac myocytes, with [Na+]i elevated
artificially using the patch clamp technique, and in myocytes isolated from failing hearts, with
a chronic pathological elevation of [Na+]i[8,9]. Our previous studies also showed the potential
therapeutic effect of CGP-37157, an inhibitor of mNCE. CGP-37157 enhances [Ca2+]m
accumulation and restores mitochondrial NADH production in cells with elevated [Na+]i[9].
Mitochondria have several functions beyond ATP production, including acting as an
intracellular Ca2+ buffering system, and we have shown that inhibition of [Ca2+]m efflux by
CGP-37157 increases mitochondrial Ca2+ retention capacity and consequently decreases
cytosolic Ca2+ ([Ca2+]c) cycling[8]: this effect might also attenuate glycoside-induced SR
Ca2+ overload and arrhythmias.

In the present study, we investigated whether ouabain has adverse effects on mitochondrial
energetics, redox status, and ROS balance, as well as whether CGP-37157 can prevent ouabain-
induced mitochondrial dysfunction. Moreover, we also studied the role of mitochondrial
dysfunction in ouabain toxicity by assessing the effects of CGP-37157 on ouabain-induced
irregular [Ca2+]c cycling in isolated myocytes and on ouabain-induced arrhythmias in isolated
perfused hearts. Finally, we show that CGP-37157 treatment has a beneficial effect to decrease
in vivo arrhythmias in ouabain-treated guinea pigs.
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Materials and Methods
Animal

250–300g Hartley guinea pigs were obtained from Hill Top and housed in an animal facility
at the Johns Hopkins University. This study conforms to the Guide for the Care and Use of
Laboratory Animals published by the National Institutes of Health (NIH Publication No. 85-23,
revised 1996) and was approved by the Johns Hopkins Animal Care and Use Committee.

Cell isolation
Guinea pig ventricular myocytes were isolated by enzymatic digestion as described previously
[11]. Cells were suspended in Dulbecco’s Modification of Eagle’s Medium (DMEM)
supplemented with 5% fetal bovine serum, 1% penicillin/streptomycin, and 15 mmol/L
HEPES, pH 7.4, and stored in a 5% CO2 incubator at 37°C.

Fluorescence recording
Cytosolic Ca2+ ([Ca2+]c), mitochondrial Ca2+ ([Ca2+]m), and [Na+]i were measured with the
fluorescent indicators indo-1, rhod-2, and SBFI, respectively (Invitrogen), and mitochondrial
NADH was measured as the cellular autofluorescence with 360nm excitation/450nm emission.
Indo-1 was loaded into cell with the membrane permeable form, indo-1 AM. To minimize
indo-1 loading into the mitochondrial compartment, cells were briefly incubated with indo-1
AM at room temperature for 20 min. Rhod-2 and SBFI experiments were carried out as
previously described[8,9]. Cytoplasmic rhod-2 was eliminated by using rhod-2-free patch
pipettes[8,9]. The ROS-sensitive fluorescent probe 5-(–6)-chloromethyl-2’,7’-
dichlorohydrofluorescein diacetate (CM-H2DCFDA) was used to monitor the extent of
oxidative stress, as previously described [12]. This probe is primarily localized in the
mitochondrial matrix[12] and is oxidized by hydrogen peroxide to yield fluorescent CM-DCF,
thus indirectly reporting mitochondrial superoxide production.

Protocol for experiments in isolated myocytes
Isolated ventricular myocytes were loaded into a heated field-stimulation chamber (Warner
Instruments, Hamden CT) at 37°C on the stage of a fluorescence microscope (Nikon Eclipse
TE300). The myocytes were first superfused with control Tyrode’s solution containing (in
mmol/L): NaCl 130, KCl 5, MgCl2 1, Na-HEPES 10, CaCl2 2, glucose 10, pH 7.4. After 1min
recording in the absence of electrical stimulation in control buffer, 1 µM ouabain and 100nM
isoproterenol with or without 1 µM CGP-37157 were added to buffer. After another 5 min of
recording, myocytes were field-stimulated at 1Hz for 3 min followed by 2min recording after
returning to the resting state. To record [Ca2+]m and action potentials, myocytes were whole-
cell patch-clamped at 37°C. Tyrode’s solution was used as external solution and the internal
solution contained (in mmol/L): NaCl 10, KCl 19, K-glutamate 125, MgCl2 0.5, HEPES 10,
MgATP 5, pH7.25.

Protocol for isolated perfused heart experiments
Guinea pig hearts were quickly excised under anesthesia and mounted on a modified
Langendorff apparatus attached to a Powerlab system (AD Instruments). Hearts were perfused
with gassed (95/5% O2/CO2) control buffer containing (in mM) 118 NaCl, 24 NaHCO3, 1.2
KH2PO4, 4.75 KCl, 1.2 MgSO4, 2.0 CaCl2, and 10 glucose. A buffer-filled latex balloon
(Harvard apparatus) was inserted through the mitral valve into the left ventricle. Hearts were
suspended in a buffer-filled heating chamber maintained at 37°C and two electrodes were
placed into the bath for volume-conducted electrocardiogram recordings. Heart rate, left
ventricular developed pressure (LVDP), maximal rates of contraction and relaxation (±dP/dt),
oxygen consumption, and electrocardiograms (ECG) were recorded on a computer. After a
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10min equilibration period, hearts were subjected to the following protocol: 10min baseline
recording while the heart was perfused with control buffer, followed by application of 0.25µM
ouabain with or without 1µM CGP-37157 and another 10min recording, then 25nM
isoproterenol was added to the buffer and recorded for 60 min.. The measurements of
hemodynammic parameters were determined by taking the average during the last 2 minutes
before ouabain treatment (baseline) and for 2 minutes during the maximal effect on LVDP of
either ouabain or isoproterenol.

O2 consumption
Cardiac O2 concentration was measured with an O2 probe attached to a PowerLab system (AD
Instruments). The probe was calibrated with 95% O2-saturated buffer as 100% and 100% N2-
saturated buffer as 0%. The molar concentration of O2 consumption was calculated from
percentage concentration with the following equation:

Where CF is coronary flow (ml/min); 0.02373 is absorption coefficient of O2 in H2O at 37°C;
22.414 is the volume (L) of 1 mol gas at STP; 760 is 1 atm in mm Hg; p equals 47.067, which
is vapor pressure of H2O at 37°C; ΔO2% is the difference in O2 percentage concentration
between inflow buffer collected from cannula before heart was mounted and outflow buffer
collected from pulmonary artery; dwt is dry heart weight.

Assessment of cardiac arrhythmias
Arrhythmias were characterized in accordance with the Lambeth Conventions[13] and scores
were tabulated for the 10min period of ouabain treatment using modified Score A as described
by Curtis and Walker[14]. Briefly, each heart was given a score based on the following criteria:
0: <50 ventricular premature beats; 1: 50–499 ventricular premature beats; 2: >500 ventricular
premature beats and/or 1 episode of spontaneously reverting ventricular tachycardia or
ventricular fibrillation; 3: more than one episode of spontaneously reverting ventricular
tachycardia or fibrillation (<2 min); 4: >2 min of ventricular tachycardia or fibrillation.

In vivo study of arrhythmia
Surface ECG was recorded from normal guinea pigs and drugs were introduced with
intraperitoneal injection. After 20 min baseline recording, 0.02mg/kg CGP or vehicle was
administrated followed by 0.05mg/kg ouabain administration. After 15min, second dose of
ouabain was introduced, which was followed by 0.25mg/kg iso administration after another
15min. Arrhythmia was evaluated with the incidence of ventricular premature beat during a
30-min period after isoproterenol administration.

Statistical analysis
Data are expressed as mean ± SEM. Effects of ouabain and CGP-37157 on the cytosolic
Ca2+ transient and on the arrhythmia scores were analyzed with unpaired t-tests. Effects of
ouabain and isoproterenol on hemodynamics were analyzed with paired t-tests. Differences in
the incidence of VF were analyzed with Fisher’s Exact Test. O2 consumption was analyzed
with one way ANOVA.
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Results
Effects of ouabain on [Na+]i

Application of ouabain to isolated myocytes at rest or with 1Hz stimulation elevated [Na+]i
monotonically in a dose-dependent way (Fig. 1). 1Hz stimulation increased the rate of [Na+]i
accumulation slightly (Fig. 1). To optimize the conditions of our study so that [Na+]i could be
elevated efficiently, but with acceptable toxicity during the protocol, 1µM ouabain was used
in the following isolated myocyte experiments.

Effects on [Ca2+]m and mitochondrial NADH during increased work
In the presence of 100nM isoproterenol, 1Hz stimulation induced [Ca2+]m accumulation in
control cell (without ouabain treatment) with a 30% increase of diastolic rhod-2 signal at the
end of stimulation compared to baseline level before stimulation (Fig.2A left), whereas, 1 µM
ouabain treatment blunted [Ca2+]m accumulation and the increase of rhod-2 signal during
stimulation was less than 10% (Fig.2A middle). The effect of ouabain on [Ca2+]m accumulation
was reversed by 1 µM CGP-37157 (Fig.2A left). The decreased [Ca2+]m accumulation by
ouabain was associated with net mitochondrial NADH oxidation (Fig. 2B). In ouabain-treated
myocytes, the NADH level decreased significantly during 1 Hz stimulation from 81.7±1.8%
before stimulation to 52.3±5.7% by the end of stimulation, whereas, in control cells or ouabain-
treated cells with administration of CGP-37157, NADH level was well maintained during
stimulation (before stimulation: 84.1±0.3% and 78.3±3.2%; at the end of stimulation: 84.1
±1.6% and 80.6±2.5% in control cells and ouabain-treated cells in the presence of CGP,
respectively.) (Fig.2B).

The oxidation of the NADH pool during the increase in work in the presence of ouabain did
not reverse after cessation of electrical stimulation. In keeping with our hypothesis that the
lack of NADH recovery under high [Na+]i conditions might be a consequence of oxidative
damage[15], ouabain-treated myocytes displayed higher rates of oxidation of CM-DCF; an
effect further exacerbated by electrical stimulation (Fig. 2C). Co-application of CGP-37157
abolished the increase in oxidative stress induced by ouabain.

Inhibition of mNCE mitigates ouabain-induced [Ca2+]c dysfunction and DAD-triggered action
potentials

To investigate the effects of ouabain and CGP-37157 on [Ca2+]c cycling, [Ca2+]c was
monitored with indo-1. Representative [Ca2+]c recordings at the onset (Fig. 3A; left panels)
and at the end (Fig. 3A; right panels) of 1Hz stimulation in the presence of 100nM isoproterenol
reveal that ouabain increases the probability of cytosolic Ca2+ overload and extrasystolic
Ca2+ release (Fig. 3A; OUA). In the absence of CGP-37157, ouabain treatment increased the
amplitude of [Ca2+]c transient (Δ[Ca2+]c) by 112% compared to that of control, whereas the
addition of CGP-37157 attenuated the effect of ouabain on Δ[Ca2+]c, with a 74% increase
compared to control (Fig. 3B). The attenuation of the Δ[Ca2+]c increase by CGP-37157
suggests that mitochondria play a role in EC coupling as a Ca2+ sink. Although administration
of ouabain did not affect diastolic [Ca2+]c level significantly in myocytes in the resting state,
diastolic [Ca2+]c was dramatically increased when the cells were paced at 1 Hz (Fig. 3C). After
3 min of stimulation, diastolic [Ca2+]c in cells treated with ouabain was 750±142 nM in contrast
to 123±9 nM before stimulation. CGP-37157 reduced the accumulation of diastolic [Ca2+]c
(370±60 nM at the end of stimulation versus 99±14 nM before stimulation). In control cells,
1 Hz stimulation did not increase diastolic [Ca2+]c (117±12 nM before stimulation and 111±7
nM at the end of stimulation). As a result of increased SR Ca2+ loading and elevated diastolic
[Ca2+]c, the majority of cells treated with ouabain developed spontaneous Ca2+ oscillations,
extrasystolic contractions, and eventual hypercontracture during prolonged stimulation,
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whereas CGP-37157 significantly reduced the incidence of discordant contractions (data not
shown).

In current-clamped myocytes, electrically-stimulated action potentials (APs) were recorded at
1Hz and the probability of observing one or more delayed afterdepolarization-(DAD) triggered
action potentials was determined during the last minuate of stimulation. Ouabain treatment
caused a significant increase in the incidence of DAD-triggered APs (Fig. 4A and 4C). In
myocytes treated with ouabain plus CGP-37157, DADs were still observed occasionally, but
they were of smaller amplitude than in ouabain alone (Fig. 4B), and the incidence of DAD-
triggered APs was not significantly different from controls (Fig. 4C).

Effects on cardiac function and oxygen consumption
To investigate whether the impact of ouabain and CGP-37157 on NADH production had any
effects on cardiac energetics and function, whole-heart studies were performed and cardiac
oxygen consumption and hemodynamics were recorded. Heart rate was not affected by
application of ouabain (Fig.5A). Consistent with its positive inotropic effects, application of
ouabain led to a 7% (p<0.05) increase of LVDP compared to baseline (Fig.5C). Rates of
contraction and relaxation were also improved with a 44% and 4% increase of +dP/dt and −dP/
dt, respectively (Fig.5B). Application of ouabain with CGP-37157 mediated a 12% increase
of LVDP a 42% increase of +dP/dt, and a much larger increase in −dP/dt (~25%) (Fig.5B).
Compared to the level with ouabain treatment, administration of 25 nM isoproterenol further
enhanced chronotropy and inotropy. Heart rate was increased similarly in the groups treated
with isoproterenol in the absence (28% increase) or presence of CGP-37157 (23% increase)
(Fig.5A). Remarkably, in the group without treatment of CGP-37157, LVDP was only
increased by 2.5% (p=0.45) after administration of isoproterenol, whereas +dP/dt and −dP/dt
were increased by 57% and 52%, respectively (Fig.5B and C). In the group treated with
CGP-37157, LVDP was increased by 32%, and +dP/dt and −dP/dt were increased by 77% and
55%, respectively (Fig.5B). Associated with the increased cardiac function, cardiac oxygen
consumption increased upon administration of ouabain and isoproterenol. After 10 min
treatment of ouabain, whole heart oxygen consumption increased by 18% and isoproterenol
further increased oxygen consumption to a level 25% above baseline (Fig. 5D). In keeping
with the improved hemodynamic responses mentioned above, CGP-37157 also potentiated the
increases in VO2 induced by ouabain and isoproterenol: ouabain increased VO2 by 32% while
isoproterenol increased VO2 by 53% compared to baseline (Fig. 5D).

Effects on arrhythmias
Study of isolated perfused heart indicated that ouabain treatment (0.25 µM) had a
proarrhythmic effect, with an arrhythmia score of 2.7±0.5 during the 10-min treatment (Fig.
6). This effect became exacerbated after administration of isoproterenol - ventricular
fibrillation occurred in 7 out of 8 hearts. However, treatment with CGP-37157 significantly
attenuated the pro-arrhythmic effects of ouabain. The arrhythmia score during 10-min ouabain
treatment was reduced to 1.1±0.4 (Fig. 6G) and the incidence of VF was also significantly
decreased (2 out of 7 hearts, p<0.05).

In our in vivo study, intraperitoneal administration of 2 doses of ouabain (0.05 mg/kg) increased
the susceptibility of animal to isoproterenol-induced arrhythmia. Administration of 0.25 mg/
kg isoproterenol following ouabain treatment induced arrhythmia (Fig. 7A), whereas
isoproterenol (0.25 mg/kg) itself is insufficient to induce arrhythmia (Fig. 7C). Arrhythmias
induced by ouabain and isoproterenol was inhibited by the pretreatment of CGP-37157 (Fig.
A and C).
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Discussion
This study is the first to describe that ouabain has adverse effects on mitochondrial function
and that the consequent mitochondrial dysfunction contributes to the toxicity of ouabain. As
we hypothesized, ouabain treatment impairs NADH production in isolated myocytes as a
consequence of cytosolic Na+ loading, and this effect was prevented by CGP-37157. In isolated
myocytes, CGP-37157 was shown to i) enhance mitochondrial Ca2+ uptake in the presence of
ouabain, ii) decrease cytosolic diastolic Ca2+ overload, blunting spontaneous Ca2+ release, and
iii) decrease the incidence of DAD-triggered action potentials. At the whole heart level,
CGP-37157 prevented the ouabain-induced impairment of mitochondrial energetics, which
limits the positive inotropic effects of both ouabain and isoproterenol. Moreover, improved
contractility with CGP-37157 treatment correlated with increased rates of mitochondrial
respiration. Consistently, CGP-37157 attenuated ouabain-induced arrhythmias and
significantly decreased the incidence of VF.

The effects of ouabain on cardiac energetics
In previous studies, we have shown that elevated [Na+]i impairs mitochondrial NADH
production by blunting [Ca2+]m accumulation during increased work, and that partial inhibition
of mNCE by CGP-37157 restores [Ca2+]m accumulation and NADH production[8,9]. These
findings motivated us to investigate whether the known toxicity of digitalis therapy might
involve impairment of cardiac energetics, and if inhibition of mNCE could abrogate this
negative effect. In the present study, we examined the effects of ouabain and CGP-37157 on
NADH production in isolated myocytes, and O2 consumption and cardiac performance in
whole heart. In isolated cardiac myocytes, the elevation of [Na+]i induced by NKA inhibition
with ouabain significantly oxidized the mitochondrial NADH pool, which was well maintained
in the presence of CGP-37157. In intact perfused hearts, CGP-37157 enhanced the positive
inotropic effects of both ouabain (+dP/dt was 41% higher) and isoproterenol (+dP/dt was 57%
higher), and increased the maximal VO2 response. The additive effect of CGP-37157 indicates
that ouabain’s positive effects on Ca2+ cycling and contractility are limited by a mismatch of
energy supply and demand. Impairment of mitochondrial NADH balance led to Ca2+

dysregulation and the triggering of spontaneous SR Ca2+ release and DAD-triggered APs in
cardiomyocytes. These effects were shown to be mediated by elevated [Na+]i and depressed
[Ca2+]m accumulation because CGP-37157 restored the [Ca2+]m response, maintained the
NAD+/NADH redox potential during increased work, and enhanced the whole heart respiration
rate.

We have previously demonstrated that if [Ca2+]m accumulation during an increase in work
does not reach a critical threshold level, there is a linear correlation between [Ca2+]m and
NADH level. In other words, more oxidation of the NADH pool occurs when the mitochondrial
Ca2+ signal is insufficient to stimulate NADH production. This limitation can be overcome
through several interventions that enhance mitochondrial Ca2+ uptake, such as decreasing
cytoplasmic Na+, increasing cytosolic inorganic phosphate concentration, β-adrenergic
stimulation, increasing extracellular Ca2+, or partially inhibiting mNCE[8]. In the whole heart,
isoproterenol can facilitate [Ca2+]m uptake, both by increasing heart rate and by enhancing SR
Ca2+ cycling; however, here we show that when [Na+]i is high as a result of ouabain treatment,
even the β-adrenergic response is limited. This limitation can be overcome by improving
[Ca2+]m accumulation with CGP-37157, as evidenced by an increased positive inotropic effect
and enhanced VO2 max.

The role of mitochondria in ouabain-induced arrhythmias
Cardiac arrhythmias are one of the major adverse effects of cardiac glycosides in clinical use.
The mechanisms underlying the arrhythmogenic effect are incompletely understood, but are

Liu et al. Page 7

J Mol Cell Cardiol. Author manuscript; available in PMC 2011 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



thought to involve Ca2+-triggered events, occurring as a consequence of NKA inhibition and
SR Ca2+ overload[16,17]. As SR Ca2+ load rises, the open probability of RyR receptor
increases and uncontrolled SR Ca2+ release may be initiated, promoting arrhythmogenic
electrical signals including early- or delayed-afterdepolarizations (EADs or DADs).
Discordant Ca2+ release was observed in the presence of ouabain, along with an excessive
increase in diastolic Ca2+ (Fig. 3). Both of these effects were attenuated by CGP-37157,
supporting the idea that mitochondria fulfill multiple roles in the integrated physiology of the
cell, including buffering [Ca2+]c during inotropic stimuli, producing ATP to support normal
Ca2+ cycling, and modulating the redox status of the cardiomyocyte. Enhancement of these
mitochondrial properties by CGP-37157 suggests mNCE as a potential target for anti-
arrhythmic therapy. Although the subject of some debate[18], there is evidence that
mitochondria sequester [Ca2+]c during EC coupling on a beat-to-beat basis[8,19–22]. The
Ca2+ transient is increased when the mitochondrial Ca2+ uniporter is blocked[8,21], and
decreased when mNCE is inhibited[8]. In addition to the direct effect of mitochondrial Ca2+

dynamics on intracellular Ca2+ fluxes, mitochondria also appear to influence the propagation
of Ca2+ waves. Boitier et al[23] demonstrated that when mitochondrial Ca2+ uptake was
prevented by mitochondrial depolarization, the rate of propagation of Ca2+ wave was
significantly increased in astrocytes. Similarly, Seguchi et al[21] inhibited mitochondrial
Ca2+ uptake with Ru360 and converted non-propagating Ca2+ release into a propagating release
in isolated ventricular myocytes. Therefore, CGP-37157 might have an anti-arrhythmic effect
because it attenuates SR Ca2+ overload and inhibits uncontrolled propagation of local Ca2+

release events. Alternatively, the suppression of DAD-triggered APs and arrhythmias by
CGP-37157 may be related to the reduced level of oxidative stress when mitochondrial function
is preserved (Fig. 2C). In whole hearts, this beneficial effect of CGP-37157 was manifested as
a decreased incidence of ouabain-induced arrhythmias, and, importantly, we also demonstrated
that the progression to ventricular fibrillation by isoproterenol was suppressed by CGP-37157.

Potential clinical relevance
Cardiac glycosides have played an important role in the treatment of HF for over two hundred
years. However the use of cardiac glycosides in HF has declined in the past decade[24]. One
potential reason for this decline could be the lack of mortality benefit of digoxin as suggested
by the Digoxin Investigation Group (DIG) trial[25]. In the DIG trial, it appeared that digoxin
therapy did not affect overall mortality in HF patients although, like other studies[26,27], it
improved HF symptoms and reduced hospitalization rates due to worsening HF[25]. The
improvement of cardiac function without benefit to mortality could be partially explained by
an increase of cardiac sudden death in patients treated with digoxin. By considering serum
digoxin concentration (SDC) as a factor, a recent post hoc analysis of the DIG trail
demonstrated that digoxin therapy reduced mortality of all HF patients with a SDC of 0.5–0.9
ng/ml, whereas, at higher SDC (≥1.0ng/ml), digoxin therapy reduced hospitalizations with no
effect on mortality[28]. This suggests that, as SDC increases, the beneficial effects of digoxin
on mortality could be offset by increased incidence of arrhythmias and sudden death. The
beneficial effects of CGP-37157 on arrhythmias and VF displayed in current study support a
therapeutic strategy to improve cardiac glycoside treatment of patients in HF with combination
therapy designed to inhibit both the NKA and the mNCE. In this regard, we previously showed
that elevated [Na+]i in myocytes isolated from failing hearts impaired mitochondrial energetics
during increased work[9]. Although digoxin therapy has been shown to increase cardiac
contractility, exercise time, and O2 consumption of HF patients in clinical trials (reviewed in
ref [2]), the adverse effect of elevated [Na+]i already present in HF could be intensified with
digoxin treatment.

Our current study suggests that enhancement of [Ca2+]m by inhibition of mNCE could further
improve cardiac function by digoxin therapy. Even apart from digoxin therapy, various
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endogenous digitalis-like compounds have been identified in human and animals, and their
concentrations vary in different disease conditions (for review, see ref [29]). In 1991, Hamlyn
et al [30] identified endogenous ouabain in human plasma, which is structurally, biologically,
and immunologically indistinguishable from plant-derived ouabain. The plasma level of
endogenous ouabain was then evaluated in HF patients and the result indicated a significant
increase in endogenous ouabain in HF patients compared to normal controls[31]. Using an
animal model, Fedorova et al [32] found that plasma levels of endogenous ouabain did not
change in the stage of hypertrophy, but were substantially increased (by 3-fold) in the transition
to heart failure. The adverse effects of cardiac glycosides on cardiac energetics and arrhythmias
therefore might also exist in HF patients who are not receiving digoxin.

In summary, the current study demonstrates that ouabain-induced elevation of [Na+]i has an
adverse effect on mitochondrial energetics, and CGP-37157 abrogates the negative effect on
energetics and attenuates ouabain-induced arrhythmias. The results suggest a potential
therapeutic strategy to improve digoxin’s positive effects while reducing the risk of digoxin
toxicity.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Representative recordings of [Na+]i. Isolated cardiac myocytes were loaded with SBFI-AM.
After 1 min recording, cells were treated with 100nM isoproterenol and ouabain at different
concentrations as indicated for 5 min, and then were field-stimulated at 1 Hz for 3min (gray
box). After stimulation, cells were recorded at rest for 1 min.

Liu et al. Page 12

J Mol Cell Cardiol. Author manuscript; available in PMC 2011 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Effects of ouabain and CGP-37157 on mitochondrial Ca2+ accumulation, NADH production,
and oxidative stress. In the presence of 100nM isoproterenol, control cells and ouabain-treated
cells with or without CGP-37157 were stimulated at 1Hz for 3 min (grey box) followed by 2-
min recovery at resting state. A. Representative recording of rhod-2 signals in control cell (left),
cell treated with 1 µM ouabain (middle), and cell treated with ouabain plus CGP-37157 (right).
B. Recording of NADH autofluorescence. C. Recording of DCF fluorescence.
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Figure 3.
Effects of ouabain and CGP-37157 on [Ca2+]c cycling. Isolated cardiac myocytes were loaded
with indo-1 AM. After 5 min treatment of 100nM isoproterenol with or without ouabain and
CGP-37157, cells were field stimulated for 3 min. A) Representative [Ca2+]c traces at the
beginning (left panels) and end of stimulation (right panels). B) The average Δ[Ca2+]c recorded
at the midpoint of stimulation was is shown for control cells (n=3), ouabain treated cells (n=12),
and ouabain plus CGP-37157 treated cells (n=12). * p<0.01 while compared to control; †
p<0.05 while compared to ouabain treated group. C) The average of diastolic [Ca2+]c recorded
in control (isoproterenol only), ouabain-treated, and ouabain plus CGP-37157 -treated cells.
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Figure 4.
Effects of ouabain and CGP-37157 on DADs. In the presence of 100nM isoproterenol, current-
clamped cells were treated with 1µM ouabain with or without 1µM CGP-37157 for 5 min, and
action potentials (APs) were recorded at 1Hz for 3min. A) Representative AP traces. B)
Amplitude of DADs. C) Probability of DAD-triggered AP activation. * p<0.01 compared to
control; † p<0.01 compared to ouabain treated group.
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Figure 5.
Effects of ouabain and isoproterenol on cardiac function and oxygen consumption in isolated
perfused hearts. A-C, Heart rates (A), ±dP/dt (B), and LVDP (C) measured at baseline and
steady states after ouabain and isoproterenol application in groups with and without treatment
of CGP-37157. * p<0.05 compared to baseline level; ‡ p<0.01 compared to that after ouabain
application; † p<0.05 compared to that after isoproterenol application in the group without
treatment of CGP-37157. D. Increases of LVDP by ouabain and isoproterenol. LVDPs
measured at steady state after ouabain or isoproterenol application were compared to those
before their application. * p<0.001. E. Measurements of oxygen consumption are displayed
before and after application of ouabain and isoproterenol with or without CGP-37157, showing
their effects on oxygen consumption.
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Figure 6.
Effects of ouabain and CGP-37157 on arrhythmia in isolated perfused heart. A-F.
Representative tracings of LV pressure and ECG waveforms. A and B) Recording at the end
of baseline recording; C and D) recording at the end of 10 min ouabain application; E and F)
recording after isoproterenol administration. A, C, and E were recorded in a heart without
CGP-37157 treatment. B, D, and F were recorded in a CGP-37157 treated heart. G. Comparison
of arrhythmia scores. Arrhythmia scores were tabulated for the 10 min ouabain treatment period
for hearts treated with (n=8) or without (n=8) CGP-37157. * p<0.01.
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Figure 7.
in vivo study of effect of CGP-37157 on ouabain-induced arrhythmia: A. representative traces
of surface ECG recorded at different time points: baseline (upper), after ouabain administration
(middle), and after isoproterenol administration (lower). B. heart rate at baseline, after ouabain
administration, and after isoproterenol administration with (n=5) or without (n=5) pretreatment
of CGP-37157. C. incidence of PVB after the administration of isoproterenol. In the group of
iso, animals (n=4) were only administrated with 0.25mg/kg iso without pretreatment of
ouabain.
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