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1 The antimalarial drug halofantrine can prolong the QT interval and this may be enhanced by
prior use of mefloquine. This possible interaction has been investigated by examining the effects of
halofantrine and mefloquine alone and in combination.

2 In anaesthetized rabbits (n=6 per group), halofantrine given as bolus doses of 1, 3, 10, and
30 mg kg=' at 25 min intervals dose-dependently prolonged the rate-corrected QT (QTc) interval
from 313412 ms pre-drug to 410+ 18 ms after the highest dose. Similar doses of mefloquine did not
alter QTc intervals significantly. The highest dose of mefloquine (30 mg kg~—') caused cardiac
contractile failure.

3 Pretreatment with 3 mg kg~' mefloquine 25 min before the first dose of halofantrine potentiated
the effects of all doses of halofantrine on QTc intervals.

4 The blood concentrations of halofantrine were two to six times higher in the group pretreated
with mefloquine compared to the halofantrine alone group; e.g. 1.03+0.17 and 0.16+0.02 um
respectively after 1 mg kg™' halofantrine. There was a significant correlation between blood
halofantrine concentrations and QTc intervals (r=0.673). Even after making allowance for
overestimation of the potency of halofantrine that may result from the hypokalaemia that is
prevalent in anaesthetized rabbits, these effects occurred with concentrations of halofantrine that are
found in clinical use.

5 These data indicate clearly that while mefloquine does not alter QTc intervals itself, it does

enhance the effects of halofantrine by increasing the circulating concentration of halofantrine.
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Introduction

There have been several clinical reports of adverse cardiac
effects of the antimalarial drug halofantrine, including QT
prolongation, episodes of torsade de pointes, or sudden
cardiac death (Castot er al., 1993; Karbwang et al., 1993;
Monlun et al., 1993; 1995; Nosten et al., 1993; Toivonen et
al., 1994). Animal studies have demonstrated that halofan-
trine prolongs the rate-corrected QT (QTc) interval in a dose-
dependent manner and that there is a good correlation
between blood halofantrine concentrations and QTc intervals
(Batey et al., 1997). In contrast, there are conflicting reports
about the effects of mefloquine on QTc¢ intervals in clinical
studies. It has been reported to either cause transient, mild
prolongation of the QTc interval (Davis et al., 1996), or to
have no effect on the QTc interval (Laothavorn et al., 1992).
The conclusions of the former report have been challenged
(Evans & Waller, 1997), and in animal studies, even when
given at high doses which were sufficient to impair cardiac
contractility, mefloquine did not alter QTc intervals (Coker et
al., 2000a).

One of the early clinical reports of halofantrine-induced
QTc prolongation indicated that its effects appeared to be
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greater in patients who had received mefloquine previously
(Nosten et al., 1993). A patient who experienced recrudes-
cence of malaria 21 days after mefloquine treatment was
given high dose halofantrine, but suffered sudden cardiac
death before receiving the final dose of halofantrine. In a
subsequent prospective study, treatment with mefloquine
during the previous month increased the slope of the
halofantrine concentration-response curve resulting in greater
QTc prolongation at any given blood concentration of
halofantrine (Nosten et al., 1993). These results suggest that
there may be an interaction between mefloquine and
halofantrine which exacerbates QTc prolongation. We have
therefore examined the effects of halofantrine and meflo-
quine, alone and in combination, on QTc intervals in an
anaesthetized animal model.

Methods
Surgical preparation of rabbits
Female New Zealand White rabbits (2.3—-3.8 kg) were

sedated with Hypnorm (fentanyl citrate 0.315 mg ml~!,
fluanisone 10 mg ml~') 0.5 ml kg~' i.m. Sodium pentobarbi-
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tone (Sagatal 60 mg ml™' diluted 1:2 with saline) was
injected slowly via a marginal ear vein until a depth of
anaesthesia  sufficient  for  surgery was  achieved
(~15mg kg™"). The trachea was cannulated and when
necessary, rabbits were ventilated with room air at a rate of
38 cycles per min and a stroke volume of ~7 mlkg='.
Cannulae were inserted into the descending vena cava via a
femoral vein for drug administration and into the abdominal
aorta via a femoral artery for blood pressure measurement.
The right jugular vein was also isolated and prepared for
cannulation. If necessary, additional sodium pentobarbitone
was then administered to attain a greater depth of
anaesthesia, and the chest was opened via a midline
sternotomy. An incision was made in the pericardium to
expose the anterior surface of the heart. A bipolar suction
electrode was attached to the surface of the heart to permit
recording of epicardial monophasic action potentials. En-
docardial monophasic action potentials were recorded from
the right ventricle with a bipolar electrode catheter inserted
via the right jugular vein.

Data recording and measurement

A limb lead ECG was monitored from subcutaneous needle
electrodes, and for each experiment, the lead which gave the
best separation of the P wave from the T wave of the
preceding complex was recorded. The ECG and the
monophasic action potentials were recorded using Grass
7P6/7DA or 7P4/7DA amplifiers. The arterial cannula was
connected to a Bell & Howell type 4—422 transducer linked
to a Grass 7P122 amplifier. All the signals from the Grass
amplifiers were sampled at 1000 Hz and fed into a Po-Ne-
Mah data acquisition and analysis system (Linton Instru-
mentation, Diss, Norfolk, U.K.) running on an Opus 486/33
computer. Data were recorded directly on to the computer
hard disk and transferred subsequently to compact disk
(Hewlett-Packard SureStore CD Writer 6020) for archive
purposes. Heart rate was calculated on line from either the
blood pressure or ECG signal.

For each experiment, data were retrieved from the
computer before drug administration and 5, 10, 15, and
20 min after giving each dose of drug, and the ECG
intervals were measured manually using on screen cursors,
taking the mean of at least four ECG complexes at each
time point measured. ECG intervals were only measured in
beats that originated from the sino-atrial node. The PR
interval was measured from the onset of the P wave to the
onset of the R wave (i.e. Q), the QRS interval from the
beginning of the Q wave to the end of the S wave, and the
QT interval from Q to the end of the T wave. The QT
interval was corrected for heart rate to give QTc using
Bazett’s formula expressed in ms as recommended by
Molnar et al. (1995). Arterial blood gases, pH and K™
concentrations were measured using a Ciba-Corning 850
blood gas analyser (Chiron Diagnostics, Halstead, Essex,
U.K.). After completion of the surgical procedures at least
20 min was allowed for stabilization during which ventila-
tion volume was adjusted, if necessary, to maintain arterial
PO, >90 mmHg and PCO, 20-30 mmHg. Arterial blood
samples were taken 20 min after administration of each dose
of halofantrine and stored for later analysis of halofantrine
concentrations by high performance liquid chromatography

as described previously (Batey er al., 1997; Mberu et al.,
1992).

Experimental protocol

Four groups of n=6 rabbits were studied; halofantrine,
mefloquine, halofantrine plus mefloquine and control (vehi-
cle). Both drugs were dissolved in dimethylacetamide (40%) /
propylene glycol (60%) v v~', at 50 mg ml~'. Immediately
prior to administration of each dose, the appropriate volume
of stock drug solution was diluted with 5% w v~' D-glucose
solution containing 10 u ml~" heparin to give a total volume
for administration of 1 ml kg~'. Drugs were given by slow
intravenous injection (~30s) and flushed through the
cannula with heparinized D-glucose solution. The halofan-
trine and mefloquine groups received doses of 1, 3, 10, and
30 mg kg=' of drug at 25 min intervals, and the controls
received appropriate volumes of vehicle at the same time
points. In the group which received both drugs, a single dose
of mefloquine (3 mg kg~') was given 25 min before the first
dose of halofantrine, after which the protocol was identical to
that for the other groups.

Drugs

(+)-Halofantrine HCIl (formula 9, batch no. 3DOIHP; a
50 mg ml~! solution) and (4)-mefloquine were gifts from
SmithKline Beecham Pharmaceuticals and F Hoffman-La
Roche, respectively. N,N-Dimethylacetamide and propylene
glycol were purchased from Sigma (Poole, U.K.) and D-
glucose from BDH (Poole, U.K.) Heparin sodium (mucous)
injection was obtained from CP Pharmaceuticals (Wrexham,
U.K.).

Statistics

Shapiro—Wilk tests revealed that some data may not be
distributed normally. Friedman tests were used for compar-
isons within groups and Kruskal—Wallis tests for compar-
isons between groups. A probability value of P<0.05 was
considered to be significant.

Results
Haemodynamics

The values for heart rate and mean arterial blood pressure
measured throughout these experiments are illustrated in
Figure 1. There were no significant differences between
groups in heart rate or blood pressure at any time point
during the course of these experiments. In all groups,
however, mean arterial blood pressure tended to decline
slightly as the experiments progressed. Injection of certain
doses of drug caused transient within group alterations in
blood pressure. In the mefloquine group administration of
3 mg kg~' increased mean blood pressure from 4843 to
5242 mmHg (P<0.01, Friedman test). Similarly, in the
group that received this dose of mefloquine before receiving
increasing doses of halofantrine, mefloquine increased mean
blood pressure from 5242 to 59+2 mmHg (P<0.05,
Friedman test). With higher doses of mefloquine, however,
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Figure 1 Heart rate (a) and mean arterial blood pressure (b)
measured at various time points in the four groups of anaesthetized
rabbits receiving vehicle (Control), mefloquine (MQ), halofantrine
(HF) or halofantrine after 3 mg kg~' mefloquine (HF + MQ). The
arrows indicate the times at which bolus i.v. injections of 3 mg kg~!
mefloquine (M), or 1, 3, 10, and 30 mg kg~' of mefloquine or
halofantrine were given. Values are means with vertical bars
indicating s.e.mean, n=06 per group.

blood pressure declined (Figure 1b). The reduction in blood
pressure following administration of 10 mg kg~' mefloquine
was transient in all but one rabbit, whereas 30 mg kg
mefloquine reduced blood pressure markedly in the remaining
five rabbits leading to death within 5 min of administration.
Only the highest dose of halofantrine reduced blood pressure
transiently, from 4643 to 354+2 mmHg in the halofantrine
group, and from 48+6 to 33+5 mmHg in the group
receiving both mefloquine and halofantrine (both P <0.001,
Friedman test). No particular pattern of changes in heart rate
was observed in the vehicle group, but heart rate did appear
to decline with the higher doses of halofantrine, although
none of these apparent changes reached statistical significance
(Figure 1a).

ECGs and monophasic action potentials
Intravenous administration of halofantrine prolonged the QT

interval in a dose-dependent manner, whereas mefloquine did
not alter the QT interval (Table 1). The effect of halofantrine

on the QT interval was not influenced by any subtle changes
in heart rate that may have occurred. Figure 2 illustrates
clearly that halofantrine increased the rate-corrected QT
(QTc) interval. It is also clear from Table 1 and Figure 2 that
pretreatment with 3 mg kg=' mefloquine markedly poten-
tiated the halofantrine-induced QT and QTc prolongation. In
contrast, mefloquine alone did not alter QT intervals and the
vehicle was also devoid of activity. Mefloquine also failed to
alter either the PR interval or the QRS interval (Table 1).
After administration of the highest dose of halofantrine the
PR interval increased significantly and the QRS interval
tended to increase (Table 1). Similar effects of halofantrine on
the QRS interval were seen in the group pretreated with
mefloquine but in this group accurate measurements of the
PR interval could not be obtained after administration of the
higher doses of halofantrine because P waves were often
masked by the extended T wave of the preceding ECG
complex.

Changes in ECG morphology and the shape of the
monophasic action potential also occurred in the groups
receiving halofantrine. The amplitude of T waves increased
and ‘humps’ indicative of delays in repolarisation appeared in
phase 3 of the action potential (Figure 3). These effects were
more obvious in the group which received halofantrine after
mefloquine. Ventricular premature beats were observed in
two of the rabbits in this group and AV block occurred in
three of these animals after administration of the highest dose
of halofantrine. In two cases Mobitz type I AV block was
observed (see Figure 3 for an example and further
description). Ventricular premature beats and AV block also
occurred in one rabbit in the halofantrine group, but there
were no cardiac rhythm disturbances in either the mefloquine
or control groups.

Blood gases, pH and K™

At the end of the experiments, blood K™ concentrations were
higher in the group that received halofantrine and mefloquine
(Table 2). No significant increases in K* occurred in the
other groups. As the experiments progressed PO, tended to
decline and PCO, to increase. These effects were accom-
panied by a decrease in pH. The extent of these changes was
similar in all the groups and there were no differences in PO,,
PCO, or pH among any of the groups at any time point
(Table 2).

Halofantrine concentrations

The blood concentrations of halofantrine were measured
20 min after administration of each dose of halofantrine in
the groups which were given this drug. Dose-dependent
increases in blood halofantrine concentrations occurred in
both groups (Figure 4). Figure 4 also illustrates clearly that
the blood concentrations of halofantrine measured after each
dose of halofantrine were approximately twice as high in the
group pretreated with mefloquine compared to those
receiving halofantrine alone. For example, after 30 mg kg '
halofantrine the concentration of halofantrine was
13.5+1.6 um (72304870 ng ml~") in the halofantrine group
compared with 23.8+2.1 um (1278041140 ng ml~') in the
rabbits that were given mefloquine before halofantrine.
Plotting the QTc interval measured 20 min after adminis-
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Table 1 ECG intervals (PR, QRS and QT) measured before and 20 min after administration of each dose of drug

Time PR interval (ms)
Vehicle
Pre-drug 5343
1 mg kg~! 5542
3 mg kg™! 55+5
10 mg kg™! 54+3
30 mg kg~! 55+2
Mefloquine
Pre-drug 5244
1 mg kg™! 53+4
3 mg kg™! 53+4
10 mg kg ™! 57+4
Halofantrine
Pre-drug 5243
1 mg kg™! 5145
3mg kg ™! 5443
10 mg kg™! 57+4
30 mg kg~! 65 +4*
Halofantrine + mefloquine
Pre-drug 5443
MQ 3 mg kg~! 61+6
1 mg kg™! 5142
3mg kg™! 4943
10 mg kg ! nm
30 mg kg ™! nm

QRS interval (ms) QT interval (ms)

5442 158 +7
5042 156 +8
5142 155+ 11
5412 156+ 10
5342 15549
5442 14246
5242 149+ 10
5241 148412
5942 154438
5443 15245
5243 15549
5342 180+ 18*
66+7 2194 13*
74410 222+ 14*
54+1 15949
53+1 165+38
5442 195+ 14*
56+1 217+ 10*
6846 243+ 17*
73+11 251 £ 8*

Values are mean+s.e.mean, n=06. *P<0.05 compared with pre-drug value, Friedman test. nm =not measurable.
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Figure 2 QTc intervals measured at various time points in the four
groups of anaesthetized rabbits receiving vehicle (Control), meflo-
quine (MQ), halofantrine (HF) or halofantrine after 3 mg kg~
mefloquine (HF + MQ). The arrows indicate the times at which bolus
i.v. injections of 3 mgkg™' mefloquine (M), or 1, 3, 10, and
30 mg kg~! of mefloquine or halofantrine were given. Values are
means with vertical bars indicating s.e.mean, n=6 per group.
*P<0.05 compared with control group, *P<0.05 compared with
halofantrine group at that time point, Kruskal-Wallis test.

tration of halofantrine against the blood halofantrine
concentration (on a log scale) revealed a significant
correlation (r=0.673, P<0.0001) between these parameters
(Figure 5).

Discussion

This is the first report of in vivo animal studies examining
possible interactions between halofantrine and mefloquine
affecting the ECG. The results demonstrate clearly that
mefloquine potentiates halofantrine-induced QTc prolonga-
tion and suggest that this is a consequence of mefloquine
either altering the disposition of halofantrine or reducing its
metabolism. Pretreatment with mefloquine increased the
blood concentrations of halofantrine 2—6 fold and there
was a significant correlation between halofantrine concentra-
tions and QTc¢ intervals.

In general terms, these results confirm the clinical
observation of greater effects of halofantrine on QTc intervals
in patients who had previously received mefloquine (Nosten
et al., 1993). There is, however, one difference between the
clinical data and the present results. Nosten et al. (1993)
showed that for any measured drug concentration, halofan-
trine caused a greater change in QTc intervals in the patients
who had received mefloquine compared to those who
received halofantrine alone. In the present study mefloquine
not only increased the effect of halofantrine on QTc intervals
but also increased the concentrations of halofantrine
measured in blood after administration of the same dose of
halofantrine. There is, however, a possible explanation for
this apparent discrepancy. The clinical report (Nosten et al.,
1993) plots the per cent change in QTc intervals against the
total blood concentration of halofantrine and its metabolite
desbutylhalofantrine. If mefloquine inhibited the metabolism
of halofantrine to desbutylhalofantrine and the metabolite
had less or no effect on QTc intervals this would reconcile the
results of Nosten et al. (1993) with the present data.
Although the total concentration of halofantrine and
metabolite may not have changed in the former study, the
proportion of halofantrine to metabolite may have increased.
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Figure 3 Lead II ECG, arterial blood pressure (BP) and epicardial
monophasic action potential (EpiMAP) measured (a) before drug
administration, (b) 19 min after administration of 10 mg kg™!
halofantrine and (c) 5 min after 30 mg kg~' halofantrine in one
rabbit from the group pretreated with 3 mg kg~' mefloquine before
receiving increasing doses of halofantrine. In (a) there is normal sinus
rhythm but the P waves of each ECG complex are merged with the T
wave of the preceding complex. In (b) there is 2:1 second degree
atrio-ventricular (AV) block. Alternate P waves appear in the rising
phase of the T wave of the preceding complex and the subsequent
QRS complex is missing. (c) Illustrates second degree Mobitz type 1
(Wenkebach) AV block which is characterized by progressive
lengthening of the PR interval until there is a missed QRS complex.
The solid bars under the ECG complexes indicate the PR intervals.
(b) and (c) also reveal halofantrine-induced increases in T wave
amplitude and delays in repolarization during phase 3 of the
epicardial monophasic action potentials.

Effects of mefloquine on metabolism and disposition of
halofantrine

Cytochrome P450 3A4 (CYP 3A4) is the principal enzyme
involved in the N-debutylation of halofantrine (Baune et al.,
1999a). Recently, it has been shown that mefloquine can
inhibit the metabolism of halofantrine by CYP 3A4 in vitro
(Baune et al., 1999b), and the potent inhibitor of CYP 3A4,
ketoconazole, also inhibited halofantrine metabolism in vitro
(Halliday et al., 1995) and in vivo (Khoo et al., 1998). Thus
mefloquine may have reduced the metabolism of halofantrine

in the present experiments. Two clinical studies have
suggested that after oral ingestion of halofantrine, QT
prolongation is associated with plasma halofantrine concen-
trations but not with the concentrations of desbutylhalofan-
trine (Karbwang et al., 1993; Touze et al., 1996). However,
i.v. administration of desbutylhalofantrine caused significant
QTc prolongation in anaesthetized rabbits (Coker et al.,
2000b). The concentrations of desbutylhalofantrine were not
measured in the present study and it is therefore not possible
to draw any firm conclusion about the contribution of this
metabolite of halofantrine to the observed effects.

An in vitro study in isolated perfused rat liver demon-
strated that mefloquine reduced the biliary clearance of
halofantrine, but this may not reflect reduced metabolism as
the biliary clearance of desbutylhalofantrine and bile
production were also reduced (Leo et al., 1996). There is
also evidence from in vivo studies that there is relatively little
metabolism of halofantrine to desbutylhalofantrine after i.v.
administration of halofantrine compared to oral administra-
tion (Humberstone et al., 1996; Krishna et al., 1993). Thus
mefloquine-induced alterations in the metabolism of halofan-
trine may not be responsible for the increased blood
halofantrine concentrations and prolongation of QTc inter-
vals seen in the present study.

Mefloquine may have altered the disposition of halofan-
trine. Both drugs are highly lipophilic and it is known that
halofantrine binds extensively to lipoproteins (Cenni et al.,
1995; Humberstone et al., 1998). Mefloquine has also been
reported to bind to lipoproteins (Desneves et al., 1996). If
mefloquine limited the binding of halofantrine to lipoproteins
this could have reduced the amount of halofantrine being
removed from the circulation by the uptake of lipoproteins
into tissues.

Pharmacodynamic effects of halofantrine and mefloquine

The results of the present study demonstrate that the effects
of halofantrine and of mefloquine given alone to anaesthe-
tized rabbits are very similar to those reported previously for
each drug in anaesthetized guinea-pigs (Batey et al., 1997
Coker et al., 2000a). Mefloquine per se did not alter QTc
intervals, or PR or QRS intervals. It did, however, have
hypotensive effects which were severe enough to result in the
death of one rabbit after 10 mg kg~ ' and the remaining five
within 5 min of administration of 30 mg kg~' mefloquine.
This result is remarkably similar to that seen in guinea-pigs,
where additional in vitro studies indicated that mefloquine
blocked L-type Ca®* channels (Coker et al., 2000a). Thus it is
likely that in these anaesthetized rabbits, as in the guinea-
pigs, the higher doses of mefloquine caused cardiac
contractile failure subsequent to Ca®* channel blockade.
This provides further evidence that the primary adverse
cardiac effect of mefloquine is on contractile activity and not
on the ECG. In contrast, halofantrine did not alter blood
pressure significantly, but did cause marked dose-dependent
QTc prolongation in both species. With the highest dose of
halofantrine increases in PR interval and Mobitz type I AV
block also occurred in both rabbits (present data) and
guinea-pigs (Batey et al., 1997). Halofantrine has recently
been reported to cause cardiotoxicity by blocking delayed
rectifier K* channels (Wesche er al., 2000), an action
common to several drugs that prolong the QT interval. The
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Table 2 Arterial blood gases, pH and K* measured before and 20 min after administration of each dose of drug

Time (min) PO, (mmHg)
Vehicle
Pre-drug 103+5
1 mg kg~! 102+7
3 mg kg™! 94+9
10 mg kg™' 9749
30 mg kg ! 83+8
Mefloquine
Pre-drug 11042
1 mg kg™! 110+4
3 mg kg™! 100+7
10 mg kg ™! 85+5
Halofantrine
Pre-drug 10145
1 mg kg™! 96+6
3mg kg ™! 91+6
10 mg kg™' 85+8
30 mg kg~! 70+7
Halofantrine + mefloquine
Pre-drug 108+5
MQ 3 mg kg~! 98+6
1 mg kg™! 92+7
3mg kg™! 87+7
10 mg kg ™! 83+7
30 mg kg ™! 7445

PCO; (mmHg) pH (units) K" (mmol 17")
2342 7.394+0.03 1.01+0.16
24+1 7.39+40.03 0.97+0.06
24+1 7.38+0.02 1.17+0.16
24+4 7.3740.02 1.26+0.15
27+1 7.35+0.02 1.17+0.16
24+2 7.39+0.02 1.18+0.21
25+2 7.38+0.01 1.14+0.16
23+1 7.37+0.01 0.93+0.10
27+2 7.31+0.05 1.24+0.16
2542 7.38+0.02 1.16+0.22
26+2 7.38+0.02 1.254+0.32
29+3 7.37+0.01 1.36+0.25
2743 7.36+0.01 1.38+0.14
3043 7.33+0.01 1.30+0.21
2543 7.40+0.02 1.48+0.33
29+3 7.40+0.03 1.70+0.27
29+4 7.394+0.03 1.77+0.31
30+4 7.39+0.03 1.78 +£0.39
31+3 7.384+0.03 1.834+0.26
3442 7.3440.03 2.3240.16%*

Values are mean +s.e.mean, n=6. *P <0.05 compared with pre-drug value, Friedman test; ¥ <0.05 compared with halofantrine group

at that time point, Kruskal—Wallis test.
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Figure 4 The concentrations of halofantrine measured by high
performance liquid chromatography in blood samples taken 20 min
after administration of each dose of halofantrine from animals
receiving halofantrine alone (HF) or halofantrine after 3 mg kg~
mefloquine (HF+MQ). Values are means with vertical bars
indicating s.e.mean, n=6 per group. *P<0.05 compared halofantrine
group, Kruskal—-Wallis test.

differing actions of halofantrine and mefloquine on the heart
suggest that a pharmacodynamic interaction between the two
drugs is unlikely to account for the present observation of
potentiation of halofantrine-induced QTc prolongation by
mefloquine. Indeed, the Ca?* channel blocking action of
mefloquine may be expected to offset the QTc prolongation
caused by halofantrine and reduce the potential of this drug
combination to induce torsade de pointes in a manner similar
to the combined K* and Ca?* channel blocking drug BRL-
32872 (Bril et al., 1996)
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Figure 5 Correlation between the individual values for QTc
intervals measured 20 min after administration of each dose of
halofantrine and the blood concentrations of halofantrine in samples
obtained at those time points from animals receiving halofantrine
alone (HF) or halofantrine after 3 mg kg~ mefloquine (HF + MQ).

Influence of blood K* concentrations

The rise in blood K" concentrations observed at the end of
the experiments in the group receiving halofantrine and
mefloquine, may be a consequence of very high concentra-

British Journal of Pharmacology vol 132 (1)



I.D. Lightbown et al

Mefloquine, halofantrine and QT prolongation 203

tions of halofantrine causing haemolysis. In other studies in
anaesthetized rabbits some haemolysis has been observed
after administration of halofantrine (M.P. Mclntosh, A.J.
Batey & S.J. Coker, unpublished observations). Alternatively,
the apparent decline in blood pressure with time during these
experiments could have led to K* release from underperfused
skeletal muscle. However, blood pressure was similar in all
the groups, and it was only in the rabbits with the highest
halofantrine concentrations that blood K™ increased sig-
nificantly at the end of the experiments.

The very low baseline K* concentrations in these
experiments were a consequence of pentobarbitone anaes-
thesia and ventilation status. Blood K™ concentrations of
approximately 2.5 mmol 1-! have been reported previously
in pentobarbitone-anaesthetized rabbits (Barrett e al., 1997;
Barrett & Walker, 1998). Recently we have measured blood
K™ in conscious rabbits and then after pentobarbitone
anaesthesia and surgical preparation. The K" values were
5.2640.05 and 1.3040.02 mmol =" respectively (A. Farkas
& S.J. Coker, unpublished observations). In two other
groups of pentobarbitone-anaesthetized, open-chest rabbits
the Dbaseline blood gas and K* values were
PO,=97+2 mmHg, PCO,=25+1 mmHg, pH=7.44+0.01,

*=1.164+0.07 mmol 1" (n=36) and PO,=95+1 mmHg,
PCO,=35+1 mmHg, pH=7434+0.01, K* 2.14+0.09
mmol 7" (n=40) (A. Farkas & S.J. Coker, unpublished
observations). The PCO, and K" values in the first of these
groups are very similar to those in the present study (see
Table 2) whereas in the second group, when the PCO,
values were higher, the K* wvalues were also higher and
closer to those reported by Barrett ef al. (1997) and Barrett
& Walker (1998). There were strong correlations between
PCO, and K" values; r=0.809 and r=0.811 respectively.
These data illustrate the influence of blood PCO, on K™
concentrations and emphasise the need for detailed reporting
of blood gas and K" values.

Since hypokalaemia can enhance blockade of current
passing through delayed rectifier K* channels (Ix,) (Yang
& Roden, 1996), it is possible that the low K* values have
exaggerated the effects of halofantrine on QT prolongation.
Yang and Roden’s (1996) in vitro data indicate that the
potency of Ig, blockade by dofetilide was increased
approximately 4 fold at 1 mmoll-' extracellular K*
compared to the potency at 4 mmol I-' extracellular K,
whereas the potency of quinidine was increased 2.5 fold
under similar conditions. Assuming that a similar relationship
holds for blockade of Iy, by halofantrine, approximately two
to four times higher concentrations of halofantrine may be
required in normokalaemic man to produce the extent of QTc
prolongation seen here in anaesthetized rabbits. It is
interesting to note, however, that the enhancement of
halofantrine-induced QTc prolongation by mefloquine was
still evident at the end of the experiments when the K*
concentrations had increased in this group.

Clinical relevance

In clinical studies on halofantrine in patients with malaria,
blood or plasma concentrations of halofantrine ranging from

approximately 550—1750 ng ml~' (1.03—3.27 uM) have been
reported after oral (Karbwang er al., 1993; Nosten et al.,
1993; Touze et al., 1996) or i.v. (Krishna et al., 1993)
administration. The doses of 3 and 10 mg kg~' halofantrine
used in the present study resulted in blood concentrations
of 392+24 and 17084166 ngml~' (0.7340.12 and
3.18+0.76 um) respectively, which cover the range reported
in clinical studies. In the rabbits pretreated with mefloquine,
a plasma concentration of halofantrine of 14144314 ng ml~'
(2.63+0.58 um) was achieved after administration of the
3 mg kg=' dose. Thus, even after allowing for any over-
estimation of the potency of halofantrine resulting from
hypokalaemia, as discussed above, the marked potentiation
of halofantrine-induced QTc¢ prolongation by mefloquine
occurred within the range of concentrations of halofantrine
achieved in clinical use.

Attempts were made to measure mefloquine concentrations
in the present studies, but due to small sample volumes,
reliable results could not be obtained. Our previous in vitro
experiments with mefloquine indicated that substantial effects
on Ca?" current in single ventricular myocytes occurred with
concentrations of mefloquine only two to five times higher
than those found routinely in clinical studies (Coker et al.,
2000a). Since the dose of 3 mg kg~' mefloquine used in the
interaction group was three to 10 times lower than the dose
causing cardiac contractile failure (which we believe to be
consequence of Ca®" channel blockade), it is likely that this
3 mg kg~' dose is clinically relevant. However, further studies
in which mefloquine concentrations were measured would be
necessary to confirm this. In view of the extremely long half
life of mefloquine, it is quite possible that it would persist at
concentrations high enough to affect the actions of
halofantrine given some time later, thus providing an
explanation for the clinical observations of Nosten et al.
(1993).

Conclusions

These studies have revealed a significant interaction between
mefloquine and halofantrine, resulting in potentiation of
halofantrine-induced prolongation of the QTc interval. The
finding of increased circulating concentrations of halofantrine
in the rabbits pretreated with mefloquine, the strong
correlation between halofantrine concentrations and QTc
intervals, and the qualitative differences in the effects of the
two drugs on the heart, suggest a pharmacokinetic rather
than a pharmacodynamic interaction. Whether the primary
effect of mefloquine is on the distribution or on the
metabolism of halofantrine remains to be determined.
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