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Abstract

Introduction—Bisphosphonates, including ibandronate, are used in the prevention and treatment

of osteoporosis.

Methods and Results—We report a case of suspected ibandronate-associated arrhythmia,

following a single dose of ibandronate in a 55-year-old female. ECG at presentation revealed

frequent ectopy and QT/QTc interval prolongation; at follow-up 9 months later the QT/QTc

intervals were normalized. Proarrhythmic potential of ibandronate was assessed with a

combination of in vivo and in vitro approaches in canines and canine ventricular myocytes. We

observed late onset in vivo repolarization instability after ibandronate treatment. Myocytes

superfused with ibandronate exhibited action potential duration (APD) prolongation and

variability, increased early afterdepolarizations (EADs) and reduced Ito (P < 0.05), with no change

in IKr. Ibandronate-induced APD changes and EADs were prevented by inhibition of intracellular

calcium cycling. Ibandronate increased sarcoplasmic reticulum calcium load; during washout there

was an increase in calcium spark frequency and spontaneous calcium waves. Computational

modeling was used to examine the observed effects of ibandronate. While reductions in Ito alone

had modest effects on APD, when combined with altered RyR inactivation kinetics, the model

predicted effects on APD and SR Ca2+ load consistent with observed experimental results.

Conclusion—Ibandronate may increase the susceptibility to ventricular ectopy and arrhythmias.

Collectively these data suggest that reduced Ito combined with abnormal RyR calcium handling

may result in a previously unrecognized form of drug-induced proarrhythmia.
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Introduction

Bisphosphonates, such as ibandronate, are used in the prevention and treatment of

osteoporosis. Osteoporosis is prevalent in postmenopausal women, and bisphosphonates are

often used as first-line preventative therapy. Here, we report a suspected case of

ibandronate-associated arrhythmia and a subsequent integrated investigation of the

proarrhythmic potential of ibandronate.

Cardiotoxicity has been estimated to cause 27% of drug withdrawals from the market, and

limits the development of new drug entities.1 One form of drug-induced proarrhythmia is

Torsades de Pointes (TdP), a potentially fatal cardiac arrhythmia that occurs in the setting of

prolonged ventricular repolarization. Thus, in vitro assessments of arrhythmogenic potential

for new drug entities are primarily focused on prolongation of ventricular repolarization,

assessed by blockade of IKr, the fast component of the delayed rectifier potassium rectifier

current in cardiac cells, or blockade of hERG, the human channel protein encoding IKr, in

heterologous expression systems.2 Arrhythmogenic potential may also be assessed in vitro

or in vivo in mammals to evaluate prolongation of the QT/QTc on the electrocardiogram

(ECG).3 Beat-to-beat variability of the QT interval or cellular action potential duration

(APD) has been suggested as a more reliable predictor of drug induced TdP4,5 than

prolonged repolarization.

While calcium-handling dysregulation in cardiac myocytes is known to contribute to cardiac

arrhythmias, as has long been recognized for digitalis glycosides,6,7 this form of

proarrhythmia is not systematically assessed in the drug development process. We examined

the effects of ibandronate in a preclinical model, evaluated electrophysiologic and calcium

handling effects in isolated myocytes, which was followed by computational modeling to

examine the proarrhythmic effects of combined altered repolarization and dysregulated

myocyte calcium handling.

Methods

Case Report

A 55-year-old woman presented to an outside hospital following a witnessed syncopal

episode. Fifteen days prior to the event, she received her first dose of monthly ibandronate;

the patient was not taking any other medications. Admission laboratory values were normal

except for hypokalemia (3.1 mEq/L). After correction of hypokalemia, her presenting ECG

showed a prolonged QTc of 575 milliseconds (Fig. 1A). After transfer to our institution,

ventricular ectopy, and nonsustained polymorphic ventricular tachycardia (PMVT) were

seen on telemetry. Given her syncopal episode and persistently prolonged QT interval in the

absence of a recognized cause for QT prolongation or arrhythmias, an implantable

cardioverter-defibrillator (ICD) was placed.8 Ibandronate therapy was discontinued after the
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initial dose. Nine months after initial presentation, her QT and QTc were 400 and 426

milliseconds, respectively (Fig. 1B); no ICD therapies had been administered. Given the

normalization of ventricular repolarization following discontinuation of ibandronate, we

used preclinical testing to evaluate the proarrhythmic potential of ibandronate.

Myocyte Isolation

Animal procedures were approved by the Institutional Animal Care and Use Committee of

the Ohio State University. Thirty adult mixed breed dogs (male/female, age 9 months to 5

years) weighing between 8 and 20 kg with normal cardiac function were used for the

experiments. On the day of the experiment, the dogs where anesthetized with pentobarbital

sodium injection (50 mg/kg IV; Nembutal, Abbott Laboratories, Deerfield, IL, USA). The

heart was rapidly removed and perfused with cold cardioplegic solution containing the

following in mM: NaCl 110, CaCl2 1.2, KCl 16, MgCl2 16, and NaHCO3 10.

Cannulation of the left circumflex was used for the enzymatic myocyte isolation, as

previously described.9 Cells were stored at room temperature until use.9 This isolation

procedure typically yields 70–90% rod shaped ventricular myocytes with clear striations and

margins. All myocyte experiments were conducted within 10 hours of isolation.

Amphotericin-B perforated patch clamp techniques were used with a bath temperature of 36

± 0.5 °C as previously described.10 Myocytes were placed in a laminin coated cell chamber

(Cell Microcontrols, Norfolk, VA, USA) and superfused with bath solution containing (in

mM): 135 NaCl, 5 MgCl2, 5 KCl, 10 glucose, 1.8 CaCl2, and 5 HEPES with pH adjusted to

7.40 with NaOH. Borosilicate glass micropipettes with tip resistance of 1.5–3 MΩ were

filled with pipette solution containing the following (in mM): 100 K-aspartate, 40 KCl, 5

MgCl, 5 EGTA, 5 HEPES, and pH adjusted to 7.2 with KOH.

APDs were measured from the average of the last 10 traces (steady state) from a train of 25

action potentials elicited at each stimulation rate. The standard deviation of the APD90 for

the last 10 traces (i.e., from trace 15–25) was used to evaluate repolarization variability.11

To further evaluate beat to beat variability, Poincaré plots of the last 10 consecutive beats

were drawn by plotting each APD90 (APD90 n+1) against the APD90 of the previous beat

(APD90 n) as previously reported.5 Short-term variability of APD90, expressed in

milliseconds, was calculated by using the following formula

 as previously reported.5 Data were collected at

baseline, after superfusion with ibandronate (0.01–10 µg/L) and after washout of the drug.

Cells demonstrating multiple early afterdepolarizations after drug treatment (Fig. 2, Panel B)

were not included in the APD and beat-to-beat variability measurements. EAD propensity

was assessed as the percentage of cells exhibiting EADs during ibandronate superfusion

and/or washout.

To assess the potential contribution of intracellular calcium handling to the effects of

ibandronate, myocytes were incubated in buffer supplemented with BAPTA-AM (10 mM)

or ryanodine (100 nM) for at least half-an-hour to either buffer or deplete intracellular

calcium, respectively. After incubation, action potentials were recorded as described above,

before and after ibandronate (10 µg/L) superfusion.

Bonilla et al. Page 3

J Cardiovasc Electrophysiol. Author manuscript; available in PMC 2015 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



For potassium current measurements, nifedipine (2 µM) was added to the bath solution and

calcium concentration reduced to 1 mM.9,11 Only cells with access resistance less than 20

MΩ were included in the analysis. Data were collected at baseline and after superfusion with

10 µg/L of ibandronate. Voltage protocols are shown in the insets of Figure 2. Data

acquisition was performed with a low noise data acquisition system Digidata 1440A

(Molecular Devices, Sunnyvale, CA, USA), Clampex 10.2 software and an Axopatch 200A

amplifier (Axon Instruments, Sunnyvale, CA, USA).

Calcium Handling

Calcium transients were measured by Rhod-2 (10 µM) using an Olympus Fluoview 1000

confocal microscope in line-scan mode. Myocytes were loaded with dye at room

temperature and Rhod-2 was excited at 543 nm and fluorescence was collected at

wavelength >590 nm. Myocytes were paced by extracellular platinum electrodes at 0.5 Hz

for 20 seconds, and recordings made at 0.3 Hz in the presence of 100 nM isoproterenol with

external solution containing (in mM): 140 NaCl, 5.4 KCl, 2 CaCl2, 0.5 MgCl2, 10 HEPES,

and 5.6 glucose (pH 7.3). To assess SR Ca2+ load, 20 mM caffeine was applied at the end of

the experiments.

Calcium sparks were studied in myocytes permeabilized with saponin (0.01% for 20–30

seconds) using an internal solution containing the following (in mM): 120 potassium

aspartate, 20 KCl, 0.81 MgCl2, 1 KH2PO4, 0.5 EGTA (free [Ca2+]~100 nM), 3 MgATP, 10

phosphocreatine, 0.03 Fluo-3 pentopotassium salt, 20 HEPES (pH 7.2), and 5 UmL−1

creatine phosphokinase.

Ibandronate Concentrations

The range of in vitro ibandronate concentrations were selected to bracket the expected peak

and declining unbound plasma concentrations following a single dose.12 Concentrations

were selected with consideration of bioavailability, volume of distribution, and plasma

protein binding.12,13

Computational Modeling

A well-validated model of the human ventricular cardiomyocyte was used to simulate ion

channel kinetics, action potential, and calcium cycling.14 Sensitivity analysis was

performed, as described,15 to determine likely candidates for observed changes in AP and

SR Ca2+ load. Briefly, parameters related to SR Ca2+ release, uptake, and intracellular Ca2+

homeostasis were perturbed 1 parameter at a time +30% and –30%. APD at 90%

repolarization (APD90) and maximal diastolic Ca2+ concentration in the junctional

sarcoplasmic reticulum ([Ca2+]JSR) were determined following steadystate (change in APD

< 0.1%) pacing at a cycle length of 1,000 milliseconds. For each property (X) and parameter

(p), sensitivity was calculated according to Equation [1] and expressed relative to maximal

value for all parameters.

(1)
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Data Analysis

Canine ECG data were analyzed using an IOX EMKA station. Differences in QTc short-

term variability between baseline and 1 month after treatment were tested by Fisher’s exact

test (Origin 9.0). Cellular electrophysiology data were analyzed using Clampfit 10.3

software (Axon Instruments) and Origin 9.0 software (OriginLab, Northampton, MA, USA).

Currents were normalized to cell capacitance in picofarads (pF) and are expressed as pA/pF.

Comparisons between baseline and drug-exposed cells were made by the appropriate t-test

(Origin Pro 9.0, OriginLab). Comparisons between APDs and APD variability at baseline,

during ibandronate exposure and during washout were made using one-way ANOVA with

post hoc least significant difference testing. (Origin 9.0, OriginLab). Differences in EAD

occurrence were tested with Pearson’s chi-square test. Differences in Ca2+ handling were

tested by ANOVA. A level of P < 0.05 was accepted as statistically significant. All data are

presented as mean ± SE and P < 0.05 was the criterion for statistical significance for all

comparisons.

Results

Ibandronate Effects on Canine QT

Monitoring of canines treated with a single dose of the 3-month intravenous formulation of

ibandronate revealed no prolongation of the QT or QTc interval up to 4 weeks post-dosing

compared to baseline. However, delayed onset of increased short-term variability of the QTc

was observed in 3 of the 4 dogs (Fig. S1) consistent with late-onset drug-induced

repolarization instability.

Cellular Electrophysiology

Treatment of isolated canine ventricular myocytes with ibandronate revealed prolongation of

repolarization over a concentration range of 0.01–10 µg/L (Fig. 2), with rate-independent

prolongation of APD50. The effects of ibandronate were not mitigated by washout, with

washout of up to 15 minutes not relieving (P < 0.05 vs baseline) the ibandronate-induced

APD50 prolongation. The effects of ibandronate on APD90 were similar to those observed in

the APD50. As observed with the APD50, washout of ibandronate did not relieve

ibandronate-dependent APD90 prolongation (P < 0.05 vs baseline).

In addition to the observed ibandronate-induced prolongation of repolarization, a significant

(P < 0.001 vs baseline) number of cells exhibited EADs either during drug superfusion

(~35%) or washout (~30%, Fig. 2). Notably, no cells exhibited EADs at baseline.

Potassium Currents

To investigate potential mechanism(s) for ibandronate-induced APD prolongation, we

evaluated the effects of drug treatment on major repolarizing K+ currents. Ibandronate

significantly (P < 0.05 vs baseline) reduced Ito slope conductance and the maximal current

density (at +50 mV) as shown in Figure 2. Neither IK1 nor IKr was affected by ibandronate

superfusion (Fig. 2).
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Calcium Depletion and Buffering Experiments

Myocytes were pretreated with ryanodine and then superfused with ibandronate to assess the

role of SR calcium release via the ryanodine receptor in ibandronate-dependent cellular

proarrhythmia. Repolarization instability was evaluated at an ibandronate concentration of

10 µg/L ibandronate, which is within the expected unbound plasma concentration range.12

Ryanodine pretreatment prevented ibandronate-dependent increases in APD50, APD90, beat-

to-beat repolarization variability and short-term repolarization variability. (P = NS vs

baseline, Fig. 3). In addition, experiments were conducted with the calcium chelator,

BAPTA. BAPTA pretreatment prevented ibandronate-induced prolongation of APD50 or

APD90 (Fig. S2). Furthermore, EADs were not observed in either the ryanodine or BAPTA

pretreatment experiments (Figs. 3 and S2), suggesting that the arrhythmogenic effects

observed after ibandronate treatment are calcium- and RyR dependent.

Calcium Handling

Superfusion of myocytes with ibandronate did not affect the amplitude of Ca2+ transients or

change the rate of occurrence of spontaneous Ca2+ waves (Fig. 4B,C). However,

ibandronate treatment significantly (P < 0.05 vs baseline and washout) increased the

sarcoplasmic reticulum calcium load, assessed from the amplitude of caffeine-induced Ca2+

transients. Interestingly, ibandronate washout significantly increased the frequency of

spontaneous calcium-waves accompanied by a significant (P < 0.05 vs baseline and

ibandronate superfusion) decrease in Ca2+ transient amplitude (Fig. 4). In addition, washout

of ibandronate resulted in normalization of the sarcoplasmic reticulum Ca2+ load.

Calcium sparks were measured with ibandronate (100 µg/L) in saponin-permeabilized

myocytes (Fig. 5). A significant decrease in spark amplitude was observed during

ibandronate perfusion (P < 0.05 vs baseline). Ibandronate washout caused a significant

increase in the spark frequency (normalized to the SR calcium load) compared to either

baseline or ibandronate superfusion (P < 0.05).

Computational Modeling

Computational modeling was used to predict the likely mechanism(s) responsible for the

proarrhythmia phenotypes of APD prolongation and increased SR Ca2+ load observed with

ibandronate. Incorporation of the measured defect in Ito into a human cardiac myocyte

model14 produced only a slight prolongation of APD. Sensitivity analysis was then

performed to determine model parameters that had the greatest influence on APD and SR

Ca2+ load. The forward RyR inactivation rate (kiCa) was found to have the greatest effect on

APD while also changing SR Ca2+ load. Combining decreased Ito with an increase in kiCa

produced an increase in SR calcium load and prolongation in the action potential similar to

the experimentally observed effects (Fig. S3).

Discussion

Ibandronate is a bisphosphonate used to prevent and treat osteoporosis by increasing bone

density and decreasing bone metabolism.16 Bisphosphonates have been suggested to

increase incident atrial fibrillation,17 although this is not a consistent finding.18 However, to
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our knowledge the syncope and associated QTc prolongation experienced by our patient

have not been previously attributed to ibandronate. Together, the normalization of the QTc

after ibandronate discontinuation (Fig. 1B), and the lack of arrhythmias requiring ICD

therapy during the follow-up period, suggests that the syncopal episode was caused by the

drug. While the arrhythmia responsible for the event experienced by the patient is unknown,

as there is no concurrent ECG, ventricular arrhythmias were considered as the likely cause

based on the patient’s presentation.8 The purpose of this study was to evaluate the possible

mechanism(s) behind this rare, but possibly fatal side effect.

Bisphosphonate elimination following intravenous administration is multiphasic.12 The drug

is rapidly distributed into bones and circulating drug is eliminated in the urine. The terminal

elimination rate is much slower and occurs as the drug is redistributed from the bone into the

blood; some long-term adverse effects of bisphosphonates have been linked to drug

redistribution occurring years after discontinuation.17 Thus, long-term drug redistribution

could conceivably contribute to a delayed onset of arrhythmia in the patient case and the

delayed in vivo response in the canine experiments.

Drug-induced arrhythmias are increasingly recognized to occur during the use of noncardiac

drugs. The increased number of recent drug withdrawals due to ventricular arrhythmias

suggests that current risk stratification approaches (evaluation of the fast component of the

delayed rectifier potassium current [IKr] encoded by the ether a go-go [hERG] channel in

isolated cardiac myocytes or heterologous expression systems, and evaluation of ECG

recordings with QT prolongation in conscious or anesthetized animals19) are not sufficiently

sensitive to predict arrhythmic risk. It can take years to decades to detect this rare, but

potentially fatal adverse drug effect.20

To further investigate the effects of ibandronate on cardiac repolarization and elucidate

potential arrhythmia-inducing mechanisms, we used canine ventricular cardiomyocytes.

Action potential prolongation is known to be arrhythmogenic by increasing the propensity to

develop EADs, which are generally accepted as the most common proximate cause of

TdP.21 The observed ibandronate-induced increase in repolarization instability not only in

the action potential but also in intact myocardium, as the QT interval in 3 out of 4 dogs

treated with ibandronate demonstrated instability (Fig. S1), are consistent with an increased

susceptibility to develop arrhythmias such as TdP.4

EAD formation has been also attributed to abnormal calcium release from the SR, which in

turn may lead to inward current through the sodium-calcium exchanger (NCX).22,23 Since

calcium-handling abnormalities can also lead to arrhythmia formation,24,25 we investigated

ibandronate effects on calcium handling. Inhibition of calcium cycling by RyR blockade or

calcium buffering with ryanodine or BAPTA, respectively, protected the cell from the

detrimental effects of ibandronate (i.e., EADs and APD variability). Ibandronate treatment

caused a significant increase in calcium load and a decrease in calcium spark amplitude.

Drug washout increased the incidence of spontaneous calcium waves, decreased the calcium

transient amplitude, and increased calcium sparks. The relationship between intra-SR Ca2+

concentration (Ca2+ load) and Ca2+ release through RyR gating is complicated, as recently

reviewed by Radwanski et al.26 At elevated SR Ca2+ loads, the amount of Ca2+ available for
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release (fractional SR calcium release) increases. In addition, increased intra-SR Ca2+ load

enhances the frequency of spontaneous calcium release (Ca2+ sparks).27 Considered

collectively, our data suggest that ibandronate may block the RyR, causing a Ca2+ load

increase. When the drug is washed out, the RyR blockade is relieved, and, coupled with the

dynamic increase in SR Ca2+ load, could result in increased spontaneous calcium waves and

spark frequency.

In silico experiments using a physiological model of a human ventricular cardiomyocyte to

simulate the effects of ibandronate revealed that the drug likely affects multiple targets in

the myocyte, including Ito and RyR calcium release. While the model predicted that either

defect alone was insufficient to produce significant APD prolongation and/or increased SR

Ca2+ load, the simulations demonstrate that they have an additive effect that gives rise to the

overall phenotype. Thus, proarrhythmia associated with ibandronate may be due to “multiple

hits” that act synergistically to alter cell function. The “multiple hit” nature of ibandronate

also highlights unique challenges related to screening of drugs for cardiac safety.

Limitations

This report was initiated by a single case report and it is possible that there were unique

patient characteristics that increased susceptibility to late-onset arrhythmias following

ibandronate initiation. The myocyte studies were conducted in canine myocytes, while the in

silico experiments were conducted in a human ventricular cardiomyocyte model. Ion

channels and currents vary by species, although there is substantial similarity between

humans and canines. The lack of QT prolongation in vivo, which contrasts with themyocyte

APD prolongation, may have resulted from differences between coupled (in vivo) versus

uncoupled (in vitro) myocytes.

L-type calcium current was not directly measured in these studies, nor was the potential

contribution of NCX. The steady-state nature of the in silico experiments may have

underestimated dynamic effects of calcium dysregulation on INCX, which is accepted as a

known contributor to after depolarizations.

Conclusion

Ibandronate, and possibly other bisphosphonates, may be associated with an unrecognized

risk for significant cardiac arrhythmias. Furthermore, the presentation may be insidious with

a delayed onset, reducing the likelihood of associating such events with drug exposure.

There may be a reduced sensitivity to detect proarrhythmia for drugs that are primarily

administered to an older population (i.e., prevention of postmenopausal osteoporosis). The

potential for this adverse side effect of ibandronate should be considered, particularly when

prescribing the drug to patients with heart abnormalities that may reduce repolarization

reserve.

Current testing paradigms to screen for proarrhythmic potential could be strengthened by

evaluating beat to beat instability and repolarization reserve in repolarization as well as

effects on myocyte calcium handling. Integrated computational modeling of experimental

data may also assist in risk stratification for possible proarrhythmic liability. Considered
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collectively, our results suggest that evaluation of proarrhythmic risk could be improved,

and that the role of ibandronate should be further evaluated in arrhythmia patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Patient ECG after syncopal episode and 9 months after discontinuation of inbandronate;

ibandronate discontinuation normalized the QT interval. A: Electrocardiogram showing

ectopic beats, with a prolonged QT interval of 484 milliseconds and Bazett corrected QT

interval of 575 milliseconds. ECG was obtained following correction of presenting

hypokalemia. B: Repeat electrocardiogram (9 months after initial presentation) showing

occasional ectopic beats. The QT interval is 400 milliseconds and the Bazett corrected QT is

426 milliseconds.
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Figure 2.
Ibandronate prolongs the action potential, causes EADs, and decreases Ito current density

and conductance in left ventricular cardiomyocytes. A: Representative action potential

tracings recorded at 0.5 Hz show ibandronate-induced prolongation, which was unrelieved

by washout. B: Ibandronate caused a significant increase in the percentage of myocytes with

EADs compared to baseline (P < 0.001 vs baseline). The inset shows a representative EAD.

Washout of ibandronate did not reduce EADs (P < 0.05 vs baseline). C and D: Ibandronate

prolonged the action potential duration at 50 (C) and 90 (D) percent repolarization (closed
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symbols). Data shown as percent change from baseline. Open symbols are data obtained

during washout. E: No effect of ibandronate on IK1 current density is observed (P = NS

from baseline). F: Ibandronate treatment significantly decreases Ito current density and

conductance compared to baseline. (P < 0.05 vs baseline). G: Ibandronate did not alter IKr (P

= NS vs baseline). Insets show voltage protocols.
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Figure 3.
Inhibition of calcium cycling prevents ibandronate-induced action potential prolongation

and action potential variability. A and B: Ryanodine pretreatment prevented ibandronate-

induced prolongation of the action potential and 50% and 90% of repolarization (P = NS vs

baseline). Data presented as percentage change from baseline. C: Representative Poincaré

plots of APD90 during baseline, ibandronate treated, ibandronate washout, and rynaodine

pretreated + ibandronate treatment groups. D: Ibandronate washout significantly increases (P

< 0.05) short-term variability at 0.5 Hz compared to baseline. Ryanodine pretreatment

prevented ibandronate-induced increases in short-term variability of APD90 (P = NS vs

baseline).
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Figure 4.
Ibandronate treatment increases SR calcium load and washout induces spontaneous calcium

waves. A: Line scan and tracing representation of calcium transients at baseline, during

treatment, and during washout. B: Ibandronate washout significantly (P < 0.05) increases the

spontaneous calcium waves frequency compared to treatment and baseline. C: Ibandronate

washout significantly (P < 0.05) decreases calcium transient amplitude compared to baseline

and ibandronate treatment. D: Ibandronate treatment significantly (P < 0.05) increases SR

calcium load defined as caffeine-induced calcium transient compared to baseline.
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Figure 5.
Ibandronate washout increases calcium spark frequency. A: Line scan representation of the

calcium spark measured at baseline, during ibandronate treatment, and during washout. B:

Ibandronate treatment and washout significantly (P < 0.05) decreases calcium spark

amplitude compared to baseline. C: Ibandronate treatment and washout did not alter calcium

spark frequency. D: Calcium spark frequency, normalized to SR calcium load, was

significantly increased during ibandronate washout (P < 0.05) compared to baseline and

ibandronate treatment.
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