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Abstract
Several antiarrhythmic and non-cardiovascular drug therapies
including antimicrobial agents have been implicated as the
causes for QT interval prolongation, torsades de pointes (TdP)
ventricular tachycardia and sudden cardiac death. Most of the
drugs that have been associated with the lengthening of the
QT interval or development of TdP can also block the rapidly
activating component of the delayed rectifier potassium
current (IKr) in the ventricular cardiomyocytes. This article
presents a review of the current literature on the QT interval
prolonging effect of antimicrobials based on the results of the
in vitro, in vivo studies and case reports. Our observations were
derived from currently available Medline database. As we
found, the most frequently QT interval prolonging antimicro-
bials are erythromycin, clarithromycin, fluoroquinolones,
halofantrine, and pentamidine. Almost every antimicrobial-
associated QT interval prolongation occurs in patients with
multiple risk factors of the following: drug interactions,
female gender, advanced age, structural heart disease, genetic
predisposition, and electrolyte abnormalities. In conclusion,
physicians should avoid prescribing antimicrobials having QT-
prolonging potential for patients with multiple risk factors.
Recognition and appropriate treatment of TdP are also
indispensable.
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Introduction
The term torsades de pointes (TdP) refers to a ventricular
tachycardia characterized by alternating QRS axis of 180°
during attacks and QT interval prolongation between at-
tacks (Figure 1). The attacks may stop spontaneously, but
sometimes they persist long enough to provoke syncope,
or even sudden cardiac death if ventricular fibrillation
evolves [1]. The long QT syndrome (LQTS) is charac-
terized by dragging ventricular repolarization (Figure 2)
and high risk of TdP or ventricular fibrillation. LQTS can
be either idiopathic (congenital) or acquired. The ac-
quired form is a potentially fatal side effect of class I and
class III antiarrhythmic agents and several other drugs
(antihistamines, antipsychotics, antimicrobials, etc.).

The QT interval is the time from the beginning of the
QRS complex to the end of the T wave in the surface
ECG. It represents the duration of ventricular depolar-
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ization and repolarization. Describing the QT interval
should always include the assessment of T wave mor-
phology and appearance of abnormal TU patterns. The
analysis of all 12 leads and multiple measurements in each
ECG is necessary. Since the duration of the QT interval is
heart-rate dependent, correction to heart rate is needed.
There are several methods for adjusting the QT interval to
heart rate, the most widely used is Bazett’s formula:
QT. = QTARR, where QT, is the corrected QT interval
and RR is the time in seconds between two R waves. The
adequacy of Bazett’s formula has been questioned; it
overcorrects QT interval at fast heart rates and under-
corrects it at low heart rates. A corrected QT interval
(QT,) of > 440 ms is defined as abnormal [2]. During
phase I/II studies a drug-related increase in mean QT as
small as 6 ms between baseline and maximal drug effect
should be taken seriously. Moreover, a single outlier with
drug-induced QT prolongation > 500 ms or an increase by
60 ms from baseline may be more important [3].

QT dispersion, defined as the difference between the
longest and shortest QT intervals on a 12-lead ECG,
seems to be an approximate and imprecise expression of
repolarization abnormalities and should not be taken as a
gold standard for a non-invasive measure of repolariza-
tion heterogeneity [3].

The prolongation of the ventricular myocyte repo-
larization is caused either by a reduction of outward
current or an increase of inward current [3]. While con-
genital LQTS can be caused by mutations that produce
the loss of function of different K* currents or gain of
function of Na* currents, virtually all drugs with QT
interval prolonging potential block the rapidly activating
component of cardiac delayed rectifier K™ current (IKr)
[4]. IKr is rapidly activated by depolarization during the
action potential and thereafter participates in repolariza-
tion. IKr is carried by HERG (human ether-a-go-go re-
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Figure 1. Initiation of torsades de pointes. Note the prolonged QT interval of the last preceding beat, the twisting polarity and the changing

amplitude of the QRS complexes during the arrhythmia.

Figure 2. Precordial ECG leads
of a patient between epizodes
of torsades de pointes. Note the
third degree atrioventricular
block, the prolonged QT
interval, and the large negative
T waves.
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lated gene) K* channel proteins coded by KCNH2 gene.
Drugs blocking the HERG with high affinity interact
primarily with the aromatic side groups of the channel,
Tyr (Y652) and Phe (F656) [S]. Prolongation of the
repolarization can facilitate the development of early af-
terdepolarizations mainly in M (midmyocardial) cells and
Purkinje cells. Early depolarization-induced premature
ventricular beats can trigger reentry and TdP if increased
dispersion of repolarization is present.

This paper presents a review on the QT interval
prolonging effect of antimicrobials. The authors wish to
call the health professionals’ attention to this potentially
lethal side effect of certain antibiotics, antifungal, anti-
malarial, and antiviral agents, and discuss the facilities of
prevention and therapy. Our observations were derived
from Medline database until April 2007 using the key
words “QT interval”, “‘torsades de pointes”, “macro-
lides”, ‘fluoroquinolones”, ‘“‘antifungals”, ‘‘antimalari-
als”, “antivirals”, and ““acquired long QT syndrome”. We
then reviewed the references of the original articles for
additional publications.

Several antimicrobial agents have been associated
with QT prolongation and/or TdP in clinical reports. Most
of them have a well-documented IKr-blocking effect
(erythromycin, clarithromycin, grepafloxacin, gatifloxa-
cin, sparfloxacin, moxifloxacin, and halofantrine). Tri-
methoprim-sulfamethoxazole, amantadine, clindamycin,
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HIV proteases, and metronidazole have also been asso-
ciated with TdP but the mechanism of the QT-prolonging
effect is less clear. The European Society of Cardiology
considers erythromycine, clarithromycine, grepafloxacin,
sparfloxacin, cotrimoxazole, spiramycin (from antibiot-
ics), amantadine (from antiviral drugs), ketoconazole,
itraconazole (from antifungal drugs), pentamidine, chlo-
roquine, halofantrine and quinine (from antiprotozoal and
antimalarial drugs), as drugs that can generate TdP [3].
However, in most of the publications there were only
anecdotal reports on arrhythmia during antimicrobal
treatment, without demonstrating a clear-cut connection.
In the macrolide group, erythromycin and clarithromycin
have the greatest potential for causing QT interval pro-
longation and TdP [6]. Cardiotoxicity is a class effect of
fluoroquinolones but there are great differences between
the various members of this group in their proarrhythmic
potential [2]. The cardiotoxic risk of imidazole antifungals
is in great part due to their ability to inhibit the metabo-
lization of several drugs with QT-prolonging effect [7]. In
the group of antimalarials, halofantrine, chloroquine, and
quinine may cause QT interval prolongation and TdP [8,
9]. Intravenous pentamidine therapy has been reported to
provoke TdP in several case reports, whereas inhalatory
pentamidine is considered to be relatively safe [10].

The predisposing factors to be emphasized are female
gender, organic heart disease, taking another QT interval
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prolonging medication at the same time, reduced drug
elimination (due to drug interaction, renal or hepatic
dysfunction), hypokalaemia or hypomagnesaemia, brady-
cardia, prolonged heart rate corrected QT interval (more
than 450 ms) interval before therapy and genetic predis-
position. Congenital LQTS is assumed to occur sometimes
in “forme fruste” with only drug-induced QT interval
prolongation and only drug-induced development of TdP
in spite of the underlying cardiac ion channel mutation
[11]. Justo and Zeltser [4] studied 61 reports on 78 patients
with antibiotics-induced TdP. Most of the patients were
women (66.7%); patients with advanced heart disease and
patients who used concomitantly another QT-prolonging
agent or an inhibitor of liver drug metabolism were also
present mostly (59 and 48.7%, respectively). Zeltser et al.
[12] reported that 96% of 249 patients in previously
published cases of TdP associated with non-cardiac drugs
had at least 1 concomitant risk factor for TdP and that
71% had at least 2 predisposing factors.

Although the incidence of drug-induced acquired
LQTS is very low, the number of patients treated with
these drugs is high and the risk/benefit ratio is unaccept-
able for those few patients presenting with TdP. Even a
minor risk of a life-threatening arrhythmia is unacceptable
during the treatment of a benign, well-tolerable condition,
such as gastroesophageal reflux or uncomplicated upper
respiratory tract infection.

Macrolides
Similar to class III antiarrhythmics, macrolide antibiotics
prolong the repolarization period of the action potential
by blocking the HERG potassium channels [13]. Eryth-
romycin, clarithromycin, azithromycin, spiramycin, and
dirithromycin have been reported to prolong the QT
interval and to provoke TdP in the clinical setting. Nev-
ertheless, they have different torsadogenic potentials [14].
In a retrospective analysis of case reports that appeared in
the United States Food and Drug Administration (FDA)
Adverse Event Reporting System from 1987 to 2000 on
macrolide antibiotics and TdP, there was a difference in
proarrhythmic potential of macrolide antibiotics in a total
number of 156 patients; 53% was associated with eryth-
romycin, 36% with clarithromycin, and 11% occured in
azithromycin-treated patients. Seventy percent were wo-
men, at least one cardiac abnormality was reported in
42% of the cases and either hypokalemia or hypomag-
nesemia was present in 17% of the reports. Fifty percent
of the reports mentioned coadministration of other drug
prolonging the QT interval. These data are influenced by
well-known biases including underreporting and various
prescription rates. Nevertheless, this analysis also
emphasizes the importance of risk factors [6].

Several reports on the in vitro and in vivo studies
give an account of the repolarization lengthening effect
of erythromycin [15]. Erythromycin was shown to pro-
long the QT interval and action potential duration in
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isolated heart preparations from guinea pigs and dogs
[16, 17]. It also increased the QT interval in isolated
perfused rabbit hearts. The overall drug-effect relation-
ship was significantly different in males and females,
former requiring more than ten times the concentration
of erythromycin to produce the same QT interval pro-
longation [18].

In the majority of the reported cases on the associa-
tion of erythromycin and arrhythmia intravenous use of
the drug is involved. Rapid injections of erythromycin and
large fluctuations in serum concentration should be
avoided [19]. However, in a retrospective study by Ray et
al. [20], the rate of sudden cardiac death was twice as high
among current users of oral erythromycin as in those who
had not used any of the study antibiotics (erythromycin or
amoxicillin).

Erythromycin is a weak IKr blocker that is metabo-
lized by cytochrome P450 3A4. Recent data suggest that
the concomitant use of oral erythromycin with CYP 450
3A4 inhibitors (nitroimidazole antifungal agents, diltia-
zem, verapamil, troleandomycin) increases sudden death
rate compared to a control antibiotic (ampicillin) or when
used alone [20]. Cimetidine, grapefruit juice, some anti-
depressant drugs, ciprofloxacin, norfloxacin, protease
inhibitors are also inhibitors of cytochrome P450 3A4.

The experimental findings by Milberg et al. [14]
prove the relative safety of azithromycin treatment. In
Langendorff-perfused rabbit hearts they found that
erythromycin and clarithromycin had a comparable
proarrhythmic potential, whereas azithromycin showed no
proarrhythmic effect although QT interval, monophasic
action potential duration and dispersion of repolarization
were markedly prolonged. Erythromycin and clarithro-
mycin changed the monophasic action potential configu-
ration to a triangular pattern by phase 3 prolongation,
whereas azithromycin caused a rectangular pattern of
monophasic action potential prolongation by phase 2
prolongation. Moreover, when azithromycin was admin-
istered to rabbit hearts that had already been treated with
erythromycin demonstrating TdP, it suppressed TdP in
seven out of ten hearts showing an antiarrhythmic po-
tential.

Toxoplasmosis prophylaxis with spiramycin in neo-
nates may induce QT interval prolongation, leading to
electric instability, even in the absence of additional risk
factors. Sex-related differences in QT. observed in the
adult population are not present at birth [21]. Roxithro-
mycin has been reported to cause TdP in a girl with
congenital complete A-V block [22] and in an old patient
receiving amiodarone and paroxetine (which may also
prolong the QT interval) [23].

All the macrolide antibiotics (except azithromycin)
are also potent inhibitors of cytochrome P450 3A4, ele-
vating the serum levels of some drugs metabolized on the
same pathway. Drug interaction between macrolides and
other QT interval prolonging drugs metabolized via
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Table 1

QT interval prolonging drugs metabolized by CYP 3A4, which may possibly interact both
pharmacokinetically and phamacodinamically with macrolides and imidazole antifungals.

million, 95% CI 2.9-9.3,
p < 0.001) or gatifloxacin
(27/10 million, 95% CI 12—

Antiarrhythmics

Antimalarials Quinine, chloroquine, halofantrine

Amiodarone (with roxithromycin [23]), quinidine (with erythromycin
[116]), disopyramide (with clarithromycin [117, 118])

53, p < 0.001 for compari-
son with ciprofloxacin or
These

Antifungals Fluconazole, ketoconazole, itraconazole, miconazole levofloxacin) [28].
Prokinetics Cisapride (with clarithromycin, [119, 120], with erythromycin [121]) data are influenced by
Antihistamines Terfenadine (with erythromycin [122, 123], with troleandomycin [124]), well-known  biases  of
astemizole (with erythromycin [125]), loratidine spontaneous reporting
Antipsychotics Pimozide (with clarithromycin [126, 127]), chlorpromazine, haloperidol, systems including various
ziprasidone, risperidone, clozapine, quetiapine prescription  rates  and
Immunsuppressive drugs Tacrolimus 11 .
Opioid agonists Methadone willingness of profession-

als to report. Moreover,

other repolarization prolonging drugs are in brackets

Case reports on torsades de pointes or QT prolongation during coadministration of macrolide agents and

this analysis only captures
adverse event reports for

cytochrome P450 3A4 may lead to serious consequences
[24]. Indeed, vast majority of drugs that may cause cardiac
arrhythmias by prolonging the QT interval are metabo-
lized by cytochrome P450 3A (Table 1). Both dangerous
effects (intrinsic HERG channel blocking effect and
inhibition of metabolism of other QT prolonging drugs)
are particularly associated with erythromycin and clari-
thromycin [6].

Recent reports have shown that macrolides can alter
the function of drug transporters such as P-glycoprotein
which may mediate some drug—drug interactions, includ-
ing those involving antihistamines [25].

Fluoroquinolones
Fluoroquinolones are among the drugs of choice for the
treatment of common bacterial infections due to their
wide spectrum against respiratory, gastrointestinal, and
genitourinary pathogens. In vitro studies demonstrated
that sparfloxacin, grepafloxacin, moxifloxacin, and
gatifloxacin blocked the HERG channel currents with
clinically relevant ICsy (half-maximal inhibitory concen-
tration) values, while levofloxacin, ciprofloxacin, and
ofloxacin required much higher concentrations to create
blockade [26]. The proarrhythmic side effect of these
antimicrobial agents is receiving more and more attention
since the withdrawal from market of grepafloxacin and
sparfloxacin due to adverse cardiac events [27]. QT
interval prolongation and TdP were also reported in case
presentations associated with other fluoroquinolones
(gatifloxacin and levofloxacin). In the United States 25
cases of TdP associated with other quinolones (cipro-
floxacin 2, ofloxacin 2, levofloxacin 13, gatifloxacin 8§,
moxifloxacin 0) have been reported to the Spontaneous
Reporting System and the Adverse Events Reporting
System of the FDA from January 1, 1996 to May 2, 2001.
Ciprofloxacin was associated with a significantly lower
rate of TdP (0.3 cases/10 million prescriptions, 95% con-
fidence interval [CI] 0.0-1.1) than levofloxacin (5.4/10
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the first full year gatiflox-
acin and moxifloxacin
were widely available in
the Unites States [29]. In virtually all cases of TdP asso-
ciated with fluoroquinolones, patients had at least one
concomitant risk factor for TdP [30].

lannini et al. [31] found QT prolongation > 30 ms in
four patients, > 60 ms in two, and an absolute prologation
of the uncorrected QT interval to > 500 ms in four (one of
these developed TdP but was also taking amiodarone) in a
group of 23 patients on levofloxacin 500 mg/day. Bertino
et al. [32] reported four cases of TdP in patients receiving
gatifloxacin (two of them died). All patients had a history
of heart disease, three patients were receiving concomi-
tant therapy with QT interval prolonging potential (ami-
odarone, amitriptyline, imipramine) and three patients
had elevated serum creatinine levels without dose cor-
rection of gatifloxacin. Gatifloxacin and levofloxacin un-
dergo renal elimination and require dose adjustment in
patients with renal failure [30].

Ciprofloxacin is believed to be safer than other
quinolones but in some patients with reduced ‘“‘repolari-
zation reserve” (presence of several risk factors) it also
provoked QT interval prolongation and TdP [33]. Cipro-
floxacin has been shown to prolong cardiac repolarization
by blocking IKr current in a dose-dependent manner [34].
Moxifloxacin produces an average QT interval prolonga-
tion between 6 and 10 ms at a dose 400 mg and approxi-
mately double the increase at a dose of 800 mg [2]. It was
considered to be safe but an update of the above-men-
tioned report on adverse drug events identified 20 moxi-
floxacin associated TdP events in the FDA database from
November 1997 to September 2003 [35]. Moxifloxacin
undergoes both hepatic metabolism and renal elimination,
thus dose adjustment in renal impairment or mild hepatic
dysfunction is not necessary [30].

In addition, fluoroquinolones have the potential to
interact with other drugs that prolong the QT interval. In
human and rat hepatic microsomes, ciprofloxacin and
norfloxacin decreased CYP 3A- and CYP 1A-mediated
biotransformation by competitive inhibition showing that
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they may elevate the serum levels of agents metabolized
by these enzymes [36]. Drugs with a QT interval length-
ening effect metabolized by cytochrome P450 3A4 are
shown in table 1. Some tricyclic antidepressants and an-
tipsychotics are metabolized by cytochrome P450 1A2 (at
least partly).

Antifungals
Imidazole and triazole antifungal agents inhibit the
growth of fungi by blocking ergosterol synthesis via inhi-
bition of a specific cytochrome P450 enzyme. Ketocona-
zole, itraconazole, miconazole and fluconazole inhibit the
metabolism of certain drugs through the hepatic cyto-
chrome P450 3A4 enzyme (see Table 1). Ketoconazole
and fluconazole also inhibit 2C19 and 2C9, respectively,
which take part in the metabolism of antidepressants. The
combination of azole agents and other QT prolonging
drugs which metabolization is inhibited by antifungals
(antihistamines, tricyclic antidepressants) can lead to
serious consequences. Several episodes of syncope were
associated with concomitant amitriptyline and fluconazole
therapy in a patient, confirmed by readministration [37].
The same combination caused TdP in a patient suffering
from cryptococcal pneumonia [38]. The coadministration
of astemizole and ketoconazole caused TdP in a 63-year-
old woman [39]. Symptomatic TdP occurred as a conse-
quence of the interaction between itraconazole [40] or
ketoconazole [41] and terfenadine. In a prospective cohort
study of six healthy volunteers, the administration of
terfenadine (60 mg every 12 h for 7 days) led to QT,
interval prolongation from 408 + 8 to 416 + 6 ms, which
lengthened further to 490 + 16 ms (p = 0.0001) after the
coadministration of ketoconazole (200 mg every 12 h)
with the accumulation of unmetabolized terfenadine [7].

While the consequencies of pharmacokinetic interac-
tions of azole agents with other QT-prolonging agents are
investigated thoroughly, much less data are available on
the per se IKr blocking and QT interval prolonging effect
of these antifungals. Ketoconazole reportedly blocks IKr
in Xenopus oocytes [42] and causes QT interval prolon-
gation. Miconazole and ketoconazole have been shown to
bind preferentially to activated HERG channels and to a
receptor site involving the F656 residue [43, 44].

Fluconazole-associated TdP was reported in a patient
with acute myeloblastic leukemia on consolidation che-
motherapy [45]. Fluconazole caused TdP in a 25-year-old
woman with baseline QT interval prolongation, hypoka-
lemia and hypomagnesemia (she was also receiving ami-
odarone) [46]. In a 59-year-old woman with peritonitis
from cirrhotic liver disease, TdP developed shortly after iv
fluconazole 400-800 mg/day was switched to 150 mg/day
intraperitoneally [47]. In a fourth report, a 68-year-old
woman with ovarian cancer experienced TdP after 8 days
of treatment with oral fluconazole in the presence of a
normal potassium level, absence of other drug therapy, no
cardiac ischemia, and normal findings on her baseline
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ECG. Her QT. interval returned to normal after discon-
tinuation of fluconazole [48]. A 15-year-old patient with
acute lymphoblastic leukemia and fusarium infection was
treated with a newer azole agent, voriconazole. She
developed asymptomatic bradycardia, QT interval pro-
longation, and non-sustained, polymorphic ventricular
tachycardia, which recurred upon rechallenge with the
drug [49].

Antimalarials
Malaria is one of the most important infectious diseases in
the world that is endemic in over 100 countries, with a
mortality estimated more than a million people worldwide
annually. The side effects of antimalarials are viewed
differently if the drug is given for malaria treatment or
prophylaxis [50]. The risk of drug toxicity must not exceed
an acceptable measure, particularly when used for pro-
phylaxis.

Quinine is the mainstay for treating severe malaria in
many countries. Cardiovascular toxicity is less frequent
than that of its optical isomer, quinidine, but conduction
disturbances, arrhythmias, hypotension may occur in case
of overdose. Hypotension or cardiac arrest may result
from rapid intravenous injections; intravenous adminis-
tration should be only performed through infusion and
cardiac monitoring is recommended. Quinine may
lengthen the QT interval by approximately 10%, which
mainly result from a slight QRS widening. The effect on
repolarization is much less than that with quinidine [51].
Combination with halofantrine or coadminstration with
other QT interval prolonging drugs should be avoided.
Martin et al. [52] presented a case of an episode of TdP
after a single dose of quinine while taking astemizole.
Since quinine is extensively metabolized via CYP 3A4,
concomitant treatment with CYP 3A4 inhibitors may be
hazardous. Excessive amounts of grapefruit juice and
quinine-containing tonic water caused QT interval pro-
longation and frequent attacks of TdP in a patient with a
previously asymptomatic congenital LQTS and diabetic
polydipsia [53].

Although the widespread resistence of Plasmodium
falciparum decreased the use of chloroquine, it still
maintains considerable efficacy against other Plasmodium
species. Chloroquine has been shown to prolong action
potential duration and refractory period in sheep Purkinje
fibers [54] and to inhibit IKr in feline ventricular myocytes
[55]. Mild and transient QT. prolongation occured in
healthy subjects at therapeutic doses [56]. Chloroquine-
associated TdP was reported in a case of accidental
chloroquine poisoning [9]. Recently, a patient with poly-
morphic ventricular tachycardia, QT interval prolonga-
tion, and conduction disorders due to long-term treatment
with chloroquine was reported [57].

Halofantrine is widely used for the treatment of
uncomplicated chloroquine-resistant Plasmodium falci-
parum malaria. Cardiac adverse effects (including sudden
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death) of halofantrine were discovered in 1993, during a
clinical study involving 400 patients on the Thai-Burmese
border. There have also been some spontaneous reports
of sudden deaths of patients treated with halofantrine [58,
59]. QT interval prolongation was noted in several studies
of patients on halofantrine therapy, especially using
higher doses than recommended [60-62]. QT prolonga-
tion and TdP were also more frequent when mefloquine
was administered previously; the QT interval was pro-
longed before halofantrine therapy or the patient had a
thiamine deficiency [63]. QT. interval prolongation and
episodes of TdP occurred in a mother and her son with a
mutation of the SCN5SA sodium channel after receiving
halofantrine, suggesting the role of dual ion channel block
(ion channel mutation with gain-of-function in a sodium
channel and drug-induced loss of function in a potassium
channel) [64].

The cardiac adverse effects of halofantrine have
been investigated thoroughly in cell lines overexpressing
IKr channels, in isolated heart and in vivo animal
models. In the Chinese hamster ovary (CHO-K1) cells,
halofantrine blocked HERG tail currents elicited on
repolarization to —-60 mV from +30 mV with an ICsy of
196.9 nM. The therapeutic plasma concentration range
for halofantrine is 1.67-2.98 uM [65]. Halofantrine
preferentially blocked open and inactivated HERG
channels heterologously expressed in Xenopus laevis
oocytes. The potency of halofantrine was reduced by
mutation to Ala of aromatic residues (Y652, F656) lo-
cated in the S6 domain, or a Val (V625) located in the
pore helix [66]. In anaesthetized guinea-pigs iv.-admin-
istered consecutive bolus doses of halofantrine caused
dose-dependent prolongation of the QT, interval and
bradycardia. The change in heart rate became significant
after administration of 10 mg/kg halofantrine, whereas
the increase in QT. was significant with only 1 mg/kg
halofantrine [67]. In anaesthetized rabbits increasing iv
doses of halofantrine caused dose-dependent prolonga-
tion of the QT,. interval with progressive bradycardia.
TdP occurred in four out of six in halofantrine-treated
rabbits [68].

Halofantrine is metabolized into N-desbutyl-halofan-
trine by cytochrome P450 3A4. The inhibition of CYP
3A4 activity by grapefruit juice increases halofantrine
area under the plasma concentration vs time curve (AUC)
and peak plasma concentration (Cp,.x), and decreases N-
desbutyl-halofantrine AUC. Grapefruit juice increases
halofantrine-induced QT interval prolongation. QT
interval prolongation correlated better with halofantrine
than with N-desbutyl-halofantrine concentration. Grape-
fruit juice should be contraindicated during administra-
tion of halofantrine [69]. Although not investigated, such
pharmacokinetic interaction is likely to occur with other
inhibitors of CYP 3A4. However, in human embryonic
kidney (HEK 293) cells, not only halofantrine but also N-
desbutylhalofantrine blocked HERG K* channels in a
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concentration-dependent manner with an 1Cs, of 21.6 and
71.7 nM, respectively, showing that the metabolite may be
also responsible for cardiotoxicity [70]. In an anesthetized
rabbit model, iv-administered N-desbutylhalofantrine
caused dose-dependent prolongation of the QT. interval
[71]. This corresponds to a report by Gundersen et al. [72]
on halofantrine-associated ventricular fibrillation in a
patient with higher serum levels of N-desbutylhalofan-
trine (324 pg/l) than halofantrine (53 pg/l). However, in
34 male patients with uncomplicated falciparum malaria,
the QT, interval significantly correlated with the plasma
halofantrine level, but not with the plasma N-desbutyl-
halofantrine level [73].

Mefloquine, which is widely used in both the treat-
ment and prophylaxis of P. falciparum malaria, has been
shown to augment the proarrhythmic effect of halofan-
trine. The per se QT interval prolonging effect of meflo-
quine is controversial. Using the patch-clamp
electrophysiology technique, Kang et al. [74] found that
mefloquine inhibited KvLQT1/minK channel currents
(which underlie the slow delayed rectifier-IKs—compo-
nents of repolarization in the human myocardium) with an
ICsy value of approximately 1 uM. HERG channel cur-
rents were less sensitive to block by mefloquine (ICsq =
5.6 uM). Concomitant therapy with mefloquine (which
inhibits KvLQT1/minK) and halofantrine (which blocks
HERG) may lead to excessive prolongation of the QT
interval. In anaesthetized rabbits halofantrine dose-
dependently prolonged the QT., interval, while similar
doses of mefloquine did not alter QT,. intervals signifi-
cantly. The highest dose of mefloquine (30 mg/kg) caused
cardiac contractile failure. Pretreatment with mefloquine
before the first dose of halofantrine potentiated the effects
of halofantrine on QT, intervals. The blood concentra-
tions of halofantrine were two to six times higher in the
group pretreated with mefloquine compared to the halo-
fantrine-alone group [75].

QTc interval prolongation was a mild and transient
side effect of mefloquine (p < 0.01) in healthy adults [76].
In a prospective study of uncomplicated falciparum ma-
laria patients, mefloquine (25 mg/kg) had no cardiac ef-
fects, but halofantrine (72 mg/kg) caused dose-dependent
prolongation of the PR and QT intervals. The probability
of significant QT, interval lengthening was greater after
halofantrine as secondary treatment (following treatment
failure with mefloquine) than as primary medication [77].
Mefloquine and halofantrine are structurally similar and
may compete for tissue-binding sites. In another study of
102 acute uncomplicated falciparum malarial patients
treated with mefloquine (750 and 1,250 mg regimens) no
significant changes in QT interval were found. Sinus
bradycardia and sinus arrhythmia were frequent. Brady-
cardia was thought to be the result of autonomic control
modulation after resolution of high fever [78]. There is no
evidence of clinically significant pharmacodynamic inter-
action between quinine and mefloquine [79].
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Lumefantrine belongs to the aryl aminoalcohol group
of antimalarials, like quinine, halofantrine and meflo-
quine. In spite of similarities to halofantrine, lumefantrine
does not have a significant effect on the QT interval [80].

Artemether, an artemisin derivative, caused QT
interval prolongation after high-dose intramuscular
administration in rats and dogs [81] and in a clinical study
in patients with severe malaria [82]. However, to date, no
QT. prolongation has been reported after oral adminis-
tration.

Co-artemether is an oral tablet of artemether (20 mg)
and lumefantrine (120 mg) for the treatment of P. falci-
parum malaria. Artemether-lumefantrine did not alter the
QT. interval in a study of 13 healthy subjects [83]. Co-
artemether may be used following failure of antimalarial
prophylaxis or treatment with mefloquine. In a study of
healthy males no clinically relevant QT, interval prolon-
gation was observed after the sequential administration of
mefloquine and co-artemether or when either treatment
was given alone [84]. In another study of 42 healthy
Caucasian subjects, artemether—lumefantrine alone had
no effect on the QT. interval, while the infusion of quinine
alone caused a transient prolongation of QT. interval and
this effect was slightly but significantly greater when qui-
nine was infused after co-artemether. However, these
occasional QT, prolongations were not considered to be
clinically relevant [85]. The concurrent administration of
ketoconazole with co-artemether caused modest increases
in AUC and C,,,x of artemether, its active metabolite
dihydroartemisin, and lumefantrine in the healthy sub-
jects. These increases in exposure to the antimalarial
combination were much smaller than those observed with
food intake [86]. However, the manufacturer of co-ar-
temether advises the avoidance of concomitant therapy
with potent CYP3A4 inhibitors and some potentially QT
interval prolonging drugs [80].

In a study of four groups of patients (15 subjects in
each group) with uncomplicated P. falciparum malaria the
effects of quinine, halofantrine, mefloquine and arteme-
ther were compared. Mefloquine and artemether had no
effect on the QT. interval or QT dispersion. Quinine
administration led to a slight lengthening of the QT.
interval and a modest, not significant increase in QT
dispersion. Halofantrine caused significant QT interval
prolongation and increase in QT dispersion, both signif-
icantly correlating with plasma halofantrine concentration
but not with N-desbutylhalofantrine concentration. The
QT. dispersion was greater than 100 ms in five patients
treated with halofantrine, a value similar to those ob-
served in the congenital long QT syndrome [8].

Pentamidine
Pentamidine isethionate is an antiprotozoal agent used for
leishmaniasis, trypanosomiasis and Preumocystis carinii
pneumonia. The use of pentamidine has become much
more frequent during the last decades since P. carinii
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pneumonia is a common opportunistic infection in pa-
tients with acquired immunodeficiency syndrome (AIDS)
and during immunosuppressive therapy. Intravenous
pentamidine therapy has been reported to provoke TdP in
several recently published case reports [87-89]. In a pro-
spective study by FEisenhauer et al. [90], three out of 14
patients (21%) were reported to develop TdP during
intravenous pentamidine therapy, and five out of 14
(36%) developed QT,. prolongation of > 480 ms. How-
ever, in 16 consecutive HIV-infected patients treated with
pentamidine, Girgis et al. [91] found neither a significant
increase in incidence or complexity of ventricular ar-
rhythmias nor a relevant increase in the QT. interval as
compared to premedication data or therapy with tri-
methoprim—sulfamethoxazole. Inhalatory pentamidine
therapy does not seem to induce QT interval prolongation
or to increase the risk of TdP [92]. Taylor et al. [10] have
reported the safe and successful completion of therapy
with pentamidine in aerosol form in a patient with TdP
associated with the administration of intravenous pent-
amidine. On the other hand, Engrav et al. [93] reported
multiple episodes of TdP in a HIV-infected patient trea-
ted with inhalatory pentamidine.

The proarrhythmic effects of pentamidine were
thought to be related to its structural similarity with
procainamide [88]. Hypomagnesemia, partly caused by
pentamidine-induced tubular toxicity [94], malnutrition
and human immunodeficiency virus-mediated myocarditis
[95-97] may contribute to the pathogenesis of cardiotox-
icity in patients with AIDS and P. carinii pneumonia. The
arrhythmia usually appears relatively late and lasts longer
after discontinuation, which can partly be explained by
the tissue-binding charasteristics of the drug. In a review
of the reported cases, Mani et al. [98] demonstrated that
the average duration of intravenous pentamidine therapy
before the onset of TdP was 12.5 days with a range of 6—
20 days.

Katchman et al. [99] found that pentamidine had no
acute blocking effect on HERG channels in stably trans-
fected HEK 293 cells and no significant effect on QT
intervals in the isolated perfused rabbit heart model, even
at relatively high (micromolar) concentrations. Kuryshev
et al. [100] also demonstrated that pentamidine had no
significant acute inhibiting effect on HERG or other
major cardiac membrane currents (KvLQT1/minK, Kv4.3,
SCN5A Na* channels, and L-type Ca** channels). How-
ever, prolonged exposure to pentamidine caused a
reduction in HERG currents in stably transfected HEK/
HERG cells. Western blot and a chemiluminescence assay
revealed that the reduction in HERG current density was
associated with a decrease in the mature, fully glycosyl-
ated cell surface form of the HERG protein. The authors
conclude that the delayed onset of the cardiac effect may
be related to a pentamidine-induced inhibition of the
HERG protein processing in the endoplasmic reticule
with a consequential decrease in the expression of func-
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tional HERG channels in the heart, rather than a direct
blocking effect of the drug.

Other Antimicrobial Agents
Only isolated reports exist on the QT interval lengthening
effect of the some other antimicrobal agents. The associ-
ation of the following drugs with TdP is questionable.

Gabel et al. [101] reported a case of QT interval
prolongation induced by clindamycin with subsequent
repeated ventricular fibrillation and resuscitation. QT
interval prolongation was found in a patient receiving
methadone (which is known to block HERG potassium
channel) and clindamycin [102].

Two cases of QT prolongation and TdP have been
reported in association with trimethoprim-sulfamethoxa-
zole [103, 104]. A single-nucleotide polymorphism was
found in the KCNE2 gene encoding MinK-related peptide
1 (MiRP1), a subunit of the potassium channel HERG, in
a patient with trimethoprim-sulfamethoxazole induced
QT interval prolongation. This T8A-MiRP1 polymor-
phism was found in 1.6% of the general population [105].

Amantadine is an antiviral agent also used for treat-
ing Parkinson’s disease. Amantadine intoxication with
suicidal intention caused repeated episodes of TdP in a
37-year-old woman [106].

Some HIV protease inhibitors were reported to pro-
long the QT interval or provoke TdP. Lopinavir, nelfi-
navir, ritonavir and saquinavir blocked HERG channels
heterologously expressed in HEK 293 cells in a dose-
dependent manner [107]. Recently, TdP was also reported
in association with atazanavir therapy [108]. In addition,
amprenavir, indinavir, nelfinavir, ritonavir and saquinavir
inhibit CYP3AA4, potentially elevating the plasma levels of
other QT interval prolonging drugs.

Two patients were reported to develop TdP during
ganciclovir infusion, which recurred upon rechallenge
with the drug [109].

Another antiviral agent, foscarnet caused hypocalce-
mia and as a consequence, QT interval lengthening in one
patient [110].

Metronidazole is an azole derivative with antibacte-
rial and antiprotozoal properties structurally related to
azole type antifungals. No evidence is available on the per
se QT interval prolonging effect of metronidazole. How-
ever, TdP occurred in a patient receiving amiodarone and
metronidazole. Metronidazole is a potent inhibitor of
cytochrome 3A4 and 2C9 isoenzymes, amiodarone is
mainly metabolized by CYP 3A4 [111]. Metronidazole
can also elevate the serum concentration of quinidine
[112].

Discussion
The overall risk of TdP associated with non-cardiac
medication is very low but it is enhanced in patients with
risk factors. The risk of sudden cardiac death was almost
three times higher among people currently using non-
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cardiac QT interval lengthening agents in a population-
based study elaborating a database with complete medical
records from more than 500,000 persons in The Nether-
lands. The authors drew the conclusion that 320 cases of
sudden cardiac death could be attributed to the use of
non-cardiac QT prolonging drugs in The Netherlands on a
yearly basis [113]. Among antimicrobial agents, macro-
lides have the greatest potential for causing QT interval
prolongation and TdP. However, risk evaluation for a
single substance has several difficulties. In vitro studies
provide valuable data on ICs, values and cardiac safety
indices calculated by dividing the ICs, values by the
respective therapeutic free plasma concentrations [114]
(Table 2). However, these studies were carried out on
various cell lines, which make the data poorly comparable.
Experiments were carried out on various species of ani-
mals with probably various HERG channel densities on
cardiomyocytes. Data from clinical experience have even
more limitations. Due to the low incidence of drug-in-
duced long QT syndrome and perhaps marketing trends,
only pilot studies are available for several drugs with low
subject numbers. During Phase I/II studies of the recently
developed drugs, thorough observation of QT interval
prolongation is necessary. However, the number of sub-
jects may not be sufficient, the selection of subjects may
not be representative in these studies. Moreover, it is
difficult to decide if minimal QT interval prolongation
during antimicrobial therapy has clinical significance. The
reason is, difficulties of measuring the QT interval and the

Table 2
Overview of the IC,, values for the block of IKr of antimicrobials,
their peak-free plasma concentrations, and the calculated
cardiac safety indices.
Drug Free Crax HERG IC;, Cardiac
(nM) (uM) safety
index
Erythromycin [13] 1.34 72.2 54
Clarithromycin [13] 1.04 32.9 32
Roxithromycin [13] 2.39 36.5 15
Sparfloxacin [26] 1.8 18 10
Grepafloxacin [26] 3.1 50 16
Gatifloxacin 400 mg iv [26] 9.8 130 13
Gatifloxacin 400 mg p.o. [26] 9.0 130 14
Levofloxacin 500 mg iv [26] 13 915 70
Levofloxacin 500 mg p.o. [26] 12 915 76
Ciprofloxacin 400 mg iv [26] 11 966 88
Ciprofloxacin 750 mg p.o. [26] 10 966 97
Ofloxacin 400 mg iv [26] 14 1,420 101
Ofloxacin 400 mg p.o. [26] 8.7 1,420 163
Lumefantrine [114] 0.17 8.13 48
Halofantrine [114] 0.57 0.04 0.07
Chloroquine [114] 0.41 2.5 6.1
Mefloquine [114] 0.05 2.64 53
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lack of correction to heart rate in several studies and the
lack of a widely accepted correction formula make the
judgement of QT interval prolongation difficult. Post-
marketing surveillance is influenced by the underreport-
ing of adverse events.

Macrolides, azole antifungals, some quinolones and
HIV proteases can potentiate cardiotoxicity of some other
torsadogenic agents in two ways: by a direct effect on IKr
(pharmakodynamic interaction) and by an indirect effect
on the metabolization of the other agents (pharmacoki-
netic interaction).

The onset of TdP varies. It may appear either in the
first hours or days after initiation of the culprit drug or
after several months or years of therapy. This delayed
onset of the cardiac adverse effect may be related to a
change in drug dose, a drug interaction, or the introduc-
tion of other risk factors (such as electrolyte abnormalities
or bradycardia) [115]. The role of drug metabolites in
drug-induced QT interval prolongation is important and
should be thoroughly investigated, because some metab-
olites have HERG-blocking potential while other
metabolites are safe and may be target molecules for the
pharmaceutical industry.

Some patients with acquired LQTS are genetically
susceptible to torsadogenic drugs. Mutation carriers of
LQTS can have normal ECGs and remain symptom-free
until initiation of QT interval prolonging agents. Muta-
tions affecting genes encoding potassium and sodium
channels or subunits (KCNQ1, KCNH2, KCNE],
KCNE2, SCN5A) have been identified in a minority of
patients with acquired LQTS. Genetic testing of patients
with drug-induced TdP is not done routinely in the clinical
practice. Patients with LQTS (congenital or acquired) and
their relatives should be informed on the increased risk
from QT interval prolonging agents [115].

The risk of TdP can easily be reduced by the recog-
nition of risk factors, amelioration of correctable abnor-
malities (for example hypokalemia), the avoiding of QT
interval prolonging drugs in patients with multiple risk
factors and appropriate QT interval monitoring during
treatment in susceptible patients [30]. Physicians should
prescribe potentially QT-prolonging antimicrobials only
after cautious clinical evaluation of risk factors for TdP.
Obtaining a pre-treatment ECG is also advisable. When
drugs that inhibit CYP3A4 are coadministered, the plas-
ma levels of the parent drug may rise considerably, thus
leading to further lengthening the QT interval and
increasing risk of TdP. The concomitant use of these drugs
should be avoided.

The management of patients with drug-induced TdP
includes identification of the arrhythmia, withdrawal of
any QT interval prolonging drugs (and all non-essential
drugs) and correction of predisposing factors (high normal
serum potassium is desired). Emergency therapy includes
defibrillation with unsynchronized DC shock (200-360 J)
to terminate sustained episodes, intravenous magnesium
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sulfate (2 g over 1-2 min, repeat once or twice at 5 to 15-
min intervals) and acceleration of heart rate to 100/min
with temporary cardiac pacing or isoproterenol. Isopro-
terenol should be considered only in the presence of
bradycardia if cardiac pacing cannot be started immedi-
ately in patients without hypertension or coronary artery
disease. The use of class Ia, Ic and III antiarrhythmic
drugs must be avoided. In resistant cases intravenous
administration of lidocain (1 mg/kg over 2 min, repeat
once, if a response is observed continue 1-4 mg/min)
might be useful [115].
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