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Abstract We have compared the cardiotoxicity of 3 an-
thracyclines in a model of isolated perfused rat heart using
the Langendorff technique. The contractile state and ven-
tricular compliance were studied. Doxorubicin, epirubicin
and pirarubicin were perfused at concentrations of 10-6 and
105 M during 70 min. The cardiac accumulation of the
drugs was studied by HPLC. No significant alteration of
cardiac functional parameters was observed at 10-6 M. At
10-5 M, epirubicin produced a significantly greater altera-
tion of cardiac contractility than doxorubicin, whereas
pirarubicin exerted first an inotropic effect followed by a
recovery to initial values at the 60th min. Anthracycline
accumulation in the heart was dose-dependent; epirubicin
accumulated to a 30% greater extent than doxorubicin and
pirarubicin heart concentrations were 4-5 times higher
than those of doxorubicin at the end of the perfusion.
These results suggest that doxorubicin and epirubicin
have the same intrinsic cardiac toxicity, and that their
distinct clinical cardiotoxicity must be explained by phar-
macokinetic differences, whereas pirarubicin is much less
cardiotoxic than the other anthracyclines because of differ-
ent pharmacodynamic properties.
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Introduction

Doxorubicin is an effective anthracycline antibiotic used in
the treatment of hematologic malignancies and solid
tumors. However, both acute and chronic dose-related and
irreversible cardiotoxicity limit the use of doxorubicin and
other anthracyclines [1]. Numerous anthracycline analo-
gues have been synthesized and tested in attempts to obtain
potent anthracyclines that are less cardiotoxic [2]. A
fundamental assumption of this continued development is
that the cardiotoxic and cytotoxic effects of anthracyclines
can be divorced from one another, that is, they are the result
of different mechanisms [3]. Among the new anthracyclines
developed by the pharmaceutical industry and brought to
routine clinical use are epirubicin (4’-epidoxorubicin) and
pirarubicin (4'-O-tetrahydropyranyldoxorubicin). Both of
these have been shown to display similar or better anti-
tumour activity and to cause less cardiac toxicity than
doxorubicin in preclinical models as well as in early
clinical trials {4-6]. No definitive explanation has been
brought forward to explain this reduced cardiotoxicity. It
has been hypothesized, however, that it could result from
pharmacokinetic and metabolic differences between the
drugs [7] or from the inability of these drugs to produce
free radicals upon one-electron reduction, a reaction that is
well known to occur with doxorubicin [8].

For the preclinical evaluation of anthracycline cardio-
toxicity and its eventual modulation by cardioprotectors, we
used the isolated, perfused rat-heart preparation of Langen-
dorff. We compared the cardiac contractility and myocar-
dial drug uptake obtained following the perfusion of
anthracyclines in this preparation. The anthracyclines
tested were the reference molecule doxorubicin and the
newly clinically available anthracyclines epirubicin and
pirarubicin. The objectives of the study were to evaluate
the value and the limits of this ex vivo model for the
prediction of anthracycline cardiotoxicity in humans. The
relationships that can be established in this model between
the decrease in cardiac contractility and the accumulation
of anthracyclines in the heart could prove to be useful for
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the preclinical screening of new anthracyclines as well as
for new forms of administration of these drugs (encapsula-
tion in liposomes, complexation with macromolecules).

Materials and methods
Drugs

Anthracyclines were obtained from Laboratoire Bellon (daunorubicin,
pirarubicin) and from Farmitalia (doxorubicin, epirubicin). They were
diluted to 2 mg/ml with sterile water, aliquoted, and kept frozen for
subsequent use.

Perfusion of isolated rat heart

Male Sprague-Dawley rats weighing 400-450 g were heparinized i.p.
(500 TU/100 g) and anaesthetized with diethyl ether. The heart was
quickly excised and briefly placed in a Krebs-Henseleit solution at
4 °C. Coronary perfusion was initiated through a short cannula in the
aortic root and maintained at a constant pressure of 92.81+1.9 mmHg
in a nonrecirculating way using the Langendorff technique as described
by Lorell et al. [9]. Perfusion pressure was measured by a Px»Db
transducer (Bentley Trantec) connected to the aortic infusion cannula.
The heart was electrically paced at a rate of 300 beats/min (5 Hz)
through a stimulator-activated stainless-steel electrode placed on the
heart. A latex balloon attached to one end of a polyethylene catheter
was placed in the left ventricle through the mitral valve. The catheter
was filled with water and the other end was linked to an electronic
amplifier (Thomson Medical) via a second P23Db transducer. The
coronary perfusion pressure and left ventricular pressure were re-
corded on a computer that allowed continuous monitoring of the
heart rate, left ventricular systolic pressure (LVSP), left ventricular
end-diastolic pressure (LVEDP), left ventricular developed pressure
(LLVDP), and the maximal and minimal first derivatives of the LVSP as
a function of time [LV(dP/dt)max and LV (dP/dt)min, respectively].

The perfusate consisted of modified Krebs-Henseleit buffer con-
taining 118 mM NaCl, 4.7 mM KCl, 1.2 mM MgSOs, 1.2 mM KH;POs,
25 mM NaHCOs, 11 mM glucose, 0.95 mM CaClz, and 10 TU insulin/l
(pH 7.4). It was continuously bubbled with a mixture of 95% 0»/5%
CO» and maintained at 37 °C. After 30 min of stabilization, the latex
balloon inserted into the left ventricle was dilated with distilled water
sufficiently to produce an LVEDP of 6 mmHg. The heart was perfused
for an additional 70 min with the Krebs-Henseleit buffer with or
without anthracycline at a concentration of 10-6 or 10-5 M.

Anthracycline accumulation

Intracardiac drug accumulation was estimated by high-performance
liquid chromatography (HPLC) as follows. Anthracyclines were
extracted from samples taken from the same area of the left ventricle
and weighing 148+20 mg. The samples were homogenized in
physiological saline (2 ml for 100 mg tissue) with a tissue homo-
genizer (Ultra-Turrax) and were kept frozen at —80 °C until extraction.
Anthracyclines were extracted from 0.5-ml aliquots of the homoge-
nates according to the method of Baurain et al. [10] by the addition of
0.5 mi borate buffer (50 mM, pH 9.8), 9 ml chloroform/methanol (4:1,
v/v), and an adequate amount of internal standard (daunorubicin). After
mixing and centrifugation (10 min at 3000 g), the solvent layer was
recovered, evaporated to dryness, and reconstituted in a small volume
of methanol. A calibration curve was obtained after incubation of heart
homogenates with anthracyclines in vitro for 15 min at room temper-
ature [11]. A good linearity from 0.015 to 1.5 nmol/mg tissue was
obtained.

Chromatography was performed on a uBondapak Cig column
(Waters Associates) measuring 30 x 0.39 cm. The solvent was a
mixture of ammonium formate buffer (60 mM, pH 4.0) and acetoni-
trile (66:34, v/v, for doxorubicin and epirubicin assay and 60:40, v/v,

for pirarubicin assay) and was delivered at 3 ml/min. Detection was
achieved with a Perkin-Elmer LS1 spectrofluorometer with the
excitation and emission wavelengths set at 480 and 592 nm, respec-
tively. Retention times and peak areas were recorded with a Perkin-
Elmer LCI-100 integrator. Under these conditions, the whole duration
of the chromatographic analysis of each sample did not exceed 6 min.

Statistical analysis of the data

Statistical comparisons between untreated and anthracycline-treated
groups were made by Student’s r-test; all data are expressed as mean
values T SD. Statistical significance was assessed for P values below
0.05.

Results
Effects of anthracyclines on cardiac functional parameters

No significant decrease was observed in the untreated
group (n = 8) after 70 min of perfusion, whatever the
cardiac functional parameter considered [LVSP, LVEDP,
LVDP, LV(dP/dt)max, or LV(dP/dt)min]. There was no sig-
nificant alteration in the different cardiac functional para-
meters measured during 70 min of perfusion when anthra-
cyclines were perfused at the concentration of 10-6 M,
whereas these parameters were reproducibly altered at
drug concentrations of 10-5 M.

Under doxorubicin perfusion, the LVDP decreased to
75% £ 4.5% of the initial value at the 70th min (P <0.001
versus control; Fig. 1 A). After the same perfusion period,
epirubicin induced a greater decrease in this parameter:
51%+5.4% of the initial value (P <0.001). In contrast,
pirarubicin induced a transient 15%-40% increase in the
LVDP, which persisted until the 30th min and was followed
by a recovery to the baseline value at the 60th min of
perfusion.

LV(dP/dt)max and LV(dP/dt)min reflect the contractility
and the relaxation state, respectively, of the left ventricular
isovolumic myocardium. Doxorubicin induced a statistical-
ly significant decrease in both parameters, LV(dP/dt)max
being lowered to 61%+4.2% (P <0.001; Fig. 1B) and
LV(dP/dt)min, to 72.4% £5.8% of the initial values
(P <0.001; Fig. 1C). Epirubicin induced a significantly
greater decrease in these parameters than did doxorubicin;
the LV(dP/dt)max decreased to 43.5% 1t 4.4% (P <0.001;
Fig. 1B) and the LV(dP/dt)min, to 46.9% £ 5.8% (P <0.001;
Fig. 1C) of the initial values. Pirarubicin, in contrast,
induced first a transient 20%-40% (P <0.01) increase in
both LV{(dP/dt)max (Fig. 1B) and LV(dP/dt)min (Fig. 1C) at
between 10 and 30 min of perfusion, followed by a
recovery to the initial values after the 60th min.

Cardiac accumulation of anthracyclines

Anthracycline accumulation in the heart was highly depen-
dent on the dose present in the perfusion liquid; when the
anthracycline concentration was increased from 106 to
10-5 M, the accumulation was augmented by a factor of
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Fig. 1A-C Effects of once-through perfusion of anthracyclines on
the cardiac functional parameters A LVDP, B LV(dP/dt)max, and C
LV(dP/dt)min. After 30 min of stabilization, the heart was perfused with
the Krebs-Henseleit solution without drug (M, » = 8) or with
doxorubicin (@, n = 7), epirubicin (&, n = 6), or pirarubicin (],
n = 7) at 10-5 M as described in Materials and methods. Data are
expressed as mean values T SD. Significant differences as compared
with controls: *P <0.05; **P <0.01; ***P <(.001

7.5-8 (Table 1). It seems that cardiac uptake must be very
rapid, since no difference in cardiac accumulation of
doxorubicin at 10-6 M occurred between 30 and 60 min
of perfusion (data not shown). Epirubicin accumulation in
the heart was 30% higher than that of doxorubicin, and

259

pirarubicin accumulation was even larger; its concentra-
tions in the left ventricle were 45 times higher than those
of doxorubicin after 70 min of perfusion of equimolar doses
(Table 1).

Discussion

We showed in this study that it was possible to follow the
acute cardiac toxicity of anthracyclines with the isolated,
perfused rat heart. The anthracycline concentrations capa-
ble of generating reproducible alterations in cardiac func-
tion are in the range of 10-6—10-5 M, which is pharmaco-
logically relevant in view of the circulating amounts of
these drugs observed after an i.v. bolus [12].

The adverse effects of doxorubicin on cardiac function
have been extensively described [13-16] but the mechan-
isms of this cardiac toxicity remain unclear. It is likely,
however, that these mechanisms are different from those
involved in the cytotoxicity of this drug and its analogues
[3, 17], and sustained research efforts aimed at dissociating
these two activities are therefore worthwhile.

Paradoxically, epirubicin, which has shown a lower
degree of cardiac toxicity than doxorubicin in animal
models, including the rat [18, 19], and in clinical use
[20], exerts in our model a greater effect on cardiac
contractility than does doxorubicin. This might be due to
the observation that the disposition of these drugs in the
whole body are different, epirubicin having a higher
volume of distribution and a shorter half-life than doxoru-
bicin [21, 22]; under these conditions, the plasma concen-
trations of epirubicin are systematically lower than those of
doxorubicin after equimolar administration. In our mode] of
isolated, perfused rat heart, the more pronounced cardiac
effects of epirubicin could be due to its increased tissue
uptake relative to doxorubicin. If the two molecules have
similar toxicity for equivalent intracardiac concentrations,
then the reduced cardiac toxicity of eptrubicin in vivo
would be essentially due to pharmacokinetic reasons [23].
In contrast, pirarubicin accumulates in the myocardium to
an even greater extent than epirubicin, probably due to its
very fast tissue uptake [24, 25]. Despite the extent of this
uptake, pirarubicin produced lesser effects, which would
indicate that it is much less pharmacologically active than
doxorubicin and epirubicin against the myocardium; its
reduced cardiotoxicity can therefore be attributed to phar-
macodynamic reasons.

The decrease we observed in heart contractility can be
entirely attributed to the drugs perfused. It should be
emphasized that there was no evident production of any
of the 13-dihydro metabolites in the myocardium, which
excludes the possibility of their role in the alteration in
cardiac function observed in our study. It has been
suggested by Olson et al. [17] and Mushlin et al. [26]
that doxorubicinol contributes to the cardiac toxicity of
doxorubicin in the rabbit. In view of the lower metabolic
conversion of epirubicin to epirubicinol, Sweatman and
Israel [27] have suggested that this metabolic difference
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Table 1 Relationship between cardiac dysfunction and anthracycline
accumulation in the heart after 70 min of perfusion. At the end of heart
perfusion with anthracycline, a sample of myocardium was taken from
the left ventricle to determine drug accumulation as described in

Materials and methods. In the control group, the LV(dP/dt}max
decreased to 97.8% 1 6.8% of the initial value. Data are expressed as
described in Materials and methods and represent mean values + SD
for at least six independent experiments

Drug 106 M 105 M
Drug accumulation LV(dP/dt)max, Drug accumulation LV(dP/dt)max,
(nmol/mg tissue) % of initial value (70 min) (nmol/mg tissue) % of initial value
Doxorubicin 0.040£0.003 10418 0.3210.03 61.014.2%
Epirubicin 0.055 £ 0.003** 103+4 0.411£0,04** 43.5+4.4%
Pirarubicin 0.190 % 0.005%* 96+6 1.4310.13*%* 90.0+10.6

*P <0.001 as compared with the control value
**P <0.001 as compared with the value obtained with doxorubicin

could be the cause of the decreased cardiac toxicity of this
drug as compared with doxotubicin. However, in our
model, the absence of the 13-dihydro metabolites means
that the difference in cardiac toxicity observed between
doxorubicin and epirubicin cannot be explained by meta-
bolic considerations.

Pirarubicin did not reduce cardiac contractility in our
model. It is noteworthy that it was not transformed into
doxorubicin in the myocardium. Doxorubicin is known to
be a metabolite of pirarubicin in humans, although its
concentration after pirarubicin administration rules out the
consideration of pirarubicin as a prodrug of doxorubicin
[28]. In view of the absence of cardiac toxicity of pira-
rubicin in the isolated heart, the congestive heart failures
observed in humans treated with cumulative doses of
pirarubicin exceeding 1000 mg/m2 [6] could well be due
to the presence of significant amounts of doxorubicin in the
circulation after pirarubicin administration.

All contractile parameters were altered by the perfusion
of anthracyclines at a concentration of 10-5 M. We did not
explore in this study the electrophysiological properties and
the spontaneous heart rate; when alterations in these
parameters are produced by anthracyclines, they are gen-
erally transient and reversible and are therefore not indica-
tive of a functional alteration in the myocardium. Using
pirarubicin in the isolated, perfused rat heart, Del Tacca et
al. [29] observed a transient positive inotropic effect
followed by a considerable decrease in developed tension
to values inferior to those obtained in control experiments.
Although we also observed a transient positive inotropic
effect with this drug, we observed no subsequent decrease
in developed pressure. This discrepancy can be explained
by the observation that we applied a constant stimulation to
the heart throughout our experimental protocol; several
studies have shown that electrical pacing is desirable,
allowing a constant heart rate and a precise and reproduci-
ble measurement of cardiac function [30]. Moreover, the
measurement of developed tension of cardiac fibers in the
isolated whole heart, which has been used by Del Tacca et
al. [29], might not be reliable because the ventricular
myocardium does not feature the homogeneous alignment
of muscle fibers seen in other parts of the heart such as the
papillary muscle or atria. Hirano et al. [31] and Temma et
al. [32] also observed a positive inotropic effect with

pirarubicin, without any decrease in cardiac contractile
force; our results are in agreement with these findings. At
the doxorubicin concentration used in this study (10-5 M),
we did not observe the positive inotropic effect described
by some authors [13, 31]. This discrepancy is probably due
to differences in the models or techniques used.

The mechanisms of cardiac toxicity of anthracyclines
remain elusive and cannot be inferred from our work.
However, there are marked differences between epirubicin
and pirarubicin in their effect on cardiac contractility. These
could be due to differences in the generation of toxic free-
radical species or lipid peroxides or could result from
perturbations of cytosolic calcium homeostasis; the model
of isolated, perfused rat heart provides a tool for the
understanding of these processes. These approaches are
presently being investigated in our laboratory.
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