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Antimony-induced cardiomyopathy in guinea-pig and protection

by L-carnitine
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1 Antimony (Sb) is the mainstay for the treatment of Leishmaniasis. It has serious, often lethal,
cardiovascular side effects. The objective of this study was to examine the effects of Sb treatment upon
the electrocardiogram (ECG), myocyte contractility (assessed by monitoring sarcomere length during
field stimulation), whole-cell action potential (AP) and calcium current (/c,) of the guinea-pig and to
evaluate L-carnitine as a cardioprotective agent.

2 Guinea-pigs received daily injections of either saline, Sb(V), Sb(III), L-carnitine or L-carnitine with
Sb(III). Eight lead ECGs were recorded under halothane anaesthesia every 4 days. At the end of each
treatment regime, animals were killed and ventricular myocytes were enzymatically isolated.

3 Treatment with Sb(V) for 26 days prolonged the QT interval of the ECG. Treatment with Sb(III)
was lethal within 2 days for ~50% of the animals. The survivors showed ECG alterations similar to
those described in man: T wave flattening and/or inversion, depression of the ST segment, and
elongation of RR and QT intervals. Their ventricular myocytes showed impaired contraction
responses to changes in stimulus frequency, elongated AP and reduced Ic,.

4 Combined treatment with L-carnitine and Sb(III) delayed mortality. Prior treatment with
L-carnitine followed by combined treatment with L-carnitine and Sb(III) reduced mortality to <10%
over 12 days and these animals showed normal ECG. Their myocytes showed normal contractility
and AP.

5 It is concluded that L-carnitine has a preventive cardioprotective role against antimony-induced
cardiomyopathy. The mechanism of action of L-carnitine may be to counter oxidative stress caused by

Sb(IIl).
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Introduction

Leishmaniasis is a parasitic disease, which afflicts 12 million
people worldwide. Symptomatic visceral (kala-azar) and
cutaneous and muco-cutaneous leishmaniasis cause 2 million
new cases each year and is often fatal if not treated. However,
no vaccine is yet available (Handman, 2001; UNDP-World
Bank-WHO Special Programme for Research and Training in
Tropical Diseases) and the mainstay of treatment of leishma-
niasis remains the pentavalent antimony compound (Sundar,
2001; Davis et al., 2004) Sb(V), despite the development of
increasing resistance. The current view is that Sb(V) is a
prodrug that generates the more effective trivalent Sb(III)
(Roberts et al., 1995; Sereno et al., 1998; Shaked-Mishan et al.,
2001) whose leishmanicide activity involves interactions
with thiol groups (Sun et al., 2000; Frezard et al., 2001) in
mammals and in parasite using low molecular thiols and/or
antimony reductase (Ferreira et al., 2003; Yan et al., 2003;
Zhou et al., 2004).
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Sb(IIT) was originally the primary agent for the treatment of
leishmaniasis and schistosomiasis. However, Lu & Liu (1963)
estimated that 70-90% of deaths resulting from antimony
therapy were due to cardiac intoxication and therefore
treatment switched to Sb(V) to reduce the cardiovascular risk.
Sb(V) is better tolerated but has been repeatedly reported to
have threatening effects in human close to those described for
Sb(I11): hypotension, modifications of the electrocardiogram
(ECG) including T wave flattening and/or inversion and
prolonged corrected QT interval eventually leading to ST
segment changes and P, R and T wave amplitude reductions,
torsade de pointes and sudden death (Chulay et al., 1985;
Hepburn et al., 1994; Ortega-Canicer et al., 1997; Takur et al.,
1998; Ribeiro et al., 1999). These effects are related to the dose
and duration of the treatment. It would thus be desirable to get
some insight in these threatening effects of Sb since leishmania
resistance to antimony could be overcome by increasing doses
of Sb (Sereno et al., 1998).

There has been little analysis of the effects of antimony in
experimental models. Bradley & Frederick (1941) showed that
all forms of Sb evoked degeneration of the rat myocardium,
heart failure and death. In the dog, Cotton & Logan (1966)
reported that chronic (3-5 daily) injections of Sb(III) evoked a



18 M. Alvarez et al

Antimony and L-carnitine induced cardioprotection

tenting of the T wave, a depression of the ST segment,
hypotension and sudden death but no effect on contraction
in contrast with the depression of cardiac contractility
observed by Bromberger-Barnea & Stephens (1965) in the
same species and the reported T wave flattening in man.
Depressed contractility was also inferred from calcium
transient measurements in cultured rat myocytes (Toraason
et al., 1997; Wey et al., 1997). The cardiac effects of Sb(III)
could be related to an oxidative stress producing lipid
peroxidation, glutathione (GSH) decrease, inhibition of
glutathione peroxidase, significant alterations in cellular thiol
homeostasis and lactate deshydrogenase (LDH) release
(Tirmenstein et al., 1995; 1997). On the contrary, Snawder
et al. (1999) showed increased GSH levels as well as a decrease
in cytochrome P450 and an induction of heat-shock stress
proteins (HSP70 and HSP25/27) upon exposure to nonlethal
doses of Sb(III).

Reports on the human ECG give a coherent descriptive
picture of the chronic effects of antimony in vivo, whereas little
is known in experimental models. The objective of this study
was thus to examine the effects of chronic injections of
antimony upon the in vivo ECG of the guinea-pig and to assess
cellular effects of antimony ex vivo as revealed by contraction
and electrical activity on isolated cardiomyocytes from these
animals. The effect of L-carnitine, a cofactor for beta-
oxidation of long chain fatty acids, which has been successfully
used in many cardiomyopathies including those involving
oxidative stress (Strauss et al., 1998; Lango et al., 2001; Pauly
& Pepine, 2003), was also tested with the aim of preventing
antimony-induced cardiomyopathy.

Methods
Animals and experimental protocols

Studies were performed on male Dunkin—Hartley guinea-pigs
150-200g (St Antoine, Pleudaniel, France) housed in the
University standard animal care facilities (agreement: B37-261-4).
They were fed on standard diet ad libitum and observed three
times a day. The experimental procedures were performed in
accordance with European guidelines (Authorizations: 7741
(COM), 37-045 (FG), 7320 (JML)) and with the Regional
Centre-Limousin ethical committee for animal experi-
mentation. Guinea-pigs were randomly assigned to experi-
mental groups.

In the first series of experiments, the test group was injected
(i.m.) with 16mgkg™"' Sb(V) (meglumine antimonyl, Glucan-
time™; sligthly less than the 20mgkg™' used in man) daily
for 26 days while the control group was injected with saline
(9%0 NaCl).

In the second series of experiments, animals were injected
(im.) daily with either saline (9%» NaCl), 180mgkg™!
L-carnitine and/or 10mgkg~"' Sb(IIl) (potassium antimonyl
tartrate). These doses were based upon values given by Strauss
et al. (1998) and Cotton & Logan (1966). In a first test
group, Sb(III) was injected for 8 days. In a second test group,
L-carnitine was injected for 12 days. In a third test group,
L-carnitine was injected together with Sb(III) for 8 days. In the
last test group, L-carnitine was injected for 4 days prior to
combined injections of Sb(III) plus L-carnitine for either 6 or
12 days. At the end of each treatment regime, surviving

animals were killed and myocytes were isolated for either
mechanical or electrical recording experiments.

In vivo ECG recording

ECGs were recorded under halothane anaesthesia induced
with 3% halothane. The animal was then placed in a supine
position in a Faraday cage with a mask to stabilise the
anaesthesia (halothane 2.5%). Electrodes of thin microneedles
were implanted subcutaneously in the forearms and the left leg.
Two other thin subcutaneous needles were implanted close to
the sternum and on the left of the chest. These needles were
connected via coaxial cables to the input of two differential
Isodam amplifiers (WPI. Inc.). The signal was amplified and
filtered (bandwidth: 1Hz-10kHz) and continuously moni-
tored on a Gould oscilloscope (20 MHz; type 1421) and on a
Dash IV (Astro-Med) chart recorder that also allowed for
analog—digital conversion (sampling frequency: 5 kHz). The six
classical leads (D1, D2, D3, aVR, aVF, aVL) were recorded
together with the precordial leads V1 and V6. The amplitude
and duration of ECG waves were manually measured from
digitalised recordings with Origin 6.0 software (Microcal Inc.).
QT interval values were corrected for the heart rate to give
QTc with Bazett (QTcb = QT/(RR)"?) and Fridericia formulae
(QTcef=QT/(RR)'3) in which RR is taken in seconds to
take into account inaccuracy at high and low heart rates
(Molnar et al., 1996). The ECG was collected before the first
injection (saline or drug) and every 4 days after the beginning
of treatment.

Drugs and reagents

L-carnitine and protease XIV were purchased from Sigma
(Saint Quentin Fallavier, France). Potassium antimonyl
tartrate and Collagenase B were, respectively, purchased from
Aldrich Chemical Co. (Saint Quentin Fallavier, France) and
Boehringer-Roche (Meylan, France). Halothane (Belamont,
Neuilly-sur-Seine, France) and glucantime® (Rhone Poulenc-
Rorer, France) were obtained from the regional hospital. For
in vivo injections, potassium antimonyl tartrate and L-carnitine
were dissolved in sodium chloride solution (9%o).

Tyrode solution had the following composition (in mM):
NaCl, 140; KCl, 5.4; CaCl,, 1.8; MgCl,, 1; glucose, 11;
NaH,PO,, 0.33; HEPES, 10. pH was ajusted to 7.3 with
NaOH.

Myocyte isolation

At the end of each treatment regime, guinea-pigs were Killed by
cervical dislocation. Ventricular myocytes from the left
ventricle were enzymatically isolated as previously described
(Le Guennec et al., 1993). Briefly, the heart was perfused
retrogradely for Smin at 37°C with Tyrode solution gassed
with 100% O,. Perfusion was switched to a 0-Ca®* solution
and followed by a solution containing enzymes (protease
12mgml™" plus collagenase 0.66mgml~'). Enzymes were
washed out and Ca®' concentration of the perfusate was
progressively increased to 1.8 mM. The minced ventricle was
then gently agitated to separate cells. Percentage of rod-shaped
cell after isolation, determined by counting the ventricular cells
on a Mallassez chamber, usually represented 75-80% of total
cell count in control or saline-injected guinea-pigs.
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Sarcomere length measurements

Dissociated cells were placed in an orientable perfusion
chamber on the stage of an inverted microscope (Nikon,
Diaphot 300). Cells were illuminated with white light.
Transmitted light was directed to two CCD (charges coupled
device) cameras. The circular perfusion chamber had a central
point symmetry, which allowed one to bring the cell long-
itudinal axis into alignment with that of the CCD cameras.
Cells were continuously perfused by gravity with Tyrode solu-
tion equilibrated with air at 25°C. Cells were field stimulated
with 5ms duration constant current pulses (25% above
threshold) delivered from two platinum wires at a reference
frequency of 0.5 Hz. The frequency could be changed at will to
obtain sarcomere shortening—frequency relationships.
Contraction was monitored by following the sarcomere
length (SL) as described by Gannier ez al. (1993). Briefly, the
periodicity of the cell striation pattern (A and I bands) was
analysed with a Fast Fourier Transform (FFT) of a video
image of the cell during the course of the experiment. A
longitudinal fraction of the cell image was recorded with
a commercial CCD camera (Micam VS 500, Digital Vision
Technology), digitised at 50 Hz (temporal resolution 20 ms),
then transiently stored on a computer (Pentium 75 or 486 DX2
66) and used to calculate the spectrum corresponding to the
distribution of the SLs. The spectrum fundamental, continu-
ously detected by a software routine, enabled on-line
visualization of SL during cell contraction. To improve time
resolution to 2 ms for fast events in some experiments, SL was
also calculated by an FFT of a video image of the cell recorded
at 500 Hz with a nonstandard 218 x 145 pixel array two stage
CCD camera (Gannier et al., 1998) set in parallel with the first
camera. Cells were selected for experiments on the basis of a
diastolic SL of between 1.84 and 2.0 um during stimulation at
0.5Hz and clearcut spectrum. Off-line measurement of SL,

aVR

D3 aVF

Figure 1

contraction and relaxation rates and contraction duration
were performed with a computer program written to accom-
modate Origin 6.0 software.

Electrophysiological recordings

Dissociated cells were placed on the stage of an inverted
microscope (Olympus I1X70, Tokyo Japan) and continuously
superfused by gravity with Tyrode at room temperature
(22-25°C). Patch pipettes (1-2.5 MQ) were pulled from thick
wall borosilicate glass capillaries (Clark Electromedical In-
struments, Reading, U.K.) with a Narishige PB7 puller
(Tokyo, Japan). The composition of the pipette solution was
(in mM): KCl, 140; NaCl, 5; ATP-Mg, 5; HEPES, 10; pH 7.25
(adjusted with KOH). An Axopatch 200A amplifier (Axon
Instruments Inc., Union City, CA, U.S.A.), connected to a
Pentium 75 computer equipped with pClamp 6.0.4. software
(Axon Instruments), through a Digidata 1200A interface
(Axon Instruments), was used to record voltage and calcium
current (Ic,). Action potentials (APs) and /-, were acquired
with Clampex at 10 and 6.7 kHz, respectively, and analysed
with Clampfit 6.0.5.4. Cells were stimulated at 0.2Hz by
applying a 1 ms suprathreshold current (1-2nA) to record AP
and at 0.1 Hz for /¢,. To record I¢, in normal Tyrode solution,
a 100ms prepulse applied from —80 to —40mV aimed to
inactivate the sodium current was followed by 150ms
depolarising pulses to voltages —40 to +100mV (10 mV steps)
during which I, was measured as the net peak inward or
outward current. For this study, small cells were chosen to
improve control of the voltage clamp. AP plateau amplitude
was measured 200 ms after the AP upstroke, and duration at
100% repolarisation. Owing to the relative instability of AP
duration in isolated cells, AP parameters in each cell was taken
as the mean values of 15 consecutive APs.

V1
50 ms

1 mV

Typical eight lead electrocardiogram from a guinea-pig. The three classical frontal leads DI, D2 and D3 were recorded

simultaneously. The three augmented leads aVR, aVL and aVF were recorded consecutively. The two precordial leads V1 and V6 were
recorded simultaneously. Time and voltage scale apply to all traces. Dotted lines represent 0 mV.
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Table 1 Mean values of amplitudes and waves (intervals) durations of guinea-pig ECG

Lead Amplitudes (mV )
P 0 R S ORS ST T Jpoint
D2 0.146+0.010 —0.073+0.016 0.7794+0.074 —0.4194+0.055 1.198+0.107  0.027+0.006 0.122+0.014 —0.008+0.008
D1 0.564+0.071 —0.11440.019 0.67740.081
Vi 1.167+0.111 —0.345+0.089 1.5124+0.153 —0.108+0.017
A\ 0.495+0.038 —0.426+0.085 0.9214+0.115  0.0554+0.014
Intervals (ms)
RR PQ Pd ORS JT+ oT QTch oTef
229.1+4.6 59.7+1.5 253+1.1 22.6+0.7 102.2+2.3 139.5+2.4 291.6+34 2279429
Data represent mean values+s.e. of the ECG recorded in 50 guinea-pigs.
QTcb: Bazett correction for QT.
QTecf: Fridericia correction for QT.
QRS: measured from beginning of Q to J point.
Pd: duration of the P waves.
Table 2 Effects of injections of antimony and carnitine on the survival of guinea-pigs
Treatment
Saline Sh(III) L-carnitine L-carnitine + Sb(III)

a b c
N, 12 27 10 12 21 9
N. 12 13 10 5 19 8
% survival 100 48 100 42 90 89

N represents the number of animals at the beginning (;) and at the end (.) of the treatment period.

a. L-carnitine and Sb(III) for 8 days.

b. 4 days of L-carnitine alone followed by 6 days of L-carnitine and Sb(11I).
c. 4 days of L-carnitine alone followed by 12 days of L-carnitine and Sb(I1I).

Statistics

All results are expressed as means +s.e. Results were analysed with
paired Student’s #-test and the Student—Newman—Keuls for
multiple comparisons following F-score on analysis of variance.
Sb-induced mortality was analysed with Fischer’s exact test. Fit to
gaussian distribution was tested with the Anderson—Darling test of
normality. P<0.05 was considered to reflect a statistical difference.

Results
Effects of saline and Sb(V) on the ECG

The normal eight leads ECG of guinea-pigs is illustrated in
Figure 1 and quantitative values are reported in Table 1. The
general aspect is close to that of the human ECG if the higher
heart rate (265+ 5 beats min~', n=50) is taken into account.
However, noteworthy is the very large R wave in V1 in guinea-
pig as opposed to adult man. RS is often symmetrical in D2
and S is often larger than R in D3. In most cases, the ST
segment is upsloping but it is generally flat and depressed in
the V1 and aVF leads. Most measurements were performed on
the D2 lead in which T wave was negative in only two out of 50
cases. Owing to the upsloping of the ST segment, ST interval
was taken from the J point (where the QRS complex joins the
ST segment (Hurst, 1998)) to the maximum of the T wave (T*)
and ST amplitude was taken at the midpoint between J point
and T". QT was measured from the beginning of the Q wave to
the end of T wave (Tend).

In saline-injected guinea pigs, ECG recorded every 4 days
for up to 26 days showed no significant changes with time
indicating that repeated anaesthesia had no effect (n=9).

a Control

1mvV

b Sb(ll) 4 days

¢ Sb(ll) 8 days

1s 100 ms

Figure 2 Effects of Sb(III) on the guinea-pig ECG. ECGs were
recorded from one animal before (a) and 4 days (b) and 8 days (¢)
following the onset of daily injections of Sb(III). All traces represent
the D2 lead of the ECG, details of which are shown upon an
expanded time scale to the right. Time scales apply to traces in the
respective columns. The vertical scale applies to all traces. The
dotted lines indicate O mV.
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Figure 3 Effects of Sb(III) on wave and interval durations (a) and
wave amplitudes (b) of the guinea-pig ECG. Measurements were
performed before and following 4 days and 8 days of Sb(III)
injections. All measurements were performed on the D2 lead.
(a) RR, PQ, QRS and QT are the classical intervals, QRS being
measured as a QJ interval. Classical QT, measured from the
beginning of Q to the end of T, is presented with its corrected values
using either Bazett formula (QTcb) or Fridericia formula (QTcf).
Pdur: duration of the P waves. JT+: interval from the J point to the
maximum of the T wave. T+Te: interval from the maximum to the
end of the T wave. (b) In addition to the classical waves (P, Q, R, S
and T), J point and ST elevation are also shown. Columns and bars
represent meanz+s.e. (n=13). Significance according to paired
Student’s ¢-test between control and Sb(III) treatments are indicated
as * (P<0.05) or ** (P<0.001).

When guinea-pigs were injected with Sb(V) during 26 days
(n=10), no mortality was recorded. There were no qualitative
changes in their eight leads ECG but slight quantitative
changes were noticed in RR interval, T wave amplitude and
QT duration. RR interval initially decreased from 236.8 +6.1
to 224.8+3.8ms (P=0.009) at 12 days and lengthened to
244.1+8.0ms by the 26th day. The T wave amplitude initially
increased from 0.083+0.29 to 0.106+0.09mV at day 8 and
then flattened to 0.068 +£0.024 mV at day 26, but these effects
were not significant. In contrast, QT significantly increased
from 128.5+3.8 to 144.2+6.4ms (P =0.04). Both corrected
QT values, QTcb and QTcf, significantly increased from
2644+5ms and 207+5ms to 292+ 11ms (P=0.03) and to
2314+ 9ms (P =0.04), respectively.

Treatment with Sb(1II)

Sb(III) had very significant effects on guinea-pig viability
(P=0.0013) since 14 of 27 animals injected with Sb(II1) died

A

D2‘ D1

a
Control
b

1TmV
Sb(lll) 8 days

1 mV

Figure 4 Cartesian representation of the guinea-pig ECG and its
modification by Sb(III). Coupled derivations are in (A), D2 versus
D1 and in (B), V1 versus V6. Data were recorded from the same
animal before (a) and following 8 days (b) treatment with Sb(III).
Each trace contains about 25 cycles (loops) corresponding to 30s
acquisition.

within 2 days (Table 2). No obvious symptoms or behaviour
changes were noticed prior to mortality. The remaining 13
animals lived apparently normally though towards the end of
the treatment, two of them showed weakness and had
diarrhoea. When they were killed for cell isolation, the hearts
appeared normal but the cell yield was much reduced to less
than 40% of the standard.

Sb(IIT) induced noticeable changes in the ECG wave
amplitude and duration of treated animals as shown in Figures
2 and 3. Most evident were a highly significant bradycardia
and prolongation of the QT interval. The latter observation
also holds for the corrected values of the QT (QTcb and QTcf)
(P<0.01; Figure 3a). QT changes were largely accounted
for by JT+ increase (P<0.01), while the T4+T end duration
was not modified. There was a small increase in PQ interval
by the 8th day (P<0.05) but neither the P wave nor the
QRS durations were changed. Sb(IIT) decreased the amplitudes
of all waves (Figures 2 and 3b), the effect being most
obvious for the S and T waves. T wave flattening and
widening by the 4th day is illustrated in Figure 2. By the
8th day, the ST segment was depressed and downsloping and
the T wave became negative. Such negative T waves were
recorded in 6 out of the 13 guinea-pigs that survived Sb(III)
treatment but was never observed before Sb(III) injection
(n=27). Negative ST segment was also recorded 10 times
during Sb(II) treatment but only once before its onset.
They were even more frequent from the 4th day in lead DI.
The decrease in ECG wave amplitude is not limited to the
D2 lead. In DI, decreases in QRS from 0.97+0.07 to
0.78+0.07mV at 4 days and to 0.76+0.07mV at 8 days
were observed (P<0.01). Indeed, cartesian representations of
D2 versus D1 and V1 versus V6 loop representations of 10-20

British Journal of Pharmacology vol 144 (1)
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Figure 5 AP and calcium currents recorded from enzymatically
dissociated ventricular myocytes. (a) Superimposed typical AP
recorded in myocytes from three different guinea-pigs treated with
either saline, L-carnitine or Sb(III) for 8 days. (b, c¢) Typical calcium
currents recorded in normal Tyrode solution, in myocytes from the
same guinea-pigs as in (a), with a voltage step to 0mV following a
100ms prepulse from —80 to —40mV: saline (b) or Sb(III)
(c)-treated guinea-pigs. The cell’s capacitances were 37 and 35pF
for the saline and Sb(III) myocytes, respectively. Time and
amplitude scales apply to both (b, ¢) panels. The zero current level
is indicated by the horizontal line near each current trace. The
stimulation frequency was 0.2 Hz in (a), and 0.1 Hz in (b, c).

ECGs show that Sb(III) decreases QRS amplitude in all
derivations (Figure 4).

All ex vivo measurements were performed upon dissociated
myocytes from the heart of guinea-pigs whose ECG had been
previously recorded. Myocyte electrical activity was recorded
in cells isolated from four guinea-pigs in each group (saline,
Sb(III) and L-carnitine-injected animals). Figure 5a illustrates
APs recorded from myocytes obtained from saline and Sb(I11)-
treated animals after 8 days. Whereas saline-injected animal
ventricular myocytes showed normal APs with an elevated
plateau (+36.2+2.9mV, n=6), myocytes from Sb(III)-in-
jected guinea-pigs had APs with a depressed plateau
(+9.5+£1.7mV, n=6, P<0.001) and a prolonged duration of
832+ 12ms as compared to 549 +26ms in the saline group
(P<0.001). It should be mentioned that the resting potential
was not changed by Sb(III) (saline: —77.44+0.5mV; Sb(III):
—77.540.4mV; P=0.849). Moreover in Sb(IIl)-treated gui-
nea-pigs, the maximum peak inward I, recorded at 0 mV was
consistently depressed (—2.8+0.2 pApF~!, n=6) as compared
to saline-treated guinea-pigs (—7.3+03pApF~!, n=35;
P<0.001; Figures 5b and c) with no significant changes in
the voltage-dependence of the current—voltage relationships
nor in the apparent reversal potential of the calcium current
(not shown).

Sarcomere shortening during stimulated contraction of
isolated ventricular myocytes is illustrated in Figure 6. In
myocytes obtained from saline-injected animals, a decrease in
stimulation frequency led to a decrease in sarcomere short-
ening, that is, in contraction amplitude (Figure 6a). To take

a saline

19rb Sb(lll) 8 days
1.8

17}

16

ITTRTTIRTRNNT]

Sarcomere length (um)

19-€ L-carnitine + Sb(lll)

181 i

17}
3 min
16}

IITTATTRTIRTIINTNun]|

0.1 Hz

0.5 Hz 03Hz 025Hz 0.2Hz

Figure 6 Effect of Sb(III) upon stimulus frequency-dependent
changes of SL in isolated ventricular myocytes of guinea-pig. SL
was measured by an on-line video detection method (see Methods)
where downward deflection of the trace represents sarcomere
shortening upon field stimulation which is schematically indicated
below each recording. (a) A myocyte obtained from a control animal
injected daily with saline. (b) A myocyte obtained from an animal
injected daily with Sb(III) for 8 days. (c) A myocyte obtained from
an animal injected with L-carnitine alone for 4 days followed by
injection with L-carnitine and Sb(III) for 12 days. The time scale in
(c) is applicable to all three traces. In each cell, stimulus frequency
was progressively reduced from 0.5Hz to 0.3 Hz, 0.25Hz, 0.2 Hz and
0.1 Hz as indicated below the recordings.

into account its variability from cell to cell, contraction
amplitude was normalised to that obtained at a stimulation
frequency of 1Hz (Figure 7), which represented a sarcomere
shortening of 0.219+0.007 um (rn = 73) from a resting length of
1.852+0.003 um. In myocytes obtained from saline-treated
animals, the normalized frequency histogram of the ratio of
the contraction amplitudes (0.5Hz/1 Hz) showed a gaussian
distribution with a mean value of ~70% (69.3+1.3%, n="73;
Figure 7a). Indeed, this mean value of ~70% decreased when
test frequency is lowest (e.g., 30% at 0.1 Hz). The kinetics of
contraction (shortening and lengthening) at two stimulation
frequencies of 0.3 and 1 Hz are illustrated in Figure 8a. Upon
increasing frequency, a classical increase in sarcomere short-
ening and relengthening rates occurred while the time to peak
and total duration of the contraction decreased.

In myocytes obtained from Sb(IIl)-treated animals,
resting SL (1.867+0.006 um, n=65) was not different from
that of saline-injected guinea-pigs (1.852+0.003 um, n="73).
Although the sarcomere shortening at 1Hz was similar
(0.21540.009 um, n=065) to that of saline-injected guinea-
pigs, only a few cells, however, showed the normal relationship
between sarcomere shortening and frequency of stimulation.
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Figure 7 The effect of Sb(IIl) upon the normalised contraction—
amplitude ratio of isolated venticular myocytes from guinea-pig.
Contraction—amplitude ratio represents sarcomere shortening re-
corded at 0.5Hz over sarcomere shortening recorded at 1Hz.
Results are shown for myocytes from control animals injected with
saline (a; N =9 guinea-pigs; n =75 cells), myocytes from guinea-pigs
injected with Sb(I11) for 8 days (b; N =8; n="76) and myocytes from
guinea-pigs treated for 4 days with L-carnitine and then for 12 days
with L-carnitine plus Sb(III) (c; N=7; n="70). The lines represent
gaussian functions fit to the data with their associated mean and s.d.
values. Distributions were tested for normality with the Anderson—
Darling normality test. In myocytes from Sb(IlI)-injected animals,
the distribution needs two gaussians. A contraction—amplitude ratio
of 100% indicates no change in amplitude with frequency at 0.5 and
1 Hz.

In most cells, it was virtually constant whatever the frequency
of stimulation larger than 0.2Hz (Figure 6b). Contraction
amplitude decreased only at 0.1 Hz. The distribution of cell’s
relative contraction amplitude with frequency was no longer
fitted with a single gaussian (Figure 7b). The mode of the

distribution was 100% which indicates no change of amplitude
with changing frequency from 0.5 to 1 Hz. The overall mean
was 86.94+1.7% (n=76) and could be distributed into a low-
peak gaussian (79.3+12.5%) and a high-peak gaussian
(96.2+8.3%), the latter showing a virtually null inotropic
effect of frequency. Superimposition of contractions at 0.3 and
1 Hz showed that sarcomere shortening and relengthening
rates are virtually independent of frequency (Figure 8b). These
rates decreased only at very low frequencies (0.1 Hz; not
shown). However, contraction duration was still reduced as in
saline-injected animals when frequency increased, as did the
AP duration (not shown). In addition, 10% of the cells from
Sb(III)-treated animals showed oscillations of sarcomere
shortening in response to a single stimulus. These occurred
as either early or delayed after-contractions (Figure 8d—f). This
was never observed in cells from saline-treated animals. It
should be noted that the whole spectrum of events, after-
contractions, the flat sarcomere shortening—frequency rela-
tionship and a normal increase in sarcomere shortening with
frequency, was recorded in different myocytes in each heart
from Sb(III)-treated animals.

Effects of L-carnitine

The injection of L-carnitine alone for 12 days had little effect
upon the ECG except for a significant increase of the Q wave
amplitude in D2 (-0.042+0.012 to —0.086+0.014mV:
P=0.04) and R wave amplitude in D1 (0.5134+0.103 to
0.778+£0.113mV: P=0.01; n=10). There was a slight but not
significant decrease of PQ interval. Electrical parameters of
L-carnitine-treated guinea-pigs were not statistically different
from those of saline-injected ones. Resting potential, plateau
amplitude, AP duration and I, values were —77.74+0.9mV,
+323+1.6mV, 520+36ms and —6.8+0.4pApF~! (n=6),
respectively. There was no significant change in either the
distribution or the mean of sarcomere shortening (not shown)
as compared to saline injected guinea-pigs.

The protective effect of L-carnitine

The simultaneous onset of treatment with L-carnitine and
Sb(I1I) did not change the overall mortality (Table 2) but
delayed the fatal issue: guinea-pigs died between the fourth
and the seventh day of treatment without any sign of illness. In
the five guinea-pigs that survived, none of the duration and
amplitude parameters of the ECG were significantly changed
but for the QT that was significantly increased after 4 days
(139+3 to 148+4ms: P=0.05). However, the change in QTc
was no longer significant whatever the correction used.
When injections of L-carnitine were initiated 4 days before
the onset of simultaneous treatment with Sb(III), mortality
was significantly reduced to 10% (P=0.002) at 6 days.
Combined L-carnitine—Sb(III) treatment was thus prolonged
for up to 12-15 days (Table 2). Mortality was still significantly
reduced to 10% (P=0.035) and differences with controls as
observed with Sb(III) alone were no longer significant
(P=0.428). The eight derivations ECG did not show the
changes that had been observed with 8 days of Sb(III) alone
(not shown; n=10). After 12 days of combined L-carnitine-
Sb(III) treatment, and thus 16 days since the onset of injections
of L-carnitine, bradycardia was insignificant (1%) and there
were no significant prolongation of either QT (4%), QTc (3%)

British Journal of Pharmacology vol 144 (1)



24 M. Alvarez et al

Antimony and L-carnitine induced cardioprotection

a b c
1.85 25 C
—_ L] ]
2 S
= -3 7 -0 J
5 180 |t (f i .l\ / /
1:’ 1.75 3 1 Hzf‘ I.-' 0.3 Hz \_“\I 1 Hz__)l,- 0.3Hz
= T i ! P AX i}
o 170 | Y I | L .,
5 1.65 - “'\.\ - ‘-\:\ ‘:r ..gi 200 ms | \ \:)','
8 o1 - R - N
155L B i
- 2 .. = I = B
| | \ | |' \ | || \ || I| '.I || l ._,.' || J
| | | |' /
l | I
| [ | |\ | I
|| | | | I‘ N | | N |||| |I “'
| | l; l \| l' l | I'=| 50 nm ill.l
|II { 1000m U I'I I 100 nm |.I | .Il “~ |!|!]J ~
\ { 5 \ \ !
\r 18 ¥ 1s 1s

Figure 8 Contractions of isolated ventricular myocytes of guinea-pig. Typical contractions elicited by field stimulation (squares)
from myocytes isolated from a guinea-pig injected with (a) saline, (b) Sb(III) for 8 days and (c) 4 days with L-carnitine and then for
12 days with L-carnitine plus Sb(III). Each set in (a, b and c) represents superimposed contractions obtained at stimulation
frequencies of 0.3 and 1 Hz. Horizontal bar (200 ms) and SL scale apply to all three sets. (d—f) Multiphasic contractions obtained
under similar conditions from myocytes isolated from 8 days Sb(IlI)-treated guinea-pigs. Contractions induced by field stimulation
(squares) are followed by after-contractions (arrows). Contractions illustrated in (b and d) are from the same guinea-pig.

or JT+ (1%). The only significant change in the ECG was the
PQ interval which increased from 56.2+3.0 to 68.9+6.5ms
(P=0.04) as for 8 day Sb(III) treatment (Figure 2c). Changes
in P and T waves amplitudes were not significant but there was
still a significant reduction in QRS and S wave amplitudes
from 1.194+0.07 to 0.894+0.16mV (P=0.04) and from
—0.60+0.08 to —0.40+0.11mV (P=0.02), respectively,
although these were less than had been seen after 8 days of
Sb(III) alone.

The yield of cell isolation could not be distinguished from
that of saline-injected animals. APs were of normal duration
with an elevated plateau (Figure 5a). Resting SL was
1.867+0.006 um (n=70) and sarcomere shortening at 1 Hz
was 0.2104+0.010 um: these values are not different from those
of saline-treated animals. When frequency of stimulation was
changed, contraction amplitude decreased or increased as in
saline-injected guinea-pigs. The positive sarcomere shortening—
frequency relationship was seen in all cells (Figure 6¢). The
distribution of cell’s relative contraction amplitude with
frequency was gaussian (67.9+2.2%, N=7; n="0; Figure 7c)
with a mean value that was not different from the saline-
injected group (Figure 7a). Both sarcomere shortening and
relengthening rates increased with increasing frequency and
time to peak and contraction duration decreased as in saline-
injected conditions (Figure 8c). None of the cells showed
multiple oscillations of contraction upon stimulation as
observed with Sb(III) alone.

Discussion

The main points arising from the results presented are as
follows. Treatment of guinea-pigs with antimony induces
mortality and/or ECG changes that could be prevented by
prior treatment with L-carnitine. Ventricular myocytes isolated

from Sb(III)-treated animals showed impaired responses to
changes in stimulus frequency, elongated AP with depressed
plateaux and reduced Ic,. These phenomena were not seen in
myocytes isolated from animals treated also with L-carnitine.
It is concluded that L-carnitine can protect the heart from the
deleterious effects of the antileishmaniasis agent Sb(III).

The results obtained from eight leads recording of the
guinea-pig ECG were in general agreement with the more
commonly used D1 D2 derivations and show a large similitude
with the human ECG but for the large R wave in V1. The
negative ST segment in the V1 lead was unlikely to result from
anaesthesia since all other leads showed normal ST segment.
Moreover, telemetry recordings along the anteroposterior
leads exhibited similar ST depression (Matz et al., 1998).
The absence of any significant effect of injections of saline or
L-carnitine showed the stability of the measured parameters of
the guinea-pig ECG despite repetitive anaesthesia.

In the present study, we used both Sb(II) and Sb(V) to
assess the effects of antimony on the ECG. Treatment with
Sb(V) induced QT prolongation that has also been described in
man (Chulay et al., 1985; Hepburn et al., 1994; Takur et al.,
1998). The most threatening effects of antimony observed in
man (ECG changes and high mortality) with Sb(V) (Chulay
et al., 1985; Ortega-Canicer et al., 1997; Ribeiro et al., 1999)
and Sb(III) were routinely obtained in guinea-pig with Sb(III),
an outcome that could be expected from the observed
conversion of Sb(V) to Sb(IIl) (Roberts et al., 1995; Frezard
et al., 2001; Ferreira et al., 2003).

In those animals that survived the initial period of high
mortality, treatment with Sb(III) affected T wave and QT and
ST segments, even after correction for changes in RR interval.
QT prolongation and T wave flattening are accounted for by
JT+ segment prolongation, whereas QRS duration was not
changed. These results suggest that there was no significant
effect of Sb on either conduction or depolarisation while the
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drug markedly affected the repolarisation process. Thus,
Sb(III) treatment should prolong AP but the extent of this
prolongation may not be the same in different cell types since
T+ and Tend are meant to sign the repolarisation of epicardial
and M cells, respectively (Yan & Antzelevitch, 1998). Indeed,
cells isolated from Sb(III)-treated animals showed prolonged
AP with very low plateaux, which resulted from a reduced Ic,,
likely leading to a decrease in delayed potassium current
activation. Whether this K* current is itself depressed or not in
Sb(III)-treated animals will need further investigations. Shi-
mizu & Antzelevitch (1999) have shown that low external
calcium and ryanodine could suppress negative T wave and
alternans, and give rise to torsade de pointes. Reduced entry of
calcium could therefore account for torsade de pointes that
have been described during antileishmanian treatment with Sb
in man (Ortega-Canicer et al., 1997; Takur et al., 1998) and
explain death of guinea-pigs in the first days of Sb treatment.
Although no histological studies have been performed on
hearts from Sb(IIl)-treated guinea-pigs (which appeared
normal upon excision), cells death and/or increased fibrosis
might account for the reduced yield of cells upon isolation and
might contribute to the reduced amplitude of the ECG waves
that was noticed on all the leads that were used in this study.

Wey et al. (1997) reported an increased diastolic Ca** with
complete loss of Ca>* transient and excitability in rat cultured
cardiac myocytes exposed to 200 uM Sb(III). In Sb(III)-treated
guinea-pigs, resting calcium is unlikely to have much increased
since the resting SL were not different from those of saline-
injected ones (1.867+0.006 um (rn=65) and 1.852+0.003 um
(n="173), respectively) and excitability was perfectly maintained
as was the resting potential. Moreover, the apparent reversal
potential of the Ca" current was similar in myocytes from
control and Sb(I1I)-treated guinea-pigs (not shown). Toraason
et al. (1997) reported a reduced Ca>* transient in rat cultured
cardiac myocytes exposed to 6 uM Sb(III) and multiphasic
Ca®" transients at 8uM. They assumed a reduced Ca’*"
availability and a decreased influx of Ca®* across the
sarcolemma. In agreement with part of their hypothesis, we
showed here that I, and the plateau of the AP were actually
depressed by Sb(III) treatment of guinea-pig in vivo.

Changes in contractility with frequency that have been
described by Koch-Weser & Blinks (1963) in terms of negative
(NIEA) and positive (PIEA) inotropic effect of activation,
likely to represent ryanodine restitution time on one hand and
calcium influx, sarcoplasmic reticulum (SR) Ca load and
fractional SR Ca release on the other hand (Maier et al., 2000;
Bers, 2001), were blunted with Sb(III) treatment of guinea-
pigs. A blunted response occurred in human failing heart
(Pieske et al., 1999) that otherwise showed, as in rabbit and
guinea-pig, a positive relationship because PIEA more than
overcome refractoriness of the SR Ca release process (Pieske
et al., 1999; Maier et al., 2000). However, the blunted response
in myocytes from Sb(III)-treated guinea-pigs is closer to that
described by Sipido et al. (2000) for hypertrophied canine
ventricular myocytes, since in this model it results from an
increased contractility at low frequency due to an increased SR
Ca load.

The Sb(III) reduced Ic, should decrease the Ca*" release
from the SR. On the other hand, Sb(IIl) treatment also
promoted after-contractions and multiphasic contractions that
are known to occur with calcium overload of the SR (Bers,
2001). This suggests that the Ca load of the SR might be higher

in Sb(III)-treated guinea-pigs than in control ones (likely
because of an increased calcium influx via reverse mode Na/
Ca exchange during the prolonged AP duration, although this
remained to be determined). Thus, a higher Ca load of the SR
associated with the decreased I, could maintain contractility
close to normal and might account for the blunted changes in
contractility with frequency (Figures 6 and 7). Further
investigations are required to explain these observations leading
to a maximal twitch contraction rate at low frequency and to
determine more precisely which aspects of the excitation—
contraction coupling pathway are influenced by Sb(III).

The effective antileishmania agent is Sb(III) that has strong
affinity for thiol groups (Sun et al., 2000; Frezard et al., 2001;
Ferreira et al., 2003). In rat myocytes, this led to a decreased
GSH content, inhibition of GSH peroxidase and induction of
an oxidative stress (Tirmenstein et al., 1995; 1997) and pointed
to a free radical-mediated alteration of Ca®" mobilisation.
Indeed, oxidant stress has been shown to induce mechanical
oscillations and after-contractions, to prolong the cardiac AP
and to reduce /¢, (Beresewicz & Horackova, 1991; Cerbai et al.,
1991; Josephson et al., 1991; Kourie, 1998) as observed in
Sb(III)-treated guinea-pigs in the present study. It also delayed
the onset of potassium current, increased Ca** flux via Na/Ca
exchange in guinea-pig myocytes (Beresewicz & Horackova,
1991; Tokube et al., 1996) and increased the cardiac SR Ca
release channel open probability (Boraso & Williams, 1994;
Balshaw et al., 2001). All these reported effects of an oxidant
stress might occur in isolated myocytes from the Sb(III)-
treated guinea-pigs and explain our results, although addi-
tional experiments are needed to assess intracellular Ca**
handling under these conditions.

Beneficial effects of L-carnitine reported here would also be
in agreement with the involvement of free radicals. Cardio-
protection by L-carnitine is well documented. Although its
mechanism of action is not fully understood, it was shown to
protect the perfused myocardium against oxidative stress and
to be a free radical scavenger (Lango et al., 2001; Pauly &
Pepine, 2003). We found in our study that L-carnitine also
reduced Sb(III) associated mortality from ~50% to less than
~10% and corrected most ECG and contractility changes.
Such a protective effect of L-carnitine was also obtained with
the anticancer drug adriamycin (Strauss et al., 1998; Zeidan
et al., 2002). Singal et al. (1988) and De Beer et al. (2001)
suggested free radical generation as possible mechanism of
action of adriamycin-induced cardiomyopathy. L-carnitine
prevented adriamycin from increasing diastolic calcium
(Mijares & Lopez, 2001) and promoted HSP25 synthesis
(Strauss et al., 1998). Both HSP synthesis and the free radical
scavenging properties of L-carnitine point to oxidative stress as
a possible initial step of Sb(III)-induced cardiomyopathy. This
hypothesis is strengthened by the reported Sb(III)-induced
lipid peroxidation (Toraason et al., 1997) as well as induction
of HSP upon exposure to nonlethal doses of Sb(IIT) (Snawder
et al., 1999). It remains to be seen whether L-carnitine also
protects the Leishmania parasite from Sb(III).

We thank Professors D. Babuty, P. Cosnay and J-L. Freslon for their
useful comments and Drs. 1. Findlay and V. Maupoil for their helpful
and constructive criticisms. M. Alvarez was the recipient of a
sabbatical fellowship from the ‘Consejo de Desarrollo Cientifico y
Humanistico’, Universidad Central de Venezuela.

British Journal of Pharmacology vol 144 (1)



26 M. Alvarez et al

Antimony and L-carnitine induced cardioprotection

References

BALSHAW, DM., XU, L, YAMAGUCHI, N. PASEK, DA. &
MEISSNER, G. (2001). Calmodulin binding and inhibition of
cardiac muscle calcium release channel (ryanodine receptor).
J. Biol. Chem., 276, 20144-20153.

BERESEWICZ, A. & HORACKOVA, M. (1991). Alterations in electrical
and contractile behavior of isolated cardiomyocytes by hydrogen
peroxide: possible ionic mechanisms. J. Mol. Cell. Cardiol., 23,
899-918.

BERS, D.M. (2001). Excitation—Contraction Coupling and Cardiac
Contractile Force, 2nd edn. Boston: Kluwer Academic Press
Publishers.

BORASO, A. & WILLIAMS, A.J. (1994). Modification of the gating of
the cardiac sarcoplasmic reticulum Ca®")-release channel by H,0,
and dithiothreitol. Am. J. Physiol., 267, HI010-H1016.

BRADLEY, W.R. & FREDERICK, W.G. (1941). The toxicity of
antimony. Ind. Med., 2, 15-22.

BROMBERGER-BARNEA, B. & STEPHENS, N.L. (1965). Effects of
antimony on myocardial performance in isolated and intact canine
hearts. Am. Ind. Hyg. Assoc. J., 26, 404-408.

CERBAL E., AMBROSIO, G., PORCIATTI, F., GIOTTI, A. & MUGELLI,
A. (1991). Cellular electrophysiological basis for oxygen radical-
induced arrhythmias. A patch-clamp study in guinea-pig ventricular
myocytes. Circulation, 84, 1773-1782.

CHULAY, J.D., SPENCER, H.C. & MUGAMBI, M. (1985). Electro-
cardiographic changes during treatment of leishmaniasis with
pentavalent antimony (sodium stibogluconate). Am. J. Trop. Med.
Hyg., 34, 702-709.

COTTON, M.V. & LOGAN, M. (1966). Effects of antimony on the
cardiovascular system and intestinal smooth muscle. J. Pharmacol.
Exp. Ther., 151, 7-22.

DAVIS, AJ., MURRAY, HW. & HANDMAN, E. (2004). Drugs against
leishmaniasis: a synergy of technology and partnerships. Trends
Parasitol., 20, 73-76.

DE BEER, E.L., BOTTONE, A.E. & VOEST, E.E. (2001). Doxorubicin
and mechanical performance of cardiac trabeculae after acute and
chronic treatment: a review. Eur. J. Pharmacol., 415, 1-11.

FERREIRA, C.S., MARTINS, P.S., DEMICHELI, C., BROCHU, C.,
OUELETTE, M. & FREZARD, F. (2003). Thiol-induced reduction of
antimony (V) into antimony (III): a comparative study with
trypanothione, cysteinyl-glycine, cysteine and glutathione. BioMe-
tals, 16, 441-446.

FREZARD, F., DEMICHELI, C., FERREIRA, C.S. & COSTA, M.A.
(2001). Glutathione-induced conversion of pentavalent antimony to
trivalent antimony in meglumine antimoniate. Antimicrob. Agents
Chemother., 45, 913-916.

GANNIER, F., BERNANGO, J.-C., JACQUEMOND, V. & GARNIER, D.
(1993). Measurement of sarcomere dynamics simultaneously with
auxotonic force in isolated cardiac cells. IEEE Trans. Biomed. Eng.,
40, 1226-1232.

GANNIER, F., LIGNON, J., PAYANDEH, B. & BERNENGO, J.-C.
(1998). High speed sarcomere measurements in isolated cardiomyo-
cytes during contraction. Biophys. J., 74, A153.

HANDMAN, E. (2001). Leishmaniasis: current status of vaccine
development. Clin. Microbiol. Rev., 14, 229-243.

HEPBURN, N.C.,, NOLAN, J., FENN, L., HERD, R.M., NEILSON, J.M.,
SUTHERLAND, G.R. & FOX, K.A. (1994). Cardiac effect of sodium
stibogluconate: myocardial, electrophysiological and biochemichal
studies. Q. J. Med., 87, 465-472.

HURST, J.W. (1998). Naming of the waves in the ECG, with a brief
account of their genesis. Circulation, 98, 1937-1942.

JOSEPHSON, R.A., SILVERMAN, H.S., LAKATTA, E.G., STERN, M.D.
& ZWEIER, J.L. (1991). Study of the mechanisms of hydrogen
peroxide and hydroxyl free radical-induced cellular injury
and calcium overload in cardiac myocytes. J. Biol. Chem., 266,
2354-2361.

KOCH-WESER, J. & BLINKS, J. (1963). The influence of the interval
between beats on myocardial contractility. Pharmacol. Rev., 15,
601-652.

KOURIE, J.I. (1998). Interaction of reactive oxygen species with ion
transport mechanisms. Am. J. Physiol., 275, C1-C24.

LANGO, R., SMOLENSKI, R.T., NARKIEWICZ, M., SUCHORZEWSKA,
J. & LYSIAK-SZYDLOWSKA, W. (2001). Influence of L-carnitine and
its derivatives on myocardial metabolism and function in ischemic
heart disease and during cardiopulmonary bypass. Cardiovasc. Res.,
51, 21-29.

LE GUENNEGC, J.-Y., PEINEAU, N., ESNARD, F., LACAMPAGNE, A.,
GANNIER, F., ARGIBAY, J.A., GAUTHIER, F. & GARNIER, D.
(1993). A simple method for calibration of collagenase/protease E
ratio to optimise heart cells isolation. Biol. Cell., 79, 161-165.

LU, S.T. & LIU, H. (1963). A survey of short-course antimony tartrate
therapy for Schistosomiasis japonica in China. Chin. Med. J., 82, 46-54.

MAIER, L.S., BERS, D.M. & PIESKE, B. (2000). Difference in Ca(2 +)-
handling and sarcoplasmic reticulum Ca(2 + )-content in isolated rat
and rabbit myocardium. J. Mol. Cell. Cardiol., 32, 2249-2258.

MATZ, J., ALBRECHTSEN, S., HOJELSE, F. & PETERSEN, J. (1998).
Reliable ECG recordings in concious, freely moving guinea-pig: an
animal model for electrocardiographic effects of proarrhythmic
drugs. General Pharmacology & Safety Pharmacology Annual
Meeting. October 5-6, 1998. Telemetry Times Online. vol. 13-2
http://www.datasci.com/Telemetry_Times.

MIJARES, A. & LOPEZ, J.R. (2001). L-carnitine prevents increase in
diastolic [Ca®*] induced by doxorubicin in cardiac cells. Eur. J.
Pharmacol., 425, 117-120.

MOLNAR, J., WEISS, J., ZHANG, F. & ROSENTHAL, J. (1996).
Evaluation of five QT correction formulas using a software-assisted
method of continuous QT measurement from 24-hours Holter
recordings. Am. J. Cardiol., 78, 920-926.

ORTEGA-CANICER, J., ALCAZA, R., DE LA TORRE, M. & BENEZET,
J. (1997). Pentavalent antimonial-induced torsade de pointes.
J. Electrocardiol., 30, 143—145.

PAULY, D.F. & PEPINE, C.J. (2003). The role of carnitine in myocardial
dysfunction. Am. J. Kidney, 41 (Suppl. 4), S35-S43.

PIESKE, B., MAIER, L.S, BERS, D.M. & HASENFUSS, G. (1999). Ca>*
handling and sarcoplasmic reticulum Ca®" content in isolated
failing and non failing human myocardium. Circ. Res., 85, 38-46.

RIBEIRO, A.L., DRUMMOND, J.B., VOLPINI, A.C., ANDRADE, A.C. &
PASSOS, V.M. (1999). Electrocardiographic changes during low-
dose, short-term therapy of cutaneous leishmaniasis with the
pentavalent antimonial meglumine. Braz. J. Med. Biol. Res., 32,
297-301.

ROBERTS, W.L., BERMAN, J.D. & RAINEY, P.M. (1995). In vitro
antileishmanial properties of tri- and pentavalent antimonial
preparations. Antimicrob. Agents Chemother., 39, 1234-1239.

SERENO, D., CAVALEYRA, M., ZEMZOUMI, K., MAQUAIRE, S.,
OUAISSI, A. & LEMESRE, J.L. (1998). Axenically grown amasti-
gotes of Leishmania infantum used as an in vitro model to investigate
the pentavalent antimony mode of action. Antimicrob. Agents
Chemother., 42, 3097-3102.

SHAKED-MISHAN, P., ULRICH, N., EPHROS, M. & ZILBERSTEIN, D.
(2001). Novel Intracellular SbY reducing activity correlates with
antimony susceptibility in Leishmania donovani. J. Biol. Chem.,
276, 3971-3976.

SHIMIZU, W. & ANTZELEVITCH, C. (1999). Cellular and ionic basis
for T-wave alternans under long-QT conditions. Circulation, 99,
1499-1507.

SINGAL, P.K., MAC LEOD, B. & DEALLY, C.M. (1988). Adriamycin-
induced leakage of lysosomal enzymes in vitro. Mol. Cell. Biochem.,
81, 89-94.

SIPIDO, K.R., VOLDERS, P.G.A., DE GROOT, S.H.M., VERDONCK, F.,
VAN DE WERF, F., WELLENS, HJJ. & VOS, M.A. (2000).
Enhanced Ca?" release and Na/Ca exchange activity in hypertro-
phied canine ventricular myocytes. Potential link between contrac-
tile adaptation and arrhythmogenesis. Circulation, 102, 2137-2144.

SNAWDER, J.E., TIRMENSTEIN, M.A., MATHIAS, P.I. & TORAASON,
M. (1999). Induction of stress proteins in rat cardiac myocytes by
antimony. Toxicol. Appl. Pharmacol., 159, 91-97.

STRAUSS, M., ANSELMI, G., HERMOSO, T. & TEJERO, F. (1998).
Carnitine promotes heat shock protein synthesis in adriamycin-
induced cardiomyopathy in a neonatal rat experimental model.
J. Mol. Cell. Cardiol., 30, 2319-2325.

British Journal of Pharmacology vol 144 (1)



M. Alvarez et al

Antimony and L-carnitine induced cardioprotection 27

SUN, H., YAN, S.C. & CHENG, W.S. (2000). Interaction of antimony
tartrate with the tripeptide glutathione implication for its mode of
action. Eur. J. Biochem., 267, 5450-5457.

SUNDAR, S. (2001). Drug resistance in Indian visceral leishmaniasis.
Trop. Med. Int. Health, 6, 849-854.

TAKUR, C.P., SINHA, G.P., PANDEY, A.K., KUMAR, N., KUMAR, P.,
HASSAN, S.M., NARAIN, S. & ROY, R.K. (1998). Do the
diminishing efficacy and increasing toxicity of sodium stibogluco-
nate in the treatment of visceral leishmaniasis in Bihar, India, justify
its continued use as a first-line drug? An observational study of 80
cases. Ann. Trop. Med. Parasitol., 92, 561-569.

TIRMENSTEIN, M.A., MATHIAS, P.I., SNAWDER, J.E., WEY, HE. &
TORAASON, M. (1997). Antimony-induced alterations in thiol
homeostasis and adenine nucleotide status in cultured cardiac
myocytes. Toxicology, 119, 203-211.

TIRMENSTEIN, M.A., PLEWS, P.I, WALKER, C.V., WOOLERY, M.D.,
WEY, H.E. & TORAASON, M. (1995). Antimony-induced oxidative
stress and toxicity in cultured cardiac myocytes. Toxicol. Appl.
Pharmacol., 130, 41-47.

TOKUBE, K., KIYOSUE, T. & ARITA, M. (1996). Openings of cardiac
Katp channel by oxygen free radicals produced by xanthine oxidase
reaction. Am. J. Physiol., 271, H478-H489.

TORAASON, M., WEY, H.E., RICHARDS, D.E., MATHIAS, P.I. &
KRIEG, E. (1997). Altered Ca’" mobilization during excitation—
contraction in cultured cardiac myocytes exposed to antimony.
Toxicol. Appl. Pharmacol., 146, 104—115.

UNDP-WORLD BANK-WHO SPECIAL PROGRAMME FOR
RESEARCH AND TRAINING IN TROPICAL DISEASES
Leishmaniasis. http://www.who.int/tdr/diseases/leish/default.htm.

WEY, H.E., RICHARDS, D., TIRMENSTEIN, M.A., MATHIAS, P.I. &
TORAASON, M. (1997). The role of intracellular calcium in
antimony-induced toxicity in cultured cardiac myocytes. Toxicol.
Appl. Pharmacol., 145, 202-210.

YAN, G.X. & ANTZELEVITCH, C. (1998). Cellular basis for the normal
T wave and the electrocardiographic manifestations of the long-QT
syndrome. Circulation, 98, 1928-1936.

YAN, S., LI, F., DING, K. & SUN, H. (2003). Reduction of pentavalent
antimony by trypanothione and formation of a binary and ternary
complex of antimony (III) by trypanothione. J. Biol. Inorg. Chem.,
8, 689-697.

ZEIDAN, Q., STRAUSS, M., PORRAS, N. & ANSELMIL G. (2002).
Differential long-term subcellular responses in heart and liver to
adriamycin stress. Exogenous L-carnitine cardiac and hepatic
protection. J. Submicrosc. Cytol. Pathol., 34, 315-321.

ZHOU, Y., MESSIER, N., OUELETTE, M., ROSEN, B.P. &
MUKHOPADHYAY, R. (2004). Leishmania major LmACr2 is a
pentavalent antimony reductase that confers sensitivity to the drug
Pentostam. J. Biol. Chem., 279, 37445-37451.

( Received July 16, 2004
Revised September 16, 2004
Accepted September 20, 2004)

British Journal of Pharmacology vol 144 (1)



