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Summary. The protective activity of the bisdioxopiper- 
azine ICRF-187 against the cardiotoxicity of doxorubicin 
was evaluated in the rat using both functional and histo- 
logical assays. Animals that had received a single i. v. dose 
of doxorubicin (4 mg/kg) alone were compared with those 
that had been pretreated with a single i.v. injection of 
saline or ICRF-187 (40 or 60 mg/kg). All rats showed a 
transient reduction in body weight during the first 3 weeks 
after drug administration. The greatest reduction (-16%) 
was observed in animals that had received a combination 
of ICRF-187 (40 or 60 mg/kg) and doxorubicin. Deaths 
related to cardiotoxicity were observed only in rats that had 
received doxorubicin alone and in those treated with sa- 
fine; most of the deaths occurred at between 8 and 
13 weeks after drug administration. Sequential assess- 
ments of heart function showed a persistent depression of 
cardiac output in animals that had received doxorubicin, 
with or without pretreatment with ICRF-187. The reduc- 
tion in cardiac output observed ih rats that had been pre- 
treated with ICRF-187 (40 or 60 mg/kg) amounted to 
-15% and -30% after 12 and 20 weeks, respectively, indi- 
cating that cardioprotection was only partial. Nevertheless, 
this represented a marked improvement as compared with 
the -35% reduction in cardiac output measured at 
12 weeks in animals that had received doxorubicin but 
without pretreatment with ICRF- 187. Histological exami- 
nation of animals that had died during the course of the 
study and had received doxorubicin after pretreatment with 
saline revealed severe myocardial lesions typical of doxo- 
rubicin-induced damage. In contrast, animals that had been 
pretreated with ICRF-187 and survived for up to 20 weeks 
after treatment showed a marked amelioration of these 
lesions. The present findings may be interpreted as a true 
cardioprotection or a delay in the onset of the cardiotoxic- 
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ity of doxorubicin resulting from pretreatment with the 
bisdioxopiperazine ICRF- 187. Although prior and ongoing 
clinical trials clearly indicate that ICRF-187 protects 
patients well against doxorubicin-induced heart damage, 
further investigations are required before high doses of 
ICRF-187 can be used as a means of increasing the protec- 
tive activity of this drug against doxorubicin-induced car- 
diotaxicity. 

Introduction 

Doxorubicin, an anthracycline antibiotic, has shown activ- 
ity against a wide spectrum of tumours ranging from hae- 
matological malignancies to solid turnouts [1]. However, 
its clinical use is often limited by its cardiotoxicity, which 
is delayed in onset and can be fatal [20]. The abrogation of 
this adverse late effect of anthracyclines presents a formi- 
dable task for biochemists, clinical pharmacologists and 
clinical oncologists. 

A number of strategies have been suggested to reduce 
or abrogate the cardiotoxicity of anthracyclines. These in- 
clude the synthesis of new analogues with reduced cardio- 
toxicity [28], the manipulation of the route or schedule of 
drug administration [12, 24], the modification of drug 
pharmacokinetics by the binding of the drug to appropriate 
drug carriers [23, 33] and the use of cardioprotectors [6, 17, 
29]. All of these strategies are based on one important 
assumption, i.e. that the anti-turnout activity and the 
cardiotoxicity of anthracyclines occur via different mecha- 
nisms and that this difference could be exploited to im- 
prove the therapeutic ratio of anthracyclines. 

Amongst these strategies, the use of cardioprotective 
drugs has potential advantages. It can offer a simple drug- 
administration system that can be used in conjunction with 
the bolus delivery of anthracyclines for which the pharma- 
cokinetic properties of these drugs are well documented: 
A number of cardioprotective agents have been suggested 
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[6, 17, 29], the most promising of which is the compound 
ICRF-187, a bisdioxopiperazine [6]. It is believed that as 
ICRF-187 is converted to a strong chelating agent follow- 
ing hydrolysis in vivo, it is capable of preventing the for- 
mation of doxombicin-iron complexes, which are thought 
to be involved in one of the major mechanisms responsible 
for the cardiotoxicity of doxorubicin [7, 18, 19]. Over the 
last two decades, experimental studies have demonstrated 
the protective activity of ICRF- 187 against the cardiotoxic 
effects of anthracyclines in a wide range of animal species 
[8, 9, 11, 14-16, 26]. A more recent clinical study has also 
indicated that ICRF-187 reduces the cardiotoxicity of 
doxorubicin in humans without affecting its anti-tumour 
activity [25]. In spite of these favourable results, a number 
of questions associated with the use of ICRF-187 as a 
cardioprotector remain to be answered. In particular, it is 
not known whether the time course of anthracycline- 
induced cardiotoxicity can be modified by the use of 
ICRF-187. It is also not certain whether the improvement 
observed reflects a delay in the onset of cardiotoxicity or 
true cardioprotection. Moreover, the degree of cardiopro- 
tection provided by ICRF-187 has not been quantified. The 
effect of ICRF-187 on the dose-response relationship of 
the heart to the cardiotoxic effects of anthracyclines re- 
mains largely unknown. Answer to these questions could 
improve the clinical application of doxorubicin and ICRF- 
187 and are important for patients undergoing doxorubicin 
therapy. 

This paper describes initial investigations in which the 
cardioprotective activity of ICRF-187 was studied in the 
rat using an established animal model [30-32]. The body 
weight, cardiac output and heart rate of rats were measured 
sequentially for up to 20 weeks after the administration of 
doxorubicin with or without pretreatment with ICRF-187 
or saline. Histological examinations were carried out on 
animals that died during the course of the study and on 
those that were killed at the end of the observation period. 
The severity of the lesions was assessed using an estab- 
lished histological scoring method [14]. 

Materials and methods 

A total of 56 male Sprague-Dawley rats aged 14 weeks were divided into 
7 groups containing a minimum of 6 animals each (Table 1). The rats in 
groups 1, 2 and 3 received an i.v. injection of saline (2 ml/kg) 15 min 
after the i. v. administration of either saline or 40 or 60 mg/kg ICRF-187, 
respectively. Animals in groups 4, 5 and 6 received an i.v. injection of 
either saline or 40 or 60 mg/kg ICRF-187, respectively, at 15 rain prior 
to the i.v. administration of 4 mg/kg doxorubicin. A group of 11 rats 
(group 7) received a single i.v. injection of 4 mg/kg doxorubicin alone. 
The animals in group 1 served as age-matched controls for this study. 

ICRF-187 (Adria Laboratories, USA) and doxorubicin (Farmitalia, 
Italy) were dissolved in saline (15 mg/ml) and water (2 mg/ml), respec- 
tively, for injection just prior to their use. Drugs were injected into the 
femoral vein at a rate of 2 ml/min. To minimise the possible effect of 
circadian rhythms on the toxicity of the drugs, drug administration was 
always carried out between 1330 and 1530 hours. During drug adminis- 
tration and the subsequent functional measurements, the animals were 
anaesthetised with chloral hydrate (300 mg/kg). 

The methods used to assess the general acute toxicity and late cardio- 
toxicity in the rat have been described elsewhere [31]. Briefly, the body 
weights of animals were measured daily during the first 3 weeks follow- 
ing drug administration. The maximum reduction in body weight re- 

Table 1. List of the treatment groups used in the present study 

Group Animals (n) Treatment a 

1 6 
2 6 
3 6 
4 9 
5 9 
6 9 
7 11 

Saline + saline 
ICRF-187 (40 mg/kg) + saline 
ICRF-187 (60 mg/kg) + saline 
ICRF-187 (40 mg/kg) + DOX (4 mg/kg) 
ICRF-187 (60 mg/kg) + DOX (4 mg/kg) 
Saline + DOX (4 mg/kg) 
DOX (4 mg/kg) 

a All  agents were given i. v., with 15 min elapsing between injections 
DOX, Doxorubiein 

Table  2. Histological scores and characteristics of doxorubicin-induced 
cardiac lesions in the rat a 

Histological Characteristics of lesions 
score 

1 Scattered cardiac myocytes of normal diameter and 
density but with reduced sarcoplasmic myofilameutous 
density 
Large numbers of contiguous myocytes showing changes 
characteristic for histological score 1 
Many contiguous myocytes exhibiting a markedly reduced 
myofilamentous density leaving interfibrillary gaps 
containing sarcoplasmic granules ("adria cells") 
Similar to 3 but myocytes reduced in diameter 
with an increase in intermyofibre distances 
Majority of myocytes affected with sharply reduced 
myocyte diameter and prominent interfibre spaces; 
many "adria cells" present 

a Modified from Jaenke [14] 

corded over this period was used as an index to assess the general acute 
toxicity of the drug. The longer-term cardiotoxicity of the drugs was 
assessed by sequential 4-weeldy measurements of cardiac output and 
heart rate for up to 20 weeks. Cardiac output was assessed using an 
external counting technique: each rat was anaesthetised and immobilised 
in a supine position, and a bolus of 0.4 mCi sodium pertechnetate 
Tc 99m (Amersham) was injected into the femoral vein. The activity- 
time curve over the precardial region was recorded for a period of 40 s 
using an NaI detector connected to a multi-channel analyser (ND-62, 
Nuclear Data) at a counting interval of 0.1 s, ECG and heart-rate 
measurements were carried out using a human ECG monitor (Hewlett 
Packard 7830A) coupled to a scope memory (Model VK-12-2, Seltek 
Instrument Ltd) and a chart recorder. 

Postmortem examinations were carried out on animals that had died 
during the course of the study and on those that had been killed at the end 
of the experiment after 20 weeks. The heart tissue was fixed in 10% 
formal saline and embedded in Paraplast, after which 5-gm-thick sec- 
tions were cut and stained with haematoxylin and eosin o1" Hughesdon's 
modification of Mallory's stain for collagen. Detailed histological ex- 
aminations were carried out in four groups of animals, i.e. in those 
receiving saline plus doxorubicin (group 6), those receiving 40 or 
60 mg/kg ICRF-187 plus doxorubicin (groups 4 and 5) and those receiv- 
ing 60 mg/kg ICRF-187 plus saline (group 3). The heart was examined at 
three levels along with longitudinal axis, i.e. through the atria and 
through the upper and lower third of the ventricles, so as to permit 
evaluation of the septum as well as the left and right ventricular walls. 
Scoring of cardiac changes was based on criteria established in previous 
studies of anthracycline-induced myocardial damage in experimental 
animals (Table 2). The total lesion score assigned to each rat heart was 
the sum of the damage observed at the atria level and the average of that 
found at the two veutricular levels. 
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Fig. 1. Histogram showing the mean (_+ SE) maximum reduction in 
body weight shown by the different treatment groups during the first 
2 - 3  weeks after drug administration (~,  P <0.05 vs Saline + Saline; 
+, P <0.001 vs Saline + doxorabich~ (DOJO or DOX alone 
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Fig. 2. Time-related changes in animal survival for up to 20 weeks after 
drug administration 

Animals that had died during the course of the study were included in 
the final analysis only when they fulfilled the criteria of heart failure 
described elsewhere [31, 32]. In the present study, statistical differences 
between group means were analysed using Student's two-sided t-test. 

R e s u l t s  

In the first 3 weeks after drug administration, we observed 
no apparent sign of acute toxicity except in one rat that had 
received doxornbicin alone. However, the daily weighing 
of animals over this period showed a transient reduction in 
body weight. Rats that had received two consecutive i.v. 
injections of saline 15 min apart (group 1) showed a small 
but non-significant reduction in body weight of -2% 
(Fig. 1); the maximum reduction in body weight in these 
animals was observed on day 2, and recovery to pretreat- 
ment levels was noted on day 3 or 4. A similar pattern and 
magnitude of change in body weight was observed in rats 
that had received 40 mg/kg ICRF- 187 and saline (group 2). 
All of the remaining animals showed a significant reduc- 
tion in body weight over the initial 2-week period 
(P <0.05), with the maximum reduction in body weight 
being observed between day 6 and day 7 and recovery to 
approximate pretreatment levels occurring at around day 
14. The greatest reduction in body weight (-  16%) was seen 
in rats that had received the combination of ICRF-187 
(either 40 or 60 mg/kg) and doxorubicin (4 mg/kg); this 
decrease in body weight was significantly larger than that 
observed in animals that had received either saline and 
doxorubicin or doxorubicin alone (P <0.001). 

One rat that had received 4 mg/kg doxorubicin alone 
died on day 3 after drug administration and showed clinical 
signs of congestive heart failure, with haemorrhagic 
pleural effusion (M0 ml) and general subcutaneous 
oedema. The majority of cardiotoxicity-related deaths ob- 
served in the remaining animals that had been given doxo- 
rubicin alone occurred at between 7 and 13 weeks after 
drug administration (Fig. 2). Approximately 50% of these 
rats had died of heart failure by week 8. All other animals, 
i.e. those that had received the combination of 40 or 
60 mg/kg ICRF-187 and doxorubicin (groups 4 and 5), 
age-matched control animals (group 1) and those that had 
been given 1CRF-187 and saline (groups 2 and 3), survived 
over the course of the 20-week study: 

The time-related changes in cardiac output, measured in 
treated rats and expressed as a percentage of age-matched 
controls values (group 1) are shown in Figs. 3 and 5. Age- 
matched control animals showed an age-related change in 
cardiac output amounting to 243.0__+6.6, 217.1 +_6.5 and 
205.2_+6.5mlmin-]kg-] at the age of 18, 26 and 
34 weeks, respectively (i. e., corresponding to postinjec- 
tion intervals of 4, 12 and 20 weeks, respectively). 

The rats that had received ICRF-187 (40 or 60 mg/kg) 
at 15 rain prior to the administration of saline (groups 2 and 
3) showed a transient reduction in cardiac output of -13% 
after 4 weeks (P <0.001; Fig. 3). Furthermore, sequential 
measurements of heart rate in these animals showed a 
progressive and significant increase from at 4 weeks after 
drug administration (P <0.01; Fig. 4). The mean heart rate 
was increased by -15% as compared with that measured in 
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Fig. 3. Time-related changes in the relative cardiac output of rats ( • SE) 
after treatment with 40 mg/kg ICRF-187 and saline ( V )  or 60 mg/kg 
ICRF-187 and saline (Y) .  Results are expressed as a fraction of the 
levels shown by age-matched control animals. Hatched area, • SE of 
age-matched control values. *** P <0.001 vs controls 
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Fig. 4. Time-related changes in the relative heart rate of rats ( • SE) after 
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age-matched controls at 12 weeks; the heart rate remained 
elevated at this level until week 20. 

All animals that had received doxorubicin with or 
without pretreatment with ICRF-187 showed a significant 
reduction in cardiac output relative to age-matched control 
values by week 4 (P <0.001), which persisted throughout 
the course of the study (Fig. 5). However, pretreatment 
with ICRF-187 significantly reduced the magnitude of this 
effect as compared with that observed in rats that had been 
given doxorubicin alone or those that had been pretreated 
with saline prior to the injection of doxorubicin (P <0.02). 
The latter two groups, i.e. animals that had not been pre- 
treated with ICRF-187, also exhibited a significant reduc- 
tion in heart rate of -10% at 8 and 12 weeks (P <0.05; 
Fig. 6). Pretreatment with ICRF-187 prevented this 
decrease in heart rate, although animals that had been 
pretreated with only 40 mg/kg ICRF-187 did show a tran- 
sient increase in heart rate at 12 weeks (P <0.05; Fig. 6). 
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Histological examination of the hearts of rats that had 
died at between 8 and 14 weeks after having received 
saline 15 min prior to the i.v. administration of doxorubi- 
cin revealed varying degrees of cardiomyopathy, with typ- 
ical anthracycline-induced cardiac myocyte changes. In 
most rats examined at between 8 and 12 weeks, the charac- 
teristic change was one of the progressive loss of myofila- 
ments, first from a small number of myocytes located in 
random focal regions and then a more diffuse involvement 
of parenchymal cells that were seen to contain only 
eosinophilic granules. The latter myocytes have previously 
been designated as "adria cells" [15]. In severely affected 
areas, the myocyte diameter was markedly reduced and the 
interstitium appeared to be more prominent. Lesions were 
consistently more severe in the atria. Ventricular changes, 
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Table 3. Histological grading of cardiac lesions after treatment with 
doxorubicin and/or ICRF-187 

Treatment schedule a Atria Ventricles 

Saline + DOX 
(4 mg/kg) 3.57 (3-4) 2.1 (0.5-4) 

ICRF- 187 
(40 mg/kg) + DOX (4 mg/kg) 0.25 (0-1) 0.5 (0-1) 

ICRF- 187 
(60 mg/kg) + DOX (4 mg/kg) 0.67 (0-1) 0.0 

ICRF-187 
(60 mg/kg) + safine 0.0 0.0 

a All agents were given i. v., with 15 rain elapsing between injections 
Data represent the mean grades scored for lesions; the associated value 
ranges are shown in parentheses. DOX, Doxorubicin 

although less severe, were in general similar at the base and 
apex of the heart and a similar severity and number were 
found in the free walls of both the left and the right ven- 
tricles as well as in the septum. Two rats that survived for 
14 weeks exhibited moderately severe atrial lesions; how- 
ever, the ventricular changes noted in these animals were 
quantitatively less severe than those observed in other 
doxorubicin-treated rats. The mean histological scores for 
the lesions seen in the atria and ventricles of the group of 
rats that had been treated with saline plus doxorubicin were 
3.75 and 2.1, respectively (Table 3). 

In contrast, the lesions in rats that had been pretreated 
with either 40 or 60 mg/kg ICRF-187 were markedly less 
severe. At 20 weeks after treatment, changes in myocytes 
were limited to a small number of scattered fibres that 
contained reduced numbers of myofilaments in both the 
atria and the ventricles. Little evidence of progressive dam- 
age was observed in the rats examined. The histological 
scores for lesions observed in the atria and ventricles of 
these two groups of animals were much lower than those 
for lesions observed in rats that had received saline and 
doxorubicin (Table 3). 

Discussion 

The mechanisms leading to cardiac damage after doxorubi- 
cin administration are not yet fully understood. However, 
recent experimental evidence has suggested that the 
cardiotoxicity of doxorubicin may be related to its ability 
to generate free radicals in heart tissue [3]. One of these 
pathways involves the formation of a complex of doxoru- 
bicin and iron [7, 18, 19]. It has been shown that this 
doxorubicin-iron complex can bind to vital cellular struc- 
tures such as DNA and cell membranes and cause local 
oxidative destruction of these structures via a free-radical 
mechanism [4, 8, 19]. This observation suggests that iron 
could play an important role in doxorubicin-induced cardi- 
otoxicity ]18]. 

The compound ICRF-187, a bisdioxopiperazine, is a 
cyclic analogue of ethylenediaminetetraacetic acid 
(EDTA) that undergoes hydrolysis in cells [2]. One of its 
main hydrolysis product is a strong chelator of metal ca- 

tions including iron [13]. Studies in humans have shown 
that ICRF- 187 causes a marked increase in the clearance of 
iron and other transitional metal ions by the kidney [27]. 
On the basis of these observations, it has been suggested 
that ICRF-187 might be used to block the formation of a 
doxorubicin-iron complex, thereby reducing the cardio- 
toxic effects of doxorubicin. The results of experimental 
studies carried out over the last two decades have indicated 
that ICRF-187 provides protection against doxorubicin-in- 
duced cardiotoxicity in a number of animal species, includ- 
ing the mouse, rat, rabbit, dog and miniature pig [5, 8, 9, 
11, 26]. The general conclusion drawn from these studies 
was that pretreatment with ICRF-187 increased animal 
sm'vival and reduced the incidence and severity of doxora- 
bicin-induced myocardial lesions. Furthermore, a recent 
randomised cfinical study involving patients with ad- 
vanced breast cancer demonstrated that ICRF-187 reduced 
the cardiotoxicity of doxorubicin without affecting its anti- 
tumour activity [25]. 

In the present study, the protective activity of a single 
i.v. dose of 40 or 60 mg/kg ICRF-187 against the cardio- 
toxicity produced by a single i.v. dose of 4 mg/kg doxo- 
rubicin (a drug-dose ratio of ICRF-187 to doxorubicin 
10:1-15:  1) was investigated. Using both functional and 
histological end points, we demonstrated that at these 
doses, ICRF-187 produced significant long-term protec- 
tion against doxorubicin-induced cardiotoxicity. Sequen- 
tial measurements of cardiac output over a period of 
20 weeks in animals that had been pretreated with ICRF- 
187 showed a significantly reduced cardiac dysfunction as 
compared with those that had received doxorubicin alone 
or pretreated with saline (P <0.02). This protective effect 
appeared to be only partial, since the cardiac output mea- 
sured in these animals was consistently lower than that 
observed in age-matched controls (P <0.01). Moreover, 
the histological examination of animals that had been pre- 
treated with ICRF-187 revealed a marked reduction in 
doxorubicin-induced cardiac lesions. Long-term protective 
effects of ICRF- 187 against dannorubicin-induced cardio- 
toxicity in rabbits have also been demonstrated in a recent 
study [10]. Rabbits receiving ICRF-187 prior to daunoru- 
bicin showed a marked reduction in both the incidence and 
the severity of cardiac lesions at 3 months after the last 
dose of a multiple-injection regimen. 

The time course of changes in cardiac output observed 
over the 20 weeks of this investigation in the rat after 
doxorubicin administration did not seem to be altered by 
pretreatment with ICRF-187. After combined treatment 
with ICRF-187 and doxorubicin, animals showed an initial 
decline in cardiac output, which remained persistently 
depressed throughout the course of the study. The mean 
value obtained for cardiac output in rats at 20 weeks was 
-70% of the age-matched control value. However, since 
there was a slight but significant (P <0.05) decrease in 
cardiac output at 20 weeks as compared with that measured 
at 12 weeks, it was not known whether this level of reduc- 
tion in cardiac output would be maintained in these animals 
beyond the 20-week study period. Thus, as judged from the 
results of these initial studies, it remains uncertain as to 
whether ICRF-187 produced only a delay in the onset of 
cardiotoxicity or provided true protection against doxoru- 
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bicin-induced cardiotoxicity. A longer fol low-up period 
will be required to clarify this important  point. 

Combined treatment with ICRF-187 and doxorubicin 
produced a max imum reduction in body weight  of  - 1 6 %  
during the first 3 weeks after drug administration, suggest- 
ing a more  than additive effect for the acute toxicities 
caused by each of  these substances as single agents: A 
further increase in the dose o f  ICRF-187 was limited by 
this combined acute toxicity o f  the two agents. However ,  
this ' acute '  period was fol lowed by a marked improvement  
in the general condit ion o f  the rats. Fol lowing the initial 
delay, our measurements  showed that these animals con- 
tinued to grow at a rate similar to that of  age-matched 
controls. Al though these rats were - 1 0 %  lighter than the 
age-matched control animals, they appeared healthy and 
active over the 20-week study period. All of  these animals 
survived over the whole  period of  the study, whereas rats 
that had received doxorubicin alone (or pretreated with 
saline) had died o f  heart failure by  week 14. 

The transient but significant (P <0.001) 13% reduction 
in cardiac output measured after 4 weeks in animals that 
had received ICRF-187 and saline was somewhat  unex- 
pected. Moreover ,  in addition to the reduction in cardiac 
output, there was a significant increase in heart rate at 
4 weeks (P <0.01), which progressed to a value that was 
- 1 5 %  higher than control levels at 12 weeks and remained 
elevated at this level until the end of  the experiment at 
20 weeks. I f  these changes signify a subtle alteration in the 
heart, then they did not affect the general condition o f  the 
rats - these animals put on weight  at the same rate as the 
controls and survived over the entire course of  the study. 
Furthermore, histological investigations at 20 weeks did 
not reveal any significant change in the heart. Thus, it 
would appear to be important  to study the effects o f  strong 
metal-ion chelating agents on the heart. Recent  experi- 
ments have suggested that perturbation o f  the calcium con- 
centration in the heart could impair cardiac function; this 
has been postulated as one of  the mechanisms underlying 
doxorubicin-induced cardiotoxicity [16, 21, 22]. Al though 
prior and ongoing clinical trials clearly indicate that 
ICRF-187 protects patients well against doxorubicin-in- 
duced heart damage, the present study shows that further 
investigations are required before high doses o f  ICRF-187 
can be used as a means o f  increasing the protective activity 
o f  this drug against doxorubicin-induced cardiotoxicity. 
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