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No proarrhythmic properties of the antibiotics
Moxifloxacin or Azithromycin in anaesthetized
dogs with chronic-AV block
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Background & purpose: The therapeutically available quinolone antibiotic moxifloxacin has been used as a positive control for
prolonging the QT interval in both clinical and non-clinical studies designed to assess the potential of new drugs to delay
cardiac repolarization. Despite moxifloxacin prolonging QT, it has not been shown to cause torsades de pointes arrhythmias
(TdP). Azithromycin is a macrolide antibiotic that has rarely been associated, clinically, with cases of proarrhythmia. As there is
a lack of clinical data available, the cardiac safety of these drugs was assessed in a TdP-susceptible animal model by evaluating
their repolarization and proarrhythmia effects.
Experimental approach & Key results: In transfected HEK cells, the IC50s for IhERG were 4576 and 8567259 mg ml-1 for
moxifloxacin and azithromycin, respectively. Intravenous administration of 2 and 8 mg kg-1 moxifloxacin (total peak-plasma
concentrations 4.671.5 and 22.976.8 mg ml-1) prolonged the QTc in 6 anaesthetized dogs with chronic AV block by 773 and
21719%, respectively. Similar intravenous doses of azithromycin (total peak-plasma concentrations 5.471.3 and 20.874.9
mg ml-1) had no electrophysiological effects in the same dogs. The reference compound, dofetilide (25 mg kg-1 i.v.) caused QTc

prolongation (29715%) and TdP in all dogs. Beat-to-beat variability of repolarization (BVR), quantified as short-term variability
of the left ventricular monophasic action potential duration, was only increased after dofetilide (1.870.7 to 3.871.5 ms;
Po0.05).
Conclusion & implications: As neither moxifloxacin nor azithromycin caused TdP or an increase in the BVR, we conclude that
both drugs can be used safely in clinical situations.
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Introduction

Drug-induced prolongation of the QT interval is tradition-

ally regarded as a reliable predictive measure for the risk of

torsades de pointes arrhythmias (TdP). The majority of drugs

associated clinically with TdP prolong the cardiac QT

interval through inhibition of the rapidly activating delayed

rectifier potassium current (IhERG (human ether-a-go-go-

related gene)). However, the opposite, that most IhERG

blockers cause TdP, is incorrect (Hondeghem et al., 2001;

van Opstal et al., 2001b; Martin et al., 2004; Thomsen et al.,

2004). Proarrhythmic indicators other than IhERG block or

QT prolongation have been proposed, but although promis-

ing none have been shown to be infallible (Hondeghem

et al., 2001; Thomsen et al., 2004; Antzelevitch, 2005). Until

such an indicator is found, drugs need to be analysed in

models with TdP occurrence as a potential end point when

cardiac safety and proarrhythmia properties are being

evaluated (Thomsen et al., 2006a).

Moxifloxacin is a quinolone antibiotic, the antimicrobial

activity of which depends on inhibition of DNA gyrase, a

bacterial enzyme needed for DNA replication, transcription

repair and recombination (Kim et al., 2001). Moxifloxacin is

available as a 400 mg oral compound that is given for a
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maximum treatment period of 14 days. The antibiotic is also

known to prolong the QT interval in both experimental and

clinical situations; this effect is probably mediated through

inhibition of IhERG as IC50 values have been found between

30 and 52 mg ml�1 (Bischoff et al., 2000; Kang et al., 2001;

Lacroix et al., 2003; Chen et al., 2005). Furthermore, it is the

preferred drug for use as a positive control in clinical studies

designed to assess the potentials of new drugs to delay

cardiac repolarization, as it has a reproducible mean 5–10 ms

QT prolongation after 400 mg kg�1 oral ingestion in healthy

volunteers (Demolis et al., 2000). Two large clinical trials

with more than 30 000 patients showed no indication of

ventricular arrhythmias (Faich et al., 2004; Andriole et al.,

2005). In 2001, a retrospective database analysis of the

Adverse Events Reporting System of the American Food and

Drug Administration found no reports of moxifloxacin-

induced TdP (Frothingham, 2001). Proarrhythmia has only

been shown in in vitro proarrhythmia models when plasma

concentrations of the drug 10–30 times those encountered

clinically were attained (Chen et al., 2005; Fish et al., 2005;

Milberg et al., 2005; Wu et al., 2006). Also, in one in vivo

model when four times the clinically used plasma concen-

tration was present after oral administration of more than 10

times the therapeutic dose (Chiba et al., 2004).

Azithromycin is the most commonly prescribed macrolide

antibiotic with a yearly prescription rate in the US around 30

million (Shaffer et al., 2002). Macrolide antibiotic activity is

through the inhibition of protein synthesis by binding to the

50S subunit of the bacterial ribosome (Retsema and Fu,

2001). From spontaneous reporting, the clinical proarrhyth-

mic propensity of azithromycin has been estimated to be

0.06 TdP per million prescriptions and isolated accounts of

proarrhythmia and QT prolongation are available in the

scientific literature (Samarendra et al., 2001; Kim et al.,

2005). Azithromycin has only been tested in one pro-

arrhythmia model where it did not induce TdP even at very

high concentrations (Milberg et al., 2002).

The objective of this study was to test the electrophysio-

logical and proarrhythmic potential of moxifloxacin and

azithromycin in a sensitive animal model using plasma

concentrations relevant to the clinical situation. For this

purpose, we used anaesthetized dogs with chronic atrio-

ventricular block (CAVB), an animal model with a high

proarrhythmia-predictive value, where serial testing in the

same animal is possible (van Opstal et al., 2001a; Thomsen

et al., 2003, 2004; Detre et al., 2005). Furthermore, we

evaluated the effects of these drugs on beat-to-beat varia-

bility of repolarization duration (BVR), a novel indicator of

proarrhythmic effects (Thomsen et al., 2004).

Methods

Animal handling was in accordance with the European

Directive for the Protection of Vertebrate Animals Used for

Experimental and Other Scientific Purposes (86/609/EU).

The Committee for Experiments on Animals of Utrecht

University approved all experiments. For the pharmacologi-

cal study, AV block was induced in six dogs (Marshall,

NY,USA) by radiofrequency ablation according to methods

previously described (Detre et al., 2005). Experiments were

performed more than 4 weeks after the ablation; this allowed

cardiac remodelling to complete.

Complete anaesthesia was induced by thiopental

(15 mg kg�1 intravenous (i.v.)) and maintained by isoflurane

(1.5% in O2 and N2O, 1:2). In addition to ECG recordings,

monophasic action potentials (MAP) from the endocardium

of the free walls of the left (LV) and right ventricle (RV) were

recorded. Perioperative care, signal processing and data

recording were as described in detail previously (van Opstal

et al., 2001a). All drugs were administered i.v. over a period of

5 min. Plasma samples for drug-concentration determination

were taken from a contra-lateral vein.

In vitro, human embryonic kidney (HEK) 293 cells were

stably transfected with hERG providing a transmembrane

current attributed to the human rapidly activating delayed

rectifier potassium current. Standard voltage-clamp protocols,

patch electrodes and solutions were used at room tempera-

ture. Peak tail IhERG were measured at control and after 5-min

incubation with moxifloxacin or azithromycin (30–300mM).

IC50 values were obtained by fitting the data to a two-

parameter sigmoidal curve (I¼ cn (cnþ IC50
n )�1) based on the

assumption that 10 M antibiotic would block IhERG completely.

Dose selection

Moxifloxacin (Avelox; MW 438 g mol�1) and azithromycin

(Zithromac; MW 785 g mol�1) were obtained from a com-

mercial source and dissolved in 0.5 ml kg�1 0.5% lactic acid.

Dofetilide was dissolved in 0.1 ml 0.1 mM HCl and diluted

in 0.5 ml kg�1 0.9% saline.

The peak-plasma concentrations of moxifloxacin after a

single oral dose of 400 mg to healthy volunteers have been

shown to range from 2.571.3 to 4.371.6 mg ml�1. Previous

studies in anaesthetized dogs showed a peak-plasma

concentration after 1 mg kg�1 moxifloxacin i.v. of

2.370.4 mg ml�1 (Chiba et al., 2004). To cover the concentra-

tion range likely to be encountered in clinical situations,

2 mg kg�1 moxifloxacin was administered. To challenge

repolarization further, 8 mg kg�1 was administered in a serial,

cumulative way separated by 30 min. The clinically used

doses of azithromycin are comparable to those of moxiflox-

acin, despite the resulting clinical plasma concentration only

reaches 0.4 mg ml�1 azithromycin (Rapp, 1998). Thus, azi-

thromycin was also administered in cumulative, increasing

doses of 2 and 8 mg kg�1 separated by 30 min. Dofetilide

(25 mg kg�1) was administered as a positive control for

proarrhythmic ventricular remodelling after AVB, similar to

earlier experiments (van Opstal et al., 2001a; Thomsen et al.,

2003). Experiments with moxifloxacin (n¼6 dogs), azithro-

mycin (n¼5 dogs) and dofetilide (n¼5 dogs) were con-

ducted in a random crossover manner separated by 2 weeks.

In some experiments RV programmed electrical stimulation

(twice diastolic threshold, 2 ms pulse width) was performed

using an external stimulator. Pacing trains mimicking short–

long–short RR intervals were used to probe TdP susceptibility

at control and after moxifloxacin (n¼ 3). In other CAVB dogs,

abrupt prolongation of the steady-state pacing cycle length

from 500 to 1000ms was used to test the influence of dynamic

heart-rate on BVR under drug-free circumstances (n¼ 8).
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Analysis

Mean RR and QT intervals from lead LL, a left lateral

precordial lead placed in the 6th intercostal space near the

sternum, were measured manually (ECGview, Maastricht

University, The Netherlands). Durations of the MAP to 90%

repolarization (MAPD) were determined semiautomatically

(ECG-Auto, EMKA Technologies, France). Interventricular

dispersion of repolarization duration (DMAPD) was defined

as LV minus RV MAPD. QT intervals were corrected for heart

rate (QTc) according to Van de Water’s formula. Measure-

ments were performed during periods without extrasystolic

activity as previously described (Thomsen et al., 2004). BVR

was assessed from the duration of 30 consecutive LV MAPs

and quantified as short-term variability (STVLV) describing

the mean orthogonal distance to the line-of-identity on a

Poincaré plot, as described earlier (Thomsen et al., 2004).

Extrasystolic activity, defined as beats initiating before the

end of the preceding T wave, was quantified. Discrimination

was made between couplets and multiples as in earlier

publications (Thomsen et al., 2004).

Heparin-treated blood samples were centrifuged at 1000 g

for 15 min at 41C and plasma samples were stored at �181C.

Concentrations of moxifloxacin or azithromycin were

determined using high-performance liquid chromatography.

Total (protein bound and freely dissolved) plasma concen-

trations are presented.

Data are means7s.d., unless otherwise noted. Statistical

significance was assumed if Po0.05, from one or two-way

repeated measures analysis of variance (ANOVA) followed

by a Bonferroni t-test, when appropriate. Correlations were

evaluated using Pearson product moment correlation.

Results

Electrophysiological effects of moxifloxacin

Figure 1 shows the concentration–response curves for IhERG

when treated with 30–300 mM moxifloxacin and azithro-

mycin. Moxifloxacin inhibited IhERG in a concentration-depen-

dent manner, with 50% block at 102714 mM (4576mg ml�1).

In the anaesthetized CAVB dogs, cumulative doses of

moxifloxacin produced total peak-plasma concentrations

of 4.671.5 and 22.976.8mg ml�1 at the end of infusion of 2

and 8 mg kg�1 moxifloxacin, respectively, whereas maxi-

mally prolonged QTc intervals were observed 10 min after

the start of moxifloxacin administration (Figure 2, Table 1).

A representative, individual example of the electrophysiolo-

gical effects is shown in Figure 3. After 2 mg kg�1 moxiflox-

acin QTc was prolonged from 466778 to 497775 ms (7%;

Po0.05). At this dose, the RR interval was not significantly

changed, whereas the QT interval was prolonged from

480795 to 517788 ms (8%; Po0.05). The LV and RV MAPD

changed from 394786 and 350761 ms to 412792 (5%) and

381772 ms (9%), respectively (both P¼NS) and DMAPD was

not altered. The high dose delayed repolarization further,

and both atrial and ventricular cycle lengths were prolonged

(Table 1). Furthermore, the origin of ventricular activation

changed in the majority of dogs following administration of

the high dose (Figure 3). The prolongation of RR, QT and QTc

intervals alongside LV MAPD showed clear dose-dependent

properties (Figure 2). A general tendency towards an increase

in STVLV was seen, but this was neither statistically

significant nor did it seem to develop parallel to the dose-

dependent prolongation of repolarization duration. Extra-

systolic activity was confined to couplets and neither dose of

moxifloxacin was associated with induction of TdP (Table 1).

Electrophysiological effects of azithromycin and dofetilide

IhERG was inhibited by 22.576.5%, by 300mM azithromycin,

the highest concentration tested. If it is assumed 100% block

occurs at 10 M, IC50 was 10917330 mM (8567259 mg ml�1;

Figure 1). In vivo, cumulative doses of 2 and 8 mg kg�1

azithromycin created total peak-plasma concentrations of

5.471.3 and 20.874.9 mg ml�1, respectively, but did not

produce any significant electrophysiological effects. Further-

more, the drug induced no TdP (Table 1).

The positive reference compound dofetilide showed

significant prolongation of all repolarization parameters

including DMAPD and STVLV, consistent with reproducible

induction of TdP in all dogs (Table 1 and Figure 4). Dofetilide

induced significantly larger prolongation of the QT, QTc, LV

and RV MAPD than azithromycin (Table 1). Moxifloxacin

prolonged the ventricular cycle length more than dofetilide,

whereas prolongation of repolarization developed to com-

parable levels. Dofetilide was the only drug tested to induce

multiple extrasystoles.

Temporal stability of BVR duration

No statistically significant increase in STVLV was seen after

moxifloxacin, in concordance with the absence of pro-

arrhythmia (Table 1, Figure 2). Nevertheless, there seem to be

a gradual increase in STVLV over the course of the experiment

(Figure 2). Representative examples of Poincaré plots before

and after moxifloxacin, azithromycin and dofetilide are

shown in Figure 5. To investigate the stability of STVLV over

prolonged periods, we measured STVLV for 30 min in drug-

free conditions (Figure 6a). These results showed that no

protracted elevation of STVLV was occurring in control

Figure 1 The blocking effects of moxifloxacin and azithromycin on
IhERG expressed in HEK 293 cells. Data points represent the means
of four cells. Concentration–response curves are shown, where the
remaining current is plotted relative to its control level. Closed
circles, moxifloxacin with an IC20 and IC50 of 12 and 102mM,
respectively, and a Hill coefficient of 0.66. Open circles, azithromycin
with corresponding values of 265, 1091 and 0.97mM.
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Figure 2 Time-dependent electrophysiological effects of cumulative moxifloxacin administration in anaesthetized CAVB dogs. Arrowheads
indicate the start of the 5-min infusion of 2 and 8 mg kg�1 moxifloxacin. [Moxi]pl, plasma concentration of moxifloxacin. *Po0.05 versus
control (�10 or 0 min); wPo0.05 versus control and 30 min. Mean7s.e. are shown. All plasma concentrations were significantly different from
control (not shown). n¼6 anaesthetized CAVB dogs.

Table 1 Electrophysiological properties and proarrhythmic potential of 8 mg kg�1 moxifloxacin (n¼6), 8 mg kg�1 azithromycin (n¼5) and 25 mg kg�1

dofetilide (n¼5) in isoflurane-anaesthetized dogs with CAVB (mean7s.d.)

Control 1 Moxifloxacin Control 2 Azithromycin Control 3 Dofetilide

RR (ms) 11627238 14367167*w 10217182 10447149 11597198 12517252
QT (ms) 480795 594775* 452749 420752w 478784 6227143*
QTc (ms) 466778 556763* 450742 416748w 464773 6007126*
LV MAPD (ms) 394786 515789* 369736 345757w 418775 6077139*
RV MAPD (ms) 350761 451799* 323737 315737w 352782 4797156*
DMAPD (ms) 43740 64763 46713 30737 66742 128743*
STVLV (ms) 2.070.9 3.071.3 2.270.6 2.370.5 1.870.7 3.871.5*
PP (ms) 5977137 6817112* 531753 521738w 573746 666782*
Couplets 0.370.5 9.5714 0.070.0 1.271.6 2.473.6 77775
Multiples 0.370.8 0.070.0 0.070.0 0.070.0 0.070.0 2.573.5
TdP incidence 0 0 0 0 0 100%
[Drug]pl (mg ml�1)a 070 8.070.8 070 4.770.8 070 0.03570.005b

Abbreviations: CAVB, chronic atrioventricular block; MAP, monophasic action potentials; MAPD, MAP to 90% repolarization; STV, short-term variability; TdP,

torsades de pointes.

Analyses of experiments with moxifloxacin or azithromycin were performed before and 10 min after start of infusion of 8 mg kg�1, whereas dofetilide experiments

were analysed before administration and before the first TdP (371 min). No statistically significant differences were identified within the control data. Singles and

multiples, mean frequency of single and coupled (42) extrasystoles, respectively, determined over 20 min. TdP incidence is relative to group size.

*Po0.05 versus control; wPo0.05 versus dofetilide-induced change.
aConcentrations at 10 min are not peak-plasma concentrations (see text for details);
bPlasma concentrations of dofetilide were acquired from another study performed under comparable conditions Thomsen et al. (2003).
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conditions. Furthermore, azithromycin did not induce any

time-dependent elevation of STVLV (Figure 6b). To eliminate

the possibility that moxifloxacin-induced RR prolongation

was indirectly affecting the dynamics of STVLV, we analysed

the time-dependent behaviour of STVLV during an abrupt

prolongation of the paced cycle length under control

conditions (Figure 6c). Upon changing the paced cycle

length from 500 to 1000 ms, the LV MAPD prolonged by

102732 ms, reaching a plateau after about 2 min, whereas

the STVLV momentarily increased but reached a new steady-

state within 1 min.

Proarrhythmic programmed electrical stimulation did not

induce TdP in either the control or after moxifloxacin.

Figure 7 shows a representative example of such a stimula-

tion protocol and the electrophysiological consequences

thereof in the presence of moxifloxacin.

Discussion

The present study demonstrates that both moxifloxacin and

azithromycin block IhERG at high concentrations. However,

Figure 3 Electrophysiological effects of cumulative doses of moxifloxacin in a representative anaesthetized dog with CAVB. Two ECG leads,
LV and RV MAP recordings are shown in each panel. RR intervals are above lead II and QT times above lead LL. MAPDs are next to the action
potentials. ECG calibrated to 1 mV cm�1. Scale bar, 20 mV on the MAP signals. Horizontal scale bar, 1 s. (a) Control situation before
moxifloxacin administration. (b) 10 min after start of 2 mg kg�1 moxifloxacin infusion. (c) 10 min after start of 8 mg kg�1 moxifloxacin infusion.
The low dose causes a change in the T-wave morphology, whereas the high dose alters the ventricular origin of activation. No TdP was
observed with any dose of moxifloxacin. In this example, the plasma concentrations measured at the time of these tracings were 1.6 and
8.6mg ml�1 after 2 and 8 mg kg�1, respectively.

Figure 4 Representative examples of the electrophysiological and proarrhythmic effects of dofetilide administration in an anaesthetized CAVB
dog. Same dog as in Figure 3. Lead II is shown at control and during dofetilide administration (25mg kg�1). TdP occurred 2.5 min after the start
of administration. QT intervals are indicated below the respective T-wave. Three morphologically comparable single spontaneous extrasystoles
(*) occur, the last one triggering a TdP (arrow). ECG calibrated to 1 mV cm�1. Horizontal scale bar, 1 s.
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from the serial comparison in the anaesthetized CAVB dogs,

it was evident that dofetilide and moxifloxacin but not

azithromycin prolong the duration of ventricular repolariza-

tion. Only dofetilide caused an increase in BVR, which was

associated with the occurrence of TdP in all dogs. The two

antibiotics showed no increase in BVR and caused no

proarrhythmia.

Electrophysiological and proarrhythmic properties of moxifloxacin

Dose-dependent moxifloxacin-induced prolongation of the

action potential in vitro has been shown by many groups

(Patmore et al., 2000; Gintant et al., 2001; Chen et al., 2005;

Fish et al., 2005; Milberg et al., 2005). In intact control dogs,

moxifloxacin-induced QT prolongation has been demon-

strated in both conscious (Chen et al., 2005) and in

anaesthetized animals (Chiba et al., 2004; Mittelstadt and

Hart, 2005). The present study confirms the repolarization-

prolonging properties of moxifloxacin after a clinically

relevant dose and after a higher challenging dose (Figure 2).

Furthermore, significant bradycardic effects after 8 mg kg�1

moxifloxacin were seen at both atrial and ventricular levels

(Table 1).

The proarrhythmic properties of moxifloxacin have been

assessed in both rabbit and canine arterially perfused wedges,

in isolated retrogradely perfused rabbit hearts, in methox-

amine-sensitized anaesthetized rabbits and in conscious dogs

with CAVB (Anderson et al., 2001; Chiba et al., 2004; Chen

et al., 2005; Fish et al., 2005; Milberg et al., 2005; Wu et al.,

2006). The results from these sensitive proarrhythmia

models concur that moxifloxacin lacks that potential to

cause TdP at concentrations encountered clinically

(2.571.3–4.374.6 mg ml�1 (Stass et al., 1998; Lubasch

et al., 2000)), whereas much higher concentrations possess

the ability to induce arrhythmias. The only exception is a

study in conscious dogs with CAVB, where a total plasma

concentration of 12.672.0 mg ml�1 after oral administration

of 100 mg kg�1 moxifloxacin, more than 10 times higher

than the therapeutic dose, produced TdP in the absence of

QT prolongation (Chiba et al., 2004). Nevertheless, the ECG

trace in Figure 4b in Chiba et al. (2004) shows a QT interval

in excess of 500 ms immediately before the onset of TdP.

Reanalysis of these data revealed a consistent increase in

both RR (17887140–22597390 ms; Po0.05) and QT

(325728–411755 ms; Po0.05) intervals immediately before

moxifloxacin-induced TdP. Estimation of STVQT in the

conscious dog experiments, showed an increase from

4.570.8–5.970.6 ms (Po0.05), whereas moxifloxacin

caused no change in STVQT in the anaesthetized dogs of

the present study (2.471.7 versus 2.671.0 ms; P¼NS).

Thus, there are essential differences in proarrhythmic

outcome between the conscious and the anaesthetized CAVB

dog. The conscious CAVB dogs possess a control QT of

349736 ms (Chiba et al., 2004), significantly less than the

anaesthetized CAVB dogs (Po0.05; Table 1). On the other

hand, the baseline STVQT is largest in the conscious dogs

(Po0.05). This reinforces the observation of independence

between duration and variability of repolarization.

Moxifloxacin did not increase either STVLV or STVQT in

the present anaesthetized dog experiments, whereas an

increased STVQT in conscious dogs was associated with

proarrhythmia. This suggests the presence of additional

undetermined proarrhythmic predisposing factors in the

conscious CAVB dogs. Such factors could include adrenergic

and/or vagal influences on cardiac activity, which is likely to

change over the course of the day. The presence of additional

predisposing factors for a limited time could explain how the

moxifloxacin-induced QT prolongation was missed in the

first study (Chiba et al., 2004). Further studies are needed

to determine whether the altered autonomic drive or the

anaesthesia alone is decreasing BVR in the anaesthetized

animals. Importantly, oral administration of 100 mg kg�1

moxifloxacin provides a larger area under the time-versus

plasma concentration curve than does i.v. administration of

8 mg kg�1, which provides the largest peak in the plasma

concentration. Thus, oral administration possibly leads to

greater chance of tissue-drug accumulation, so myocardial

concentrations of moxifloxacin after oral and i.v. adminis-

tration should be established before conclusions are reached

Figure 5 Representative examples of Poincaré plots obtained from
the same dog used in the other experiments. Left panels are controls,
whereas right panels are under the influence of various drugs. Thirty
consecutive LV MAPDs are plotted against the value of the previous
beat. Each plot is 200–500 by 200–500 ms. All control plots cluster
close to the diagonal line. (a) 8 mg kg�1 moxifloxacin provokes
prolongation of the LV MAPD but does not elevate BVR as the
dimensions of the plot remain unchanged. (b) 8 mg kg�1 azithro-
mycin has no effect on either LV MAPD or BVR. (c) 25mg kg�1

dofetilide prolongs LV MAPD as well as increasing BVR as is clearly
seen by the increased area of the Poincaré plot. Only dofetilide was
associated with proarrhythmia.
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on any differences in proarrhythmic characteristics between

the two situations. In the present study, total plasma

concentrations (protein bound and freely dissolved) are

presented, despite differences in free fractions: moxifloxacin,

50% (Stass et al., 1998); azithromycin, 493% (Pfizer, 2003)

and dofetilide, 30–40% (Pfizer, 1999).

Electrophysiological and proarrhythmic properties of azithromycin

Only very high concentrations of azithromycin cause action

potential prolongation in vitro (Gintant et al., 2001; Milberg

et al., 2002). However, no proarrhythmia effects have been

reported in other experimental studies. The present study

identified an IC50 for azithromycin that is more than three

orders of magnitude larger than the plasma concentration

obtained after therapeutic doses (Rapp, 1998). As only 22%

of IhERG was blocked by azithromycin and the IC50 was

estimated from this (Figure 1), caution should be exercised

when comparing this value to IC50s of other drugs.

This is the first time azithromycin has been evaluated in

an integrated in vivo proarrhythmia model. Although

Table 1 indicates a nonsignificant trend towards a decrease

in repolarization duration (QT, QTc and LV MAPD), this

was an inconsistent and dose-independent effect.

The clinical case reports of proarrhythmia associated with

azithromycin were either in a hypokalemic patient and

occurred in the absence of QT prolongation (Kim et al.,

2005) or during co-administration of amiodarone (Samar-

endra et al., 2001). The Adverse Event Reporting System of

the American Food and Drug Administration contains 12

spontaneous reports of TdP associated with azithromycin

(Shaffer et al., 2002). Such a spontaneous reporting system

is valuable in generating hypotheses concerning possible

adverse effects of marketed drugs. However, they are not

sufficiently powered to verify or falsify the suggestion. The

presumed proarrhythmic characteristic of azithromycin

was not confirmed in the present study in a susceptible

TdP model.

Figure 6 Time-dependent behaviour of BVR. (a) Short-term variability calculation continuously for 30 min under control conditions (n¼3).
Black line, mean data; grey area, mean7s.d. (b) Combined data of the time-dependent electrophysiological effects of cumulative azithromycin
administration in anaesthetized CAVB dogs (n¼5). Arrowheads indicate the start of the 5-min infusion of 2 and 8 mg kg�1 azithromycin. No
statistically significant changes were observed in either LV MAPD (upper panel) or STVLV (lower panel). Mean7s.e. are shown. (c) Dynamicity
of LV MAPD and STVLV upon sudden changes in heart rate. Continuous pacing from the right ventricle at 500 ms cycle length for 2 min was
followed by an instantaneous change in pacing cycle length (PCL) to 1000 ms (upper panel) for 2 min. LV MAPD and STVLV of the paced
periods are depicted in the lower panels. *Po0.05 versus 500 ms PCL.
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Temporal stability of BVR

In Figure 2, a trend towards an increase in STVLV after

moxifloxacin is observable. Although this was not statisti-

cally significant, it calls for caution in the interpretation of

the safety of moxifloxacin. Apart from the direct effects of

moxifloxacin, other explanations for this trend are available.

Temporal instability of the measure over prolonged time

or influence of heart-rate fluctuations could theoretically

increase STVLV. From the data in Figure 6a and b, the

possibility that prolonged recording of the LV MAPD causes

an increase in the calculated STVLV can be excluded. Figure 2

shows a moxifloxacin-induced momentary increase in the

RR interval, which was not seen with either azithromycin or

dofetilide (Table 1). Figure 6c shows that a rapid prolonga-

tion of the ventricular rate does not lead to a protractedly

increased STVLV. Furthermore, we have previously shown

that proarrhythmic agents increase STVLV independent of

the RR interval (Thomsen et al., 2006b) and that STVLV

remains unchanged after amiodarone treatment (Thomsen

et al., 2004) despite considerable prolongation of both the RR

and QT intervals (van Opstal et al., 2001b). Furthermore,

there is no significant correlation between the RR and STVLV

in the individual moxifloxacin experiments (P¼0.42). Thus,

it is unlikely that the trend towards an increase in STVLV

by moxifloxacin could be secondary to acute changes in

RR interval.

Repolarization variability in drug research

BVR has been used as a proarrhythmia-predictive parameter

in both repolarization assays (Detre et al., 2005; Schneider

et al., 2005; van der Linde et al., 2005; Lu et al., 2006) and

proarrhythmia models (Thomsen et al., 2004; Detre et al.,

2005; Lu et al., 2006; Takahara et al., 2006). BVR provides

data assisting the identification of safe drugs and is thus a

useful addition for the assessment of proarrhythmic actions

of drugs.

Recently, moxifloxacin has been tested in a novel model

based on action potential alternans during fast cardiac

pacing in anaesthetized guinea-pigs (Wisialowski et al.,

2006). Administration of moxifloxacin lowered the pacing-

frequency threshold for induction of alternans and was

therefore characterized as a torsadogenic compound. Pacing-

induced alternans is a consequence of insufficient calcium

cycling appearing at fast heart-rates, whereas BVR occurs

at physiological-to-slow ventricular rates and is not likely

to be due to calcium deficiencies (Antoons et al., 2005).

Pharmacological implications

Besides antibiotic treatment, moxifloxacin is widely used in

the Thorough QT/QTc study, which tests the influence of

a drug on human repolarization before approval is given to

market the drug. As moxifloxacin has very predictable QT

prolonging effects and pharmacokinetics in humans, it is

often used as a positive control in these studies to test for

sensitivity, as the treatment reproducibly induces 5–10 ms

QT prolongation (Demolis et al., 2000). The present study

demonstrates that neither therapeutic nor investigational

use of moxifloxacin is likely to cause proarrhythmia, even in

subjects with diminished repolarization reserve. However,

the bradycardic effects of the drug may have clinical

implications. The postulated incidence of azithromycin-

induced proarrhythmia in the clinical setting is not sup-

ported by the present experimental findings.

In the present study, we opted to focus on the cardiac

safety at clinically relevant plasma concentrations, rather

than determining the dose required for proarrhythmia. Still,

Figure 7 Pacing to induce proarrhythmia after administration of moxifloxacin. Three ECG leads (II, AVR and LL) are shown. After
administration of 2 followed by 8 mg kg�1 moxifloxacin, the QT interval is 630 ms at a CL of the idioventricular rhythm of 1654 ms. A
programmed electrical stimulation (PES) was performed, resulting in 8 beats with a CL of 500 ms, followed by a beat after 1200 ms and an
extra beat after 400 ms. The extra beat was paced close to the refractory period as evidenced by the broad R wave. Neither this nor any other
stimulation protocol lead to arrhythmias. Note, however, the different T-wave morphologies of the nonpaced beats before and after the
stimulation protocol. Furthermore, a tendency towards T-wave alternans can be observed during pacing with a CL of 500 ms. Horizontal scale
bar, 1 s.
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the total peak-plasma concentrations obtained in the present

study slightly exceed the reported mean clinically encoun-

tered concentrations, thus allowing for individual variation

in patient pharmacokinetics. Previously, a safety margin

more than 30-fold higher has been advocated between

clinical maximal plasma concentrations and hERG IC50

(Redfern et al., 2003), but clearly this margin is not

attributable to the integrated in vivo pathological models of

TdP. Rather, the high proarrhythmic susceptibility

and clinical-predictive value of these models suggest that

clinically encountered plasma concentrations should be

re-evaluated (Thomsen et al., 2006a).

Limitations

Analysis of the STVQT in CAVB dogs is hampered by P waves

in the terminating part of the T wave, but LV MAP recordings

are not possible in conscious dogs. The STVQT measurements

reported here are thus nonconsecutive as some complexes

were excluded from analysis. Steady-state plasma concentra-

tions were not obtained in this study, as opposed to some

clinical and experimental studies, and the pharmacokinetic

difference between acute i.v. and oral dosing should be

considered when extrapolating data from our study. Differ-

ences in accumulated tissue concentrations are also likely to

exist between the two routes of administrations.

Conclusions

In these serial experiments in anaesthetized dogs with CAVB,

high i.v. doses of moxifloxacin and dofetilide caused

prolongation of repolarization. However, only dofetilide

elevated BVR and initiated TdP. At clinically relevant doses,

neither moxifloxacin nor azithromycin seem to possess

proarrhythmic properties even in the remodelled heart.

Nevertheless, caution should be taken with moxifloxacin

where significant tissue accumulation can occur in the

susceptible patient.
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