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1 The anticancer anthracycline doxorubicin (DOX) causes cardiomyopathy upon chronic admin-
istration. There is controversy about whether DOX acts directly or after conversion to its secondary
alcohol metabolite DOXol. Here, the role of secondary alcohol metabolites was evaluated by treating
rats with cumulative doses of DOX or analogues — like epirubicin (EPI) and the novel disaccharide
anthracycline MEN 10755 — which were previously shown to form less alcohol metabolites than DOX
when assessed in vitro.

2 DOX induced electrocardiographic and haemodynamic alterations, like elongation of QuT or SaT
intervals and suppression of isoprenaline-induced dP/d¢ increases, which developed in a time-
dependent manner and were accompanied by cardiomegaly, histologic lesions and mortality. EPI
caused less progressive or severe effects, whereas MEN 10755 caused essentially no effect.

3 DOX and EPI exhibited comparable levels of cardiac uptake, but EPI formed ~60% lower
amounts of its alcohol metabolite EPIol at 4 and 13 weeks after treatment suspension (P<0.001 vs
DOX). MEN 10755 exhibited the lowest levels of cardiac uptake; hence, it converted to its alcohol
metabolite MEN 1075501 ~40% less efficiently than did EPI to EPIol at either 4 or 13 weeks.
Cardiotoxicity did not correlate with myocardial levels of DOX or EPI or MEN 10755, but correlated
with those of DOXol or EPIol or MEN 1075501 (P =0.008, 0.029 and 0.017, respectively).

4 DOX and EPI inactivated cytoplasmic aconitase, an enzyme containing an Fe — S cluster liable to
disassembly induced by anthracycline secondary alcohol metabolites. DOX caused greater
inactivation of aconitase than EPI, a finding consistent with the higher formation of DOXol vs
EPIol. MEN 10755 did not inactivate aconitase, which was because of both reduced formation and
impaired reactivity of MEN 1075501 toward the Fe—S cluster. Aconitase inactivation correlated
(P<0.01) with the different levels of cardiotoxicity induced by DOX or EPI or MEN 10755.

5 These results show that (i) secondary alcohol metabolites are important determinants of
anthracycline-induced cardiotoxicity, and (i) MEN 10755 is less cardiotoxic than DOX or EPI, a

behaviour attributable to impaired formation and reactivity of its alcohol metabolite.
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Introduction

Clinical use of the anticancer anthracycline doxorubicin
(DOX) is limited by the possible development of progressive
cardiomyopathy, especially when the cumulative dose reaches
or exceeds ~500—550mgm~> (Singal & Iliskovic, 1998;
Minotti et al., 1999). The mechanisms of anthracycline-
induced cardiotoxicity remain a matter of debate, but some
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peculiar structure — activity relations have been clarified. As
shown in Figure 1, DOX is composed of aglyconic and sugar
moieties. The aglycone, called doxorubicinone, is composed of
a quinone-containing tetracyclic ring, and of a short side chain
with a carbonyl group at C-13 and a primary alcohol at C-14;
the sugar, called daunosamine, is attached by a glycosidic
bond to C-7 of the tetracyclic ring, and consists of a 3-amino-
2,3,6-trideoxy-L-fucosyl moiety. One-electron redox cycling of
the quinone moiety, mediated by NAD(P)H oxidoreductases
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Figure 1 Structures of doxorubicin, epirubicin and MEN 10755.
The arrows indicate epimerization at C-4 in daunosamine (epir-
ubicin); lack of a methoxy group at C-4 in the aglycone, and
intercalation of 2,6-dideoxy-L-fucose between the aglycone and
daunosamine (MEN 10755).

of intracellular organelles, may contribute to inducing
cardiotoxicity by converting oxygen to reactive species like
superoxide anion (O;7) and hydrogen peroxide (H,O,) while
also releasing iron from ferritin. These processes eventually
favour iron-catalysed formation of hydroxyl radicals or similar
reactive species able to induce oxidative damage (Singal &
Iliskovic, 1998; Minotti et al., 1999).

An additional determinant of cardiotoxicity has been
identified in the enzymatic conversion of DOX to its secondary
alcohol metabolite doxorubicinol (DOXol), mediated by
cytoplasmic aldo/keto- or carbonyl-reductases, which add
two electrons to the side chain carbonyl group (-CO-
CH,OH —-CHOH-CH,OH). In fact, studies with transgenic
mice bearing cardiac-restricted overexpression of carbonyl
reductases have shown that an increased conversion of DOX
to DOXol is accompanied by an accelerated course of
development of cardiomyopathy (Forrest et al., 2000). Indirect
evidence for the action of secondary alcohol metabolites is
offered also by the different behaviour of analogues char-
acterized by reduced levels of conversion to such metabolites.
For example, there is clinical evidence that epirubicin (EPI),
characterized by axial-to-equatorial epimerization of a hydro-
xyl group in daunosamine (Figure 1), induces cardiomyopathy
at cumulative doses almost double those of DOX (Robert,
1993); this correlates with a ~50% reduction in alcohol
metabolite formation when EPI is compared to DOX in
cytosolic fractions derived from human myocardium (Minotti
et al., 2000). MEN 10755, an investigational anthracycline, is
similar to EPI in producing ~50% less alcohol metabolite
than DOX when assessed in human cardiac cytosol (Minotti
et al., 2000); however, MEN 10755 is characterized also by
reduced cardiac uptake in mice (Gonzalez-Paz et al., 2001) or
rat isolated heart (Minotti et al., 2001a). The behaviour of
MEN 10755 reflects more extensive modifications of the
anthracycline molecule, like absence of the methoxy group at

C-4 in doxorubicinone and intercalation of 2,6-dideoxy-L-
fucose between doxorubicinone and daunosamine (Figure 1).
Previous studies showed that MEN 10755 induced less severe
or progressive cardiomyopathy than DOX in the rat, but
whether its improved tolerability reflected reduced cardiac
uptake and/or impaired conversion to alcohol metabolite was
not determined (Cirillo et al., 2000).

The present study was designed to improve our knowledge
of the role of alcohol metabolites vs parent anthracyclines and
to evaluate their impact on the development of cardiotoxicity
induced by MEN 10755 vs approved anthracyclines like DOX
or EPI. To obtain this information, rats were treated with
cumulative doses of DOX or EPI or MEN 10755, and
morphologic or functional indices of cardiomyopathy were
correlated with the cardiac levels of unmetabolized anthracy-
clines or secondary alcohol metabolites, and with biochemical
indices of alcohol metabolite reactivity.

Methods
Study design

After 2 weeks of acclimatization, 6-week-old male Sprague —
Dawley rats (Harlan, Corezzana, Milano, Italy) were injected
through a tail vein with either vehicle or 1.5 mgkg~! DOX, EPI
or MEN 10755, once a week for five consecutive weeks. This
dose regimen caused comparable myelotoxic effects, as
evidenced by similar decreases in white blood cells at 3 days
after the last administration of either drug (Mazué et al., 1995;
Cirillo et al., 2000). At 3 days and 4 or 13 weeks after
treatment completion, animals were anaesthetized with
0.3mlkg™" of Hypnorm (fentanyl citrate 0.315mgml~" and
fluanisone 10mgml~") plus 40 - 60mgkg~"' of sodium pento-
barbitone, both given intraperitoneally, and ECG tracings
were recorded. Following the induction of anaesthesia, the
animals were subjected to surgical preparation for monitoring
haemodynamic parameters. At the end of each experiment,
hearts were arrested in diastole by cadmium chloride injection,
excised and fixed in 10% buffered formol saline. Unfixed
ventricle samples from 4 or 13 weeks post-treatment groups
were stored at —80°C until used for biochemical analyses
(anthracycline content and composition, aconitase activity).
The schedule was modified for DOX-treated rats, which were
examined at 12 rather than 13 weeks because of excessive
mortality; nevertheless, for the sake of clarity, all final
evaluations are referred to as performed at 13 weeks.

Electrocardiographic measurements

ECG tracings (lead II) were recorded by means of a BM 613
electrocardiograph (Biomedica Mangoni, Pisa, Italy) con-
nected to an Astro-Med polygraph recorder (Astro-Med, West
Warwick, U.S.A.). ECG tracings were analysed by measuring
QRS voltage (from the isoelectric point to the apex of R wave)
and QoT and SoT or QRS intervals (from the beginning of the
first wave to the apex of the last wave).

Haemodynamic measurements

The animals, anaesthetized as indicated above, were placed in
a homeothermic blanket system to maintain the body
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temperature at 37°C. The trachea was exposed and a
polyethylene cannula was inserted to facilitate the spontaneous
respiration. A catheter (angiocath 24 G, Becton Dickinson,
U.S.A.) was inserted into a tail vein for infusion of sodium
pentobarbitone (Smgml~'; 0.5—-3mlh™") to maintain anaes-
thesia and/or inject other substances. Blood pressure (BP) was
measured by means of a polyethylene cannula (PE 50) filled
with heparinized saline (25UIml™") inserted into the left
femoral artery. The cannula was connected to a transducer
(Transpack, Abbott, North Chicago, U.S.A.) and the signal
was amplified by means of a BM 614/2 amplifier (Biomedica
Mangoni, Pisa, Italy). Left ventricular systolic pressure
(LVSP) was measured by means of a Millar mikro-tip
transducer catheter inserted in the left ventricle via the right
carotid artery, and the signal was amplified by means of a BM
614/2 amplifier (Biomedica Mangoni, Pisa, Italy). BP and
LVSP were sent to, and recorded by a digital acquisition
system (Ponemah, Gould G.N. Systems, Milano, Italy), which
elaborated derived parameters like systolic blood pressure
(SBP), diastolic blood pressure (DBP), mean blood pressure
(MBP), heart rate (HR), left ventricular end diastolic pressure
(LVEDP), maximum value of the first derivative of LVSP (dP/
d#) and contractility index (CI). All parameters were recorded
at baseline and following intravenous administration of
increasing doses (0.01, 0.03, 0.1, 0.3 and 1ugkg™") of
isoprenaline (administered at 10 — 15 min intervals).

Histology

After fixation, each heart was embedded in 5 um thick paraffin
sections and stained with hematoxylin/eosin/trichrome. Ven-
tricles and atria were evaluated and scored separately.
Cardiotoxicity was evaluated in terms of severity of lesions
and extent of damage (Bertazzoli et al., 1979). Severity was
scored grade 1 (sarcoplasmic microvacuolizations and/or
inclusions and interstitial or cellular oedema) or grade 2 (as
grade 1 plus sarcoplasmic macrovacuolization or atrophy,
necrosis, fibrosis, endocardial lesions, and thrombi). The
extent of damage was scored grade 0 (no lesions); grade 0.5
(<10 single altered myocytes in whole heart section); grade 1
(scattered single altered myocytes); grade 2 (scattered small
groups of altered myocytes); grade 3 (widely spread small
groups of altered myocytes); grade 4 (confluent groups of
altered myocytes); and grade 5 (most cells damaged). Altered
myocytes were those exhibiting grade 1 or 2 lesions, as
described for severity. For each animal, the final cardiotoxicity
score was calculated based upon a multiple of the numerical
values assigned for the severity and extent of lesions.

Biochemical analyses

Left ventricle samples from 4 or 13 weeks post-treatment
groups were split into two samples and assayed for anthracy-
cline content and composition or cytoplasmic aconitase. For
anthracycline measurements, ventricle samples were minced
and washed in 2ml of ice-cold 0.3mM NaCl, pH 7.0,
homogenized and extracted with a four-fold excess of (1:1)
CHCI;/CH;0H. The organic phases were recovered, pooled
and dried under vacuum. Dry residues were dissolved in 200 pl
of methanol and cleared of gross particulates by low-speed
centrifugation. The supernatants were vacuum-dried and
residues were suspended in 20 — 50 ul of methanol for analysis

by two-dimensional TLC on 0.25mm (20 x 20cm) Silica Gel
F,s4 plates (Merck, Darmstadt, Germany). Mobile phases and
R; values have been reported in detail (Minotti et al., 2000).
After identification by co-chromatography with authentic
standards, parent anthracyclines and secondary alcohol
metabolites were eluted and quantified by fluorescence
spectroscopy (Minotti et al., 2000). Values were expressed as
nanomol per gram (wet weight). For cytoplasmic aconitase
assays, ventricle samples were processed for cytosol prepara-
tion by sequential homogenization, ultracentrifugation and
65% ammonium sulphate precipitation of 105,000 x g super-
natants; cis-aconitate (0.1 mM) was included throughout to
stabilize the catalytic [4Fe — 4S] cluster of this enzyme (Minotti
et al., 2001b). After extensive dialysis against 0.3M NaCl to
remove contaminants and residual cis-aconitate, proteins were
measured by the bicinchoninic acid method (Stoscheck, 1990),
and aconitase activity was determined by reconstituting
cytosol (15-30ugml™") with excess cis-aconitate (100 uM)
and by monitoring substrate consumption at 240nm
(e=3.6mM 'cm™!), precisely as described (Minotti et al.,
2000). Authentic aconitase activity was confirmed by suppres-
sion of cis-aconitate consumption by the pseudosubstrate-
inhibitor d,/-fluorocitrate (100 uM). All measurements were
performed before and after 5 min preincubation of cytosol with
cysteine and ferrous ammonium sulphate at the final ratios of
1000 and 50 nmol mg protein™', respectively. This treatment
was previously shown to reconstitute [4Fe—4S] clusters,
achieving maximal activation of aconitase (Minotti et al.,
2000).

Statistical analyses

Data are expressed as means +s.e. Unless otherwise indicated,
all differences were determined by one-way ANOVA followed
by Bonferroni’s test for comparisons between multiple groups.
Correlations were determined by one-tailed nonparametric
Spearman analysis; differences and correlations were consid-
ered to be significant when P<0.05.

Drugs and chemicals

MEN 10755 and MEN 1075501 were synthesized at the
Chemistry Department of Menarini Ricerche (Pomezia, Italy).
DOX and EPI were products of Pharmacia-Upjohn (Milan,
Italy). DOXol and EPIol were purified by us after NaBH,
reduction of DOX or EPI (Minotti et al., 2000). Anthracy-
clines were dissolved in the vehicle (1% lactose in sterile saline)
at a concentration of 0.15mgml~!. Both vehicle and anthra-
cyclines were administered at a dose volume of 10 mlkg™! body
weight. Hypnorm was from Janssen-Cilag (Saunderton,
Buckinghamshire, U.K.). Pentobarbital, isoprenaline and all
other chemicals were from Sigma Aldrich (Milan, Italy).

Results

Effects of anthracyclines on mortality, body and heart
weight and relative heart weight

Rats exposed to chronic anthracycline regimens were exam-
ined for changes in body and heart weight. Table 1 shows that
MEN 10755-treated rats exhibited the same gain in body
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weight as observed in the vehicle group, whereas DOX- or
EPI-treated rats exhibited significant weight losses. In the case
of DOX-treated rats, weight loss was P<0.001 vs vehicle or
MEN 10755 groups at both 4 and 13 weeks; in the case of EPI-
treated rats, a significant decrease was observed only at 13
weeks, reaching values intermediate between DOX and vehicle
groups (P<0.001 vs either group). DOX-treated rats exhibited
the lowest heart weights at all time points of post-treatment
examination, whereas EPI-treated rats exhibited increasing
heart weights, which essentially overlapped those of vehicle-
treated rats (see also Table 1). In regard to MEN 10755-treated
rats, there was a relatively minor but significant (P<0.05)
decrease in heart weight at 13 weeks but not at 3 days or 4
weeks. Having determined changes in body and heart weight,
we could calculate heart/body weight ratios (also referred to as
relative heart weight) that serve an index of cardiomegaly
induced by anthracyclines (Sacco et al., 2001). Figure 2a shows
that MEN 10755-treated rats exhibited the same relative heart
weight of vehicle-treated rats, whereas both DOX- and EPI-
treated rats exhibited time-related increases. This pattern
correlated with mortality in vehicle or anthracycline-treated
groups. In fact, Figure 2b shows that there was time-related
mortality among DOX- or EPI-treated groups (40 and 30%,
respectively) but not among vehicle- or MEN 10755-treated
groups. Thus, MEN 10755 seemed to induce less severe
systemic and cardiac-specific toxicities than DOX or EPI.

Effects of anthracyclines on ECG

The anthracycline regimens adopted in this study caused no
effects on heart rate or QRS duration and voltage (data not
shown); however, there were important effects on QuT and
SoT intervals. Significant (P<0.001) and progressive elonga-
tion of the QuT interval was observed in DOX-treated rats at
both 3 days and 4 or 13 weeks of post-treatment observation,
and an elongation of QuT was observed also with EPI at 4 or
13 weeks (P<0.05 vs vehicle), albeit less evident than that
induced by DOX (P<0.05 at 13 weeks). MEN 10755 caused
no effect on QuT at either time point (Figure 3a). The ECG-
tolerability of MEN 10755 vs DOX and EPI was confirmed
when the three anthracyclines were compared with regard to
elongation of the SoT interval, considered the most sensitive
and predictive ECG index of anthracycline-induced cardio-
toxicity (Danesi et al., 1986). As shown in Figure 3b, DOX

Table 1 Effects of anthracyclines on body and heart weight

induced significant and progressive elongation of the SoT
interval at all time points of observation (P<0.01 or 0.001 vs
vehicle at 3 days and 4 or 13 weeks, respectively). EPI caused a
significant elongation of SoT at both 3 days and 4 or 13 weeks
(P<0.05 and <0.01 vs vehicle, respectively); however, the
effects induced by EPI were significantly lower than those
induced by DOX (P<0.025 and <0.05 at 4 and 13 weeks,
respectively). Again, there was no appreciable elongation of
the SoT interval in MEN 10755-treated rats at either 3 days, or
4 or 13 weeks. These results showed that anthracyclines
induced ECG alterations according to a rank order DOX >
EPI>MEN 10755.

Effects of anthracyclines on basal or isoprenaline-
stimulated haemodynamic parameters

Rats exposed to chronic anthracycline regimens were eval-
uated for changes in haemodynamic parameters. Measure-
ments of HR, MBP, LVEDP and CI on day 3 and week 4 or 13
did not reveal significant effects induced by DOX or EPI and
MEN 10755 as compared to vehicle (not shown). Sporadic
changes were noticed in regard to LVSP and dP/dsz. Rats
treated with anthracyclines exhibited moderate but significant
increase of LVSP at 3 days (mmHg: 135+5 (n=9), 145+4
(n=10) and 141+6 (n=9) vs 11943 (n=38) for DOX, EPI
and MEN 10755 vs vehicle, respectively; P<0.05 (DOX, MEN
10755) or P<0.01 (EPI)); however, there was no significant
difference between vehicle and anthracycline groups when
LVSP was evaluated at 4 and 13 weeks. Anthracyclines
induced some effects also on dP/d¢. At 3 days there was no
significant difference between vehicle and anthracycline
groups, but rats treated with DOX exhibited reduced dP/d¢
as compared to rats treated with EPI or MEN 10755 (mmHg/s:
6264+391 (n=9), 7667 +232 (n=10) and 74284229 (n=38)
for DOX, EPI and MEN 10755, respectively; P<0.01 for
DOX vs EPI, and P<0.05 for DOX vs MEN 10755). At 4
weeks, vehicle- and anthracycline-treated rats exhibited
comparable dP/dz, but at 13 weeks DOX-treated rats exhibited
reduced dP/dt vs vehicle- or MEN 10755-treated rats (mmHg/
s: 49194772 (n=6) vs 6829+281mmHg (n=10) and
6862+162 (n=9); P<0.05). Collectively, these results showed
that chronic anthracycline treatments perturbed haemody-
namic parameters measured under basal conditions; however,
the effects of anthracyclines seemed to vary from one

Body weight (g)
Vehicle

DOX

EPI

MEN 10755

Heart weight (g)
Vehicle

DOX

EPI

MEN 10755

Day 3
Mean+s.e. (n)

38346 (8)
336+ 10 (10)
356+4 (10)
344+ 5 (10)

1.3140.03 (8)
1.1440.032 (10)**
1.2540.013 (10)
1.23+0.033 (10)

Week 4
Mean+s.e. (n)

409+ 10 (10)
338+ 14 (10)*
388+8 (10)
41417 (10)

1.3940.04 (10)
1.2440.048 (10)**
1.35+0.017 (10)
1.3940.026 (10)

Week 13
Mean+s.e. (n)

460+ 8 (10)
274+ 18 (6)*
355+ 16 (7)*
43346 (10)

1.45+0.03 (10)
1.240.03 (6)**

1.4340.025 (7)

1.3340.025 (8)**

*P<0.001 vs vehicle or MEN 10755.
**P<0.05 vs vehicle.
See Methods, and Results, for further details.
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Figure 2 Relative heart weight and mortality after treatment with E 1
DOX or EPI or MEN 10755. (a) Relative heart weights at 3 days 5
and 4 or 13 weeks after treatment suspension. Values (means+s.e., n 20 -
n=6-10) were calculated based upon absolute body and heart —0O
weights reported in Table 1; those without vertical bars have s.e.
within symbols. (b) Time-related mortality in the same groups. ]
parameter to another, nor did they exhibit clear-cut relations 0~
with post-treatment time. | | |
The influence of anthracyclines on haemodynamic para- 3 4 13
meters became more evident and consistent when these
parameters were measured after injection of increasing doses days weeks

of isoprenaline. Figure 4 shows data concerning isoprenaline-
induced dose-dependent increases of dP/dz. At 3 days EPI- or
MEN 10755-treated rats developed dP/dt increases, which
were similar to those of vehicle-treated rats; in contrast, DOX-
treated rats exhibited dP/d¢ increases of reduced amplitude as
compared to vehicle-treated rats (P<0.001 at isoprenaline
>0.03 ugkg™"). Differences between vehicle and anthracy-
clines groups, and between DOX and EPI or MEN 10755
groups, became further evident at 4 weeks. In fact, EPI-treated
rats exhibited impaired dP/dz increases vs vehicle (P<0.001 at
1 ug isoprenalinekg™'), whereas MEN 10755-treated rats
developed dP/dt increases, which were not significantly
different from controls. Isoprenaline-induced increases in dP/
d¢ remained most remarkably suppressed in DOX-treated rats,
significant differences (P<0.01) being observed vs MEN
10755-treated rats (but not vs EPI-treated rats) over the whole
range of isoprenaline dosages. Evaluation at 13 weeks did not
reveal any worsening of d P/dt increases in MEN 10755-treated
rats; in contrast, EPI-treated rats exhibited further reductions
in dP/d¢ increases, which were P<0.05 vs 4 weeks at all

Figure 3 Time-dependent elongations of QoT or SoT intervals
after treatment with DOX or EPI or MEN 10755. QuT or SaT
intervals were determined at 3 days and 4 or 13 weeks after
treatment suspension. Values are means+s.e. (n=5-10); those
without vertical bars have s.e. within symbols.

isoprenaline dosages. Therefore, EPI-treated rats became
almost identical to DOX-treated rats in exhibiting the lowest
dP/dt increases induced by isoprenaline, both DOX and EPI
groups being P<0.01 vs MEN 10755 over the whole range of
isoprenaline dosages. When assessed within such multiple
comparisons, the differences between MEN 10755 and vehicle
groups did not approach the level of significance. Collectively,
these results showed that: (i) the effects induced by DOX on
isoprenaline-induced dP/d¢ increases became evident immedi-
ately after treatment suspension; (ii) the effects induced by EPI
developed more slowly, reaching their maximum at 13 weeks
and (iii) MEN 10755 caused marginal and nonprogressive
effects (see also Figure 4, bottom panel for comparisons
between vehicle and anthracycline groups, at 3 days and 4 or
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Figure 4 Time-dependent isoprenaline-induced dP/d¢ increases after treatment with DOX or EPI or MEN 10755. d P/d¢ increases,
induced by escalating doses of isoprenaline, were determined at 3 days and 4 or 13 weeks after treatment suspension, as described in
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Figure 5 Correlations between SoT interval and isoprenaline-
induced dP/dr increases after treatment with DOX or EPI or
MEN 10755. Correlations were calculated using values determined
at 13 weeks after treatment suspension; dP/dz increases were those
induced with isoprenaline 1 ugkg™".

13 weeks, after isoprenaline 1ugkg™'). These patterns of
toxicity closely reproduced ECG changes induced by DOX or
EPI or MEN 10755. Accordingly, a decline in dP/d¢ increases
correlated in a highly significant manner with elongation of
SoT intervals (Figure 5) or QuT intervals (not shown).

Histopathological evaluation

Examination of left ventricle from DOX-treated rats revealed
the presence of important lesions like diffuse interstitial
sclerosis and cytoplasmic macrovacuolization in residual
myocytes (Figure 6). Micro- and macro-vacuolizations were
seen also in the heart of EPI-treated rats, albeit less severe and
diffuse than in the case of DOX-treated rats; in contrast, there

EPI MEN 10755

Figure 6 Histologic lesions in the heart of rats treated with DOX,
EPI or MEN 10755. Left ventricle samples were obtained from
vehicle- or anthracycline-treated rats 13 weeks after treatment

suspension, and haematoxylin/eosin/trichrome-stained trasverse
sections were prepared and examined (x40 magnification). See
also Methods, and Results, for details and explanations.

were no appreciable lesions in the heart of MEN 10755-treated
rats (see also Figure 6). The severity of histologic lesions was
quantified based upon an established scoring procedure
(Bertazzoli et al., 1979). As shown in Figure 7, DOX-induced
myocardial damage developed in a time-dependent manner
following treatment suspension and exhibited a peculiar
pattern of localization. At 13 weeks, right ventricles were
more severely damaged than atria (P<0.05), and the left
ventricle was more severely damaged than the right ventricle
(P<0.05). EPI did not cause any effect in atria but induced
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Figure 7 Time-dependent development of histologic scores of cardiotoxicity after treatment with DOX or EPI or MEN 10755.
Histologic scores were determined at 3 days and 4 or 13 weeks after treatment suspension, precisely as described in Methods. Values
are means ts.e. (n=06—10); those without vertical bars have s.e. within symbols.

lesions in both right and left ventricles (P <0.05 and <0.001 vs
vehicle at 13 weeks, respectively). There was no significant
difference between DOX and EPI when cardiotoxicity scores
were determined in the right ventricle, but DOX proved to be
significantly more toxic than EPI when scores were determined
in the left ventricle; in the latter, DOX-induced lesions
developed at 4 weeks and worsened further at 13 weeks,
whereas EPI-induced lesions were evident only at 13 weeks.
These results showed that (i) ventricles, and especially the left
ventricle, were predominant sites of anthracycline-induced
myocardial damage and (ii) EPI-induced lesions developed
more slowly than DOX-induced lesions. Importantly, MEN
10755 was essentially devoid of effects in either right or left
ventricle throughout the post-treatment period (see also
Figure 7). Histologic lesions induced by DOX or EPI or
MEN 10755 therefore developed in a manner similar to that
described for ECG changes or isoprenaline-induced dP/d¢
increases. Accordingly, histologic scores correlated in a highly
significant manner with both elongation of the SaT interval
and impairment of dP/d¢ increases induced by isoprenaline
1 pgkg™' (P<0.0001 at 13 weeks).

Cardiac levels of carbonyl anthracyclines and secondary
alcohol metabolites

Table 2 shows that the cardiac levels of DOX and EPI always
exceeded those of MEN 10755. At 4 weeks, there was no
difference between DOX and EPI, and both anthracyclines
were significantly higher than MEN 10755 within multiple
comparisons. At 13 weeks, there were minor changes in the
levels of DOX or MEN 10755 but those of EPI decreased by
approximately 31%; therefore, the cardiac levels of DOX
became significantly higher than those of EPI or MEN 10755
when assessed within multiple comparisons, whereas the
cardiac levels of EPI proved to be higher than those of
MEN 10755 when the two anthracyclines were compared by
unpaired Student’s f-test (see also legend to Table 2).
Collectively, the cardiac levels of carbonyl anthracyclines
followed a rank order DOX = EPI>MEN 10755 at 4 weeks,
and a rank order DOX >EPI>MEN 10755 at 13 weeks. This
picture changed when the cardiac levels of secondary alcohol
metabolites were measured. As shown in Table 3, the levels of
DOXol significantly exceeded those of EPlol and MEN

Table 2 Cardiac levels of carbonyl anthracyclines at 4 or
13 weeks after treatment suspension

Carbonyl 4 weeks 13 weeks
anthracycline (nmolg™') (nmolg™')
DOX 0.091 40.008*** 0.08440.008****
EPI 0.06740.007* 0.046 4 0.004 %%
MEN 10755 0.026+0.005 0.033+£0.007

Values are means+s.e. of 8-14 values.

*P<0.001 vs MEN 10755; **P>0.05 vs EPI.
*xP<(.001 vs MEN 10755; "P<0.01 vs EPIL.

tP>0.05 vs MEN 10755 (P<0.025 by unpaired Student’s
t-test).

Table 3 Cardiac levels of secondary alcohol metabolites at
4 or 13 weeks after treatment suspension

Secondary alcohol 4 weeks 13 weeks
metabolite (nmolg™") (nmolg™")
DOXol 0.083+0.011%** 0.1140.0147
EPIol 0.031£0.004%** 0.036+0.004¢
MEN 107550l 0.019+0.002 0.021+0.002

Values are means+s.e. of 814 values.

*P<0.001 vs EPIol and MEN 107550l; **P<0.01 vs DOXol
at 13 weeks.

**%P>(.05 vs MEN 1075501 (P<0.025 by unpaired Stu-
dent’s z-test).

"P<0.001 vs EPIol and MEN 107550l; {P>0.05 vs MEN
107550l (P<0.01 by unpaired Student’s z-test).

107550l at both 4 and 13 weeks; moreover, the levels of DOXol
significantly increased from 4 to 13 weeks, whereas those of
EPIol and MEN 107550l remained essentially unchanged. The
levels of EPIol always exceeded those of MEN 1075501, and
differences were significant when assessed by unpaired
Student’s ¢-test (see also legend to Table 3). Thus, the cardiac
levels of secondary alcohol metabolites followed a rank order
DOXol>EPIol>MEN 107550l at both 4 and 13 weeks. Based
upon these findings, we determined whether functional or
morphologic indices of cardiotoxicity, assessed at 4 or 13
weeks, correlated with the cardiac levels of carbonyl anthra-
cyclines or secondary alcohol metabolites measured at the
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Table 4 Correlations between functional or morphologic indices of cardiotoxicity and cardiac levels of carbonyl anthracyclines or

secondary alcohol metabolites

Index of
cardiotoxicity

QuT elongation

SoT elongation

Impairment of isoprenaline-induced
dP/dt increases

Histological scores

same time points. As shown in Table 4, neither the elongation
of QuT or SuT intervals, nor the impairment of isoprenaline-
induced dP/d¢ increases or the development of histological
scores correlated with the cardiac levels of carbonyl anthra-
cyclines, but highly significant correlations always occurred
with the levels of secondary alcohol metabolites. This
suggested that the greater toxicity of DOX vs EPI or MEN
10755, and of EPI vs MEN 10755, reflected the different levels
of formation of their alcohol metabolites.

Anthracycline secondary alcohol metabolite-dependent
inactivation of cytoplasmic aconitase

Previous studies have shown that anthracycline secondary
alcohol metabolites are much more reactive than their parent
anthracyclines toward cytoplasmic aconitase, causing disas-
sembly of its catalytic Fe—S cluster (Minotti et al., 1999,
2000); therefore, we measured changes in cytoplasmic aconi-
tase activity after treatment with DOX or EPI or MEN 10755.
In a first set of measurements aconitase activity was assayed
under basal conditions, that is, without any sample manipula-
tion. Figure 8a shows that basal aconitase activity was
remarkably and time-dependently suppressed in the heart of
DOX-treated rats but not in the heart of MEN 10755-treated
rats, consistent with the fact that DOXol was higher than
MEN 107550l. Hearts of EPI-treated rats exhibited basal
aconitase activities which were intermediate between those of
DOX- or MEN 10755-treated rats, consistent with the fact that
EPIol was lower than DOXol but higher than MEN 1075501
(cf. Table 3). Loss of basal aconitase activity correlated with
cardiac levels of secondary alcohol metabolites (r=0.94,
P=0.008) but not of carbonyl anthracyclines (r=0.71,
P=0.068), confirming that the latter did not contribute to
inducing disassembly of Fe—S clusters. Moreover, there were
highly significant correlations between the loss of basal
aconitase activity and the elongation of QuT or SaT intervals
(r=0.97, P<0.001) and the impairment of isoprenaline-
induced dP/d¢ increases or the development of histologic
scores (r=0.94, P=0.008), offering evidence that alcohol
metabolite reactivity was important in determining cardiotoxi-
city.

Aconitase activity was assayed also after cytosol preincuba-
tion with cysteine and ferrous ammonium sulphate, a
procedure known to increase enzyme activity by reconstituting
Fe — S clusters (Minotti et al., 2000). Net increases in aconitase
activities (referred to as A aconitase) therefore gave an
indication of how effectively Fe-S clusters could be reincorpo-
rated in this enzyme after the disassembly induced by alcohol
metabolites. As shown in Figure 8b, there was a substantial
loss of 4 aconitase in DOX- or EPI-treated samples but not in

Correlation with
carbonyl anthracyclines

r=0.69, P=0.070 (NS)
r=0.71, P=0.068 (NS)
r=-0.71, P=0.068 (NS)

r=0.60, P=0.12 (NS)

Correlation with secondary
alcohol metabolites

r=0.92, P=0.008
r=0.94, P=0.008
r=-—0.84, P=0.029

r=0.89, P=0.017

a
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Figure 8 Time-dependent changes in basal or A cytoplasmic
aconitase activity after treatment with DOX or EPI or MEN
10755. Basal or A cytoplasmic aconitase activity was measured at 3
days and 4 or 13 weeks after treatment suspension, precisely as
described in Methods. Values are means+s.e. (=28 — 14).

MEN 10755-treated samples, confirming that MEN 10755 was
the least toxic anthracycline tested in this study.

Discussion

We have shown that rats exposed to cumulative doses of DOX
or EPI developed cardiomegaly, elongation of QuT and SoT
intervals, suppression of isoprenaline-induced dP/d¢ increases,
and morphologically documented lesions. In general, QuT/SoT
intervals and histologic scores were altered by EPI less severely
than by DOX. The two anthracyclines were similar in
impairing isoprenaline-induced dP/d¢ increases at 13 weeks,
but EPI was significantly less effective than DOX when
assessed earlier at 4 weeks (cf. Figure 4). On balance, EPI
induced cardiac effects, which developed either less severely or
more slowly than in the case of DOX. Clinical studies
have attributed the reduced cardiotoxicity of EPI to the
fact that epimerization at C-4 in daunosamine improves
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glucuronidation and systemic clearance of the anthracycline
molecule, limiting its cardiac accumulation (Robert, 1993).
This mechanism may not explain a reduced cardiotoxicity of
EPI in the rat, which lacks the ability to form EPI-
glucuronides (Maessen et al., 1987). Consistent with this, we
never detected EPI-glucuronides in our study nor were the
cardiac levels of EPI significantly lower than those of DOX
when assessed on week 4 after treatment suspension, a time
long enough to unravel any possible difference between DOX
or EPI in terms of cardiac uptake. The levels of EPI decreased
and became significantly lower than those of DOX only at 13
weeks, likely because of processes like cardiac clearance or
degradation of the anthracycline molecule. Nonetheless, DOX
and EPI were found to generate different cardiac levels of their
alcohol metabolites. DOXol increased from 4 to 13 weeks, as
one would expect from a good substrate of cardiac reductases,
but EPIol remained stable and lower than DOXol at both 4
and 13 weeks (cf. Table 3). This suggests that inherent
resistance to alcohol metabolite formation might be a more
relevant determinant of the reduced cardiotoxicity of EPI vs
DOX. When examined in this context MEN 10755 proved to
induce even less cardiac toxicity than EPI, regardless of
whether cardiac damage was assessed in terms of cardiomegaly
and mortality (cf. Figure 2), QaT or S«T elongation (cf.
Figure 3), suppression of isoprenaline-induced dP/d¢ increases
(cf. Figure 4), or development of histologic lesions (cf. Figures
6 and 7). In comparison to DOX or EPI, MEN 10755 was
characterized by reductions in both cardiac uptake and alcohol
metabolite formation, similar to what observed when these
anthracyclines were delivered to rat ventricle strips (Minotti
et al., 2001a). However, the prevailing importance of the
reduced levels of alcohol metabolite formation was indicated
by the fact that neither functional nor morphologic indices of
cardiotoxicity correlated with the amounts of DOX or EPI or
MEN 10755 recovered in the heart, whereas highly significant
correlations always occurred with the levels of DOXol or
EPIol or MEN 107550l (cf. Table 4). Collectively, these results
demonstrate that secondary alcohol metabolites are important
determinants of cardiotoxicity; hence, the severity of cardio-
toxicity (DOX>EPI>MEN 10755) reflects the levels of
formation of secondary alcohol metabolites (DOXol>
EPIol>MEN 107550l). These results also demonstrate that
MEN 10755, although exhibiting the same resistance as EPI to
carbonyl reduction in vitro, generates lower myocardial levels
of its alcohol metabolite in vivo because of a concomitant
impairment in cardiac uptake.

The mode of action of secondary alcohol metabolites
remains uncertain. These metabolites do not produce more
free radicals than their parent drugs but actually exhibit
reduced activity in forming O;~ and H,0,, presumably
because the presence of a secondary alcohol moiety in the
side chain decreases affinity of the anthracycline for one-
electron quinone reductases (Gervasi et al., 1986). Some
investigators have suggested that secondary alcohol metabo-
lites may be more potent than their parent drugs at
inactivating mitochondrial or sarcoplasmic ion pumps (Olson
& Mushlin, 1990), but this mechanism has been questioned
(Zucchi et al., 2000). We have suggested that secondary
alcohol metabolites may act by inactivating cytoplasmic
aconitase, counterpart of the mitochondrial aconitase which
reversibly isomerizes citrate to isocitrate in the Krebs cycle
(Minotti et al., 1999, 2000). While not particularly sensitive to

transcriptional regulation (Minotti et al., 2001b), cytoplasmic
aconitase is highly sensitive to post-translational modifications
induced by DOXol. Thus, in vitro studies have shown that the
secondary alcohol moiety of DOXol promotes disassembly of
the Fe—S cluster of cytoplasmic aconitase, causing enzyme
inactivation and releasing iron ions. The latter might induce
cardiac damage by catalysing free radical reactions or by
occupying cellular sites important to the contraction —
relaxation cycle (like e.g., the Ca’" release channel-ryanodine
receptor 2 of sarcoplasmic reticulum) (reviewed in Minotti
et al., 1999). Moreover, inactivation of cytoplasmic aconitase
reduces substrate supply to the cytoplasmic isoform of
isocitrate  dehydrogenase,  decreasing  formation  of
[NADH +H™] by this enzyme and altering the redox balance
of the cell (Narahari et al., 2000). Our results demonstrate that
anthracycline treatment was accompanied by aconitase
inactivation, which correlated with the cardiac levels of
secondary alcohol metabolites but not of their parent carbonyl
anthracyclines. Therefore, aconitase inactivation followed a
rank order DOX > EPI>MEN10755. It is worth noting that
MEN 10755 caused essentially no effect on aconitase, in spite
of the fact that the levels of MEN 1075501 were only in part
lower than those of EPIol (cf. Figure 8 and Table 3). This is
explained by keeping in mind that the presence of a
disaccharide moiety not only impairs cardiac uptake of
MEN 10755 and formation of MEN 1075501 but also
diminishes reactivity of the latter toward the Fe—S cluster of
cytoplasmic aconitase (Minotti et al., 2000). Overall, aconitase
inactivation correlated in a highly significant manner with
both QuaT/SaT elongations, suppression of isoprenaline-
induced dP/d¢ increases, and morphologic scores, providing
a good link between the different levels of alcohol metabolite
formation/reactivity and the different levels of cardiotoxicity
induced by DOX and EPI or MEN 10755.

Anthracycline treatments were also shown to impair 4
aconitase activity, that is an index of Fe —S cluster reassembly
and recovery of enzymatic activity. 4 Aconitase decreases
when cluster disassembly is followed by irreversible oxidation
of cysteine residues required for coordinating iron in a cluster
motif (e.g., cys *7) (reviewed in Minotti et al, 1999). 4
Aconitase activity was suppressed by anthracycline treatments
in a fashion which was similar to that described for the loss of
basal activity and reproduced the levels of formation of
secondary alcohol metabolites (i.e., DOX was more inhibitory
than EPI and the latter was more inhibitory than MEN 10755,
cf. Figure 8a,b). This demonstrates that secondary alcohol
metabolites may act not only by inducing cluster disassembly,
but also by preventing cluster reassembly. Under such defined
conditions of altered cluster reassembly, toxic iron increases
further and induces cardiomyocyte apoptosis via free radical-
dependent activation of NF-kB (Wang et al., 2002) or caspase
3 (Kotamraju et al., 2002). While providing correlates to
explain the protective efficacy of iron chelators against
cardiotoxicity (Myers, 1998) our findings demonstrate that
MEN 10755 always induces less severe alterations of cluster
assembly/disassembly than DOX or EPI.

In conclusion, we have shown that the cardiotoxicity of
DOX or EPI or MEN 10755 depends on how effectively these
anthracyclines distribute in the heart and convert to secondary
alcohol metabolites with reactivity toward the Fe — S cluster of
cytoplasmic aconitase. Whether similar mechanisms apply to
other anthracyclines remains to be established. Daunorubicin,
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and especially 4-demethoxydaunorubicin (idarubicin), seem to
be less cardiotoxic than DOX but the levels of their alcohol
metabolites in plasma may be higher than those of DOXol
(Danesi et al., 2002). In considering such inconsistency one
should keep in mind that the expression and substrate
specificity of anthracycline reductases may vary widely from
blood cells to a given tissue or another, the yield of
daunorubicinol or idarubicinol being higher or lower than
that of DOXol depending on whether the parent anthracyclines
are metabolized by specific families of carbonyl reductases or
aldo/keto reductases, respectively (Forrest et al., 1991; Minotti
et al., 1995). Moreover, circulating metabolites do not always
exhibit good partitioning inside the heart, making it uncertain
whether they actually contribute to inducing cardiotoxicity
(Olson & Mushlin, 1990). An evaluation of the mechanisms of
cardiotoxicity induced by daunorubicin or idarubicin vs DOX
should therefore extend to comparing these anthracyclines in
terms of cardiac uptake and alcohol metabolite formation or
reactivity in appropriate animal models of chronic cardiomyo-
pathy. Here we have shown that MEN 10755 exhibits both
reduced cardiac uptake and impaired formation and reactivity
of its alcohol metabolite, eventually inducing a pattern of
chronic cardiotoxicity much less severe than that induced by
DOX. Our studies suggest that MEN 10755 might offer
advantages also in comparison to EPI, currently considered
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