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Summary. The long-term protective effect of ICRF-187 
against chronic daunorubicin cardiotoxicity was ex- 
amined. Rabbits were given 3.2 mg daunorubicin/kg, with 
or without pretreatment with 25 mg ICRF-187/kg, once 
every 3 weeks over an 18-week period (6 doses). The 
experiment was terminated 3 months after the last treat- 
ment. At this time, all seven rabbits given daunorubicin 
alone had evidence of myocardial alterations ranging from 
minimal (2 animals) to mild (5 animals). Pretreatment with 
ICRF-187 caused a significant reduction in both the inci- 
dence and the severity of cardiac lesions. Hearts from the 
majority (5 of 7) of animals given the combination of 
ICRF-187 and daunorubicin were normal; myocardial al- 
terations were minimal in the remaining rabbits treated 
with ICRF-187. In previous studies ICRF-187 was found 
to cause a reduction in cardiotoxicity 1-3 weeks after the 
final anthracycline dose. The results of the present study 
demonstrate that pretreatment with ICRF-187 provides 
prolonged protection against the cardiomyopathy, as op- 
posed to producing only a delay in the appearance of 
cardiac alterations. 

Introduction 

Dose-related chronic cardiotoxicity constitutes a major li- 
mitation to the optimal use of anthracyclines such as 
daunorubicin and doxorubicin in the treatment of patients 
with a variety of neoplastic diseases [2, 21, 22]. Consider- 
able effort is being directed toward reducing the toxicity of  
these agents while at the same time maintaining their ther- 
apeutic efficacy. Certain compounds alter the extent of an- 
thracycline-induced cardiac toxicity. One of these, ICRF- 
187 [(+)- 1,2-bis(3,5-dioxopiperazinyl- 1-yl)propane], has 
been examined in a number of different animal models of 
anthracycline cardiac toxicity. Pretreatment with this agent 
has led to a significant reduction in both the incidence and 
the severity of chronic anthracycline-induced cardiomyo- 
pathy in rabbits [10], dogs [7], and miniature pigs [8]; how- 
ever, it has not been determined whether this action is 
long-lasting. The animals in these studies [7, 8, 10] were 
killed 1-3 weeks after the last anthracycline injection, and 
it is conceivable that the toxicity might have appeared at a 
later time. The present investigation, performed in rabbits 
chronically treated with daunorubicin, was initiated to 
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address this question. In this study, the interval between 
the final treatment and sacrifice for myocardial examina- 
tions was extended to 3 months. 

Materials and methods 

Twenty-four male New Zealand white rabbits (2.3-3.3 kg) 
were divided into four groups. Rabbits in group 1 (7 ani- 
mals) received 25 mg ICRF-187/kg by IP injection, fol- 
lowed 30 rain later by IV administration of 3.2 mg dauno- 
rubicin/kg. Rabbits in group 2 (9 animals) were given nor- 
mal (0.9%) saline IP 30 rain before administration of dau- 
norubicin (3.2mg/kg). Group 3 (4 rabbits) received 
ICRF-187 IP (25 mg/kg), followed 30 rain later by an IV 
injection of saline. Group 4 (4 rabbits) received saline IP, 
followed 30 min later by saline IV. ICRF-187 and dauno- 
rubicin (Drug Synthesis and Chemistry Branch, Division 
of Cancer Treatment, National Cancer Institute), were dis- 
solved in saline just before use and were injected in dose 
volumes of 10.-and 5 mg/ml,  respectively. Animals were 
treated six times at 3-week intervals over an 18-week 
period. 

Blood samples for biochemical and hematological an- 
alysis were obtained from the marginal ear vein before the 
first treatment (control) and at 3-week intervals thereafter. 
The last sample was taken just before termination of the 
study, 3 months after the sixth drug injection. A complete 
blood count and serum determinations of urea nitrogen, 
creatinine, glucose, total protein, albumin, globulin, total 
bilirubin, direct bilirubin, total lipids, triglycerides, uric 
acid, cholesterol, sodium, potassium, phosphorus, cal- 
cium, chloride, iron, serum glutamic-pyruvic transaminase 
(SGPT), lactic dehydrogenase (LDH), alkaline phospha- 
tase, serum glutamic-oxaloacetic transaminase (SGOT), 
and creatine kinase (CK) were performed by Vet-Path La- 
boratories, Silver Spring, Md. A 2-tailed, paired-sample 
statistical analysis was used to determine treatment-related 
differences in biochemical and hematologic results. 

Three months after the sixth daunorubicin dose (total 
dose 19.2 mg/kg), the rabbits were anesthetized with pen- 
tobarbital sodium and the entire heart and samples of liv- 
er, kidney, lung, small intestine, and skeletal muscle were 
excised. All tissues were fixed in 10% buffered neutral for- 
malin. Blocks of  tissue from the free walls of all four card- 
iac chambers and from the ventricular septum were em- 
bedded in paraffin and glycol methacrylate plastic resin. 



Sections of  p las t i c -embedded  tissues were stained with 
hematoxyl in-eosin  or with toluidine blue. All other tissues 
were embedded  in paraff in  and stained with hematoxyl in-  
eosin. 

The frequency and severity of  daunorub ic in - induced  
light microscopic  al terat ions were assessed in the left ven- 
tricle, where the lesions were most severe. Al tera t ions  were 
graded on a scale of  0 - 4 +  on the basis of  the number  of  
muscle cells showing myofibr i l lar  loss and  cytoplasmic  va- 
cuol izat ion:  0, no damage;  1 + ,  involvement  of  only an 
occasional  cell; 4 + ,  severe involvement  of  50% or more  
cells; 2 +  and 3 +  represent  in termediate  degrees of  in- 
volvement.  Sections were evaluated without  pr ior  knowl-  
edge of  the t reatment  given to the animals.  A ~2 test was 
uti l ized to determine the significance of  differences in the 
severity of  ca rd iomyopa thy  scores between groups.  

Results 

General toxicity and weight change 

During the study, a total  of  five rabbits  d ied or were in 
poor  condi t ion and were killed. Two rabbits receiving dau- 
norubic in  alone died 1 week and 5 weeks after the final 
(sixth) dosing. Al though these two animals  had modera te  
myocard ia l  lesions, their  ca rd iomyopa thy  scores were not  
inc luded in the subsequent  compar isons  of  daunorubic in  
cardiotoxici ty.  One rabbi t  receiving the combinat ion  of  
ICRF-187 and daunorubic in  died less than 1 week before 
terminat ion  of  the study and was included in the final an- 
alysis o f  cardiotoxici ty  with the rest of  the animals  similar- 
ly treated. The cause of  death in this rabbi t  and  the two 
rabbits  receiving daunorubic in  only appeared  to be severe 
pu lmonary  infection. Two control  animals  (one given 
ICRF-187 and one given saline) became injured by 
struggling in a restraining box during b lood  collection and 
were killed. The average body  weight increased to a simi- 
lar  degree in all four groups of  animals  over the 30-week 
exper imental  per iod  (Table I). 
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Myocardial pathology 

The cellular al terat ions observed were similar  to those pre- 
viously found in daunorubic in- t rea ted  rabbits  [10, 11, 12, 
23, 27]. The affected cells were not  restricted to any part i-  
cular  layer of  the myocard ium and d isp layed mainly  cyto- 
p lasmic  vacuol izat ion and myof ibr i l la r  loss (Fig. 1). These 
al terat ions were found in the hearts of  all seven rabbits  
kil led 3 months  after the sixth daunorubic in  dose 
(19.2 m g / k g  cumulat ive dose) (Table 2). The severity of  the 
lesions in these hearts ranged from I to 2 (average 1.7). In 
contrast ,  no cardiac  lesions were observed in five of  the 
seven rabbits  given the combina t ion  of  ICRF-187 and 
daunorubic in  (Fig. 2). The remaining two animals  in this 
group showed minimal  al terat ions (1 +) .  The difference in 
both the incidence and the severity of  ca rd iomyopa thy  be- 
tween the animals  given daunorubic in  alone and those giv- 
en the combinat ion  of  ICRF-187 and daunorubic in  was 
highly significant (P<0.01)  (Table 2). No  cardiac  lesions 
were present  in rabbits  receiving ICRF-187 or saline with- 
out daunorubic in .  

Pathology of noncardiac tissues 

Minimal  to mild  renal  tubular  di la ta t ion was found in four  
rabbits  given daunorubic in  alone and in four rabbits  treat- 
ed with the combina t ion  of  ICRF-187 and daunorubic in .  
No  histological  lesions at t r ibutable to daunorubic in  or 
ICRF-187 were found in the lung, small intestine, liver, or 
skeletal muscle. Scattered mononuc lea r  in f lammatory  cells 
were noted in the livers of  five rabbits  given daunorubic in  
alone and of  four  rabbits  given the combina t ion  of  ICRF-  
187 and daunorubic in .  A similar degree of  hepat ic  inflam- 
mat ion  was seen in control  animals  t reated with ICRF-187 
and saline. 

Clinical chemistry and hematologic determinations 

No consistent changes were found in serum concentra-  
tions of  glucose, creat inine,  urea  nitrogen,  bi l i rubin,  total  
l ipids,  tr iglycerides,  uric acid, cholesterol,  sodium, potas-  

Table 1. Body weights, white blood cell counts, red blood cell counts, and hemoglobin concentrations in rabbits given daunorubicin and 
ICRF-187 a 

Treatment Time of No. of Body weight White blood Red blood Hemoglobin 
group measurement b rabbits (kg) cell count cell count (g/100 ml) 

(X 10 3/mm 3) (X 10 6/mm 3) 

ICRF-187 -I- I 7 2.6 + 0.2 7.6 _+ 1.6 6.56 ± 1.6 14.4 ___ 1.2 
daunorubicin E/T 7 3.3 _ 0.3 7.7 _ 2.5 5.63 _+ 0.32 12.3 +__ 0.9 

F 6 3.2 + 0.2 11.1 __ 3.3 6.08 ± 0.62 13.3 ___ 1.7 
Daunorubicin I 9 2.7 _ 0.3 8.5 ± 2.9 6.52 + 0.83 14.8 ± 1.9 

E/T 9 3.3 _+ 0.3 9.8 + 7.9 6.00 ___ 0.77 12.5 ___ 2.0 
F 7 3.3 _ 0.4 8.1 +__ 4.0 5.60 + 1.53 12.4 ___ 3.0 

ICRF-187 control I 4 2.3 _ 0.2 9.1 _+ 2.3 5.67 + 0.41 12.1 ± 0.4 
E/T 3 3.0 + 0.2 9.1 _+ 5.1 6.10 ± 0.95 12.5 + 1.2 
F 3 3.2 + 0.2 8.4 + 4.5 5.80 _+ 0.53 12.0 ± 0.7 

Saline control I 4 2.4 + 0.4 9.1 + 0.7 6.36 ± 0.64 14.1 ± 1.0 
E/T 3 3.2 ± 0.2 10.4 +_ 2.2 6.30 ± 0.65 13.6 ± 1.3 
F 3 3.4 _ 0.1 9.6 ± 2.6 5.88 ± 0.32 13.1 + 0.7 

a Values given are means _+ standard errors 
b I, initial (control) value before treatment; E/T, value 3 weeks after the sixth treatment (21 

treatment (30 weeks) 
weeks); F, final value 3 months after the sixth 
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Fig. 1. Light micrograph of heart from 
rabbit,  taken 3 months  after receiving six 
injections, given at 3-week intervals, of 
3.2 mg daunorubic in /kg  (19.2 mg/kg  to- 
tal dose). Vacuolization and loss of myo- 
fibrils are shown in longitudinally sec- 
t ioned myocytes. Section of plastic-em- 
bedded tissue 1 lxm thick; alkaline tolui- 
dine blue stain; x 300 

Table 2. Effect of ICRF-187 pretreatment  on daunorubicin- induced chronic cardiomyopathy in rabbits, determined 3 months  after the 
last t reatment  

Treatment Incidence Cardiomyopathy score 
group 

Deaths Lesions 0 1 2 3 < 1 a 

ICRF-187 + daunorubicin  1/7 2 /7  b 5 2 0 0 7 /7  c 

Daunorubicin  2 /9  7 /7  0 2 5 0 2/7  

ICRF- 187 control 1/4 0/3  3 0 0 0 3/3 

Saline control 1/4 0/3  3 0 0 0 3/3 

a The numerator  denotes the number  of rabbits with a cardiomyopathy score of 1 + or less and the denominator ,  the total number  of 
rabbits examined 

b Significantly less than in the daunorubicin  group according to Z 2 test (P  < 0.01) 
c Significantly greater than in the daunorubic in  group according to ~2 test (P  < 0.01) 

Fig. 2. Light micrograph of heart  from 
rabbit  taken 3 months  after receiving six 
injections, given at 3-week intervals, of 
25 mg ICRF-187/kg and 3.2 mg daunoru- 
bicin/kg.  Myocytes appear  normal.  Sec- 
t ion of plastic-embedded tissue 1 Ixm 
thick; alkaline toluidine blue stain; x 300 
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sium, calcium, iron, SGOT, SGPT, CK, or alkaline phos- 
phatase. No statistical significant differences were found 
in the white blood cell count, red blood cell count, or 
hemoglobin concentration between any of the groups at 
any time during the study (Table 1). 

Discussion 

The rabbit has been used as a model in a number of studies 
for examining the characteristics of anthracycline cardio- 
toxicity. Myocardial alterations induced by chronic dau- 
norubicin administration in the rabbit were first reported 
by Moral et al. [16]. Subsequently, Jaenke [l l ,  12] found 
that similar cardiac alterations could be induced by 
doxorubicin. These findings have been confirmed in the 
rabbit by other studies with daunorubicin [10] and doxoru- 
bicin [14, 23]. Both drugs induce cytoplasmic vacuolization 
and myofibrillar loss, lesions which are similar to those 
observed in patients treated with daunorubicin or doxoru- 
bicin [4]. 

There is abundant evidence to indicate that anthracyc- 
line cardiotoxicity is dose-dependent. At low doses the in- 
cidence of fatal congestive heart failure in patients is less 
than 1%, while at higher doses the incidence can approach 
30% [24, 25]. The time course of overt anthracycline 
cardiotoxicity is variable. In a number of instances, pa- 
tients have not developed congestive heart failure until 
some time after therapy has been concluded [24, 25]. Based 
on the results of his studies, Jaenke [12] has suggested that 
myocyte damage continues to increase even if treatment is 
terminated. These clinical and experimental observations 
are taken to indicate that anthracycline-induced cardio- 
myopathy is both delayed and progressive. In the present 
study, rabbits received a cumulative dose of 19.2mg 
daunorubicin/kg over an 18-week period and were ex- 
amined 3 months after the last treatment; at this time, all 
animals had cardiac lesions [five mild (2 + )  and two mini- 
mal (1 +)]. We utilized a similar dosing regimen in an ear- 
lier study, which differed in two features from the present 
one: the rabbits received only 16rag daunorubicin/kg 
(five doses) and the experiment was terminated 3 weeks af- 
ter the last treatment [10]. The incidence and severity of the 
myocardial lesions found in animals treated with daunoru- 
bicin in both studies were almost identical. Friedman et al. 
[5] reported that if doxorubicin treatment is terminated af- 
ter detection of a decrease in left ventricular function the 
level of dysfunction remains stable. Furthermore, abnor- 
mal left ventricular function may persist for extended peri- 
ods of time without the development of overt heart failure 
[6]. These results suggest that myocyte damage does not 
progress in the absence of continuing drug administration. 
The present study supports this contention. 

Attempts to resolve the problem of anthracycline car- 
diotoxicity have included the administration of a variety 
of potential myocardial protective agents [20]. Vitamin E 
has been utilized in a number of studies because of evi- 
dence linking the cardiotoxicity to toxic free radicals 
formed from reactions catalyzed by anthracyclines 
[17-19]. Myers et al. [17] reported that vitamin E offered 
significant protection against acute high-dose doxorubicin 
lethality in mice. Later, vitamin E was found to delay, ra- 
ther than prevent, the lethal effects of doxorubicin [15]. In 
other studies of  acute and chronic cardiotoxicity, vitamin 
E protection has also proved to be inconsistent. The com- 
pound decreased the cardiotoxic effect of acute high doses 

of  doxorubicin in mice, rats, and rabbits [11, 17, 21, 26], 
but afforded little or no protection against chronic cardio- 
toxicity in animal or human studies [1, 8, 13]. 

ICRF-187 is another agent that has provided protec- 
tion in a number of animal models. This compound re- 
duces the toxicity of acute high doses of daunorubicin for 
prolonged periods of time [9]. Likewise, the protective ef- 
fect of ICRF-187 against chronic anthracycline cardiotoxi- 
city has been observed in three different animal species [7, 
8, 10]. The possible mechanism of this protective activity 
has been discussed previously [7, 8, 10]. Briefly, it has been 
postulated that much of the cellular damage produced by 
anthracyclines is mediated by the formation of an iron-an- 
thracycline complex which is capable of  generating free 
radicals [19], and that ICRF-187 interferes with this pro- 
cess by chelating iron. In accord with this concept is the 
observation that ICRF-187 also attenuates the severity of 
alloxan-induced diabetes, a toxic reaction which requires 
iron for the formation of free radicals [3]. 

In the present study, pretreatment with ICRF-187 
caused a significant decrease in anthracycline cardiotoxi- 
city. As in previous studies, both the incidence and the 
severity of the lesions were reduced. An important aspect 
of the protection was that hearts from a majority (5 of 7) of 
the rabbits given the combination of ICRF-187 and 
daunorubicin were normal. This observation is all the 
more significant since myocyte alterations were noted in 
all seven animals given daunorubicin alone. Vacuolization 
and myofibrillar loss were minimal in the remaining two 
animals treated with ICRF-187. In previous studies, the re- 
duction in cardiotoxicity was evaluated 1-3 weeks after 
the last anthracycline dose [7, 8, 10]. Thus, the results of 
the present study clearly show that ICRF-187 provides 
true protection against anthracycline cardiomyopathy, as 
opposed to causing only a delay in the onset of the toxicity 
of  these agents. 

The attenuation in myocyte damage may have addi- 
tional advantages. When daunorubicin was given chroni- 
cally to rabbits pretreated with ICRF-187, the degree of 
myocardial toxicity was reduced both at 3 weeks [10] and 
at 3 months (present study) after the last treatment. How- 
ever, even though a higher cumulative daunorubicin dose 
was given to the animals observed at 3 months than to 
those observed at 3 weeks [10] (19.2, as against 16 mg/kg), 
71% (5 of 7) of the hearts were normal at 3 months, while 
only 33% (4 of 12) were normal at 3 weeks. These differ- 
ences strongly suggest that s~ egression of the lesions 
had taken place by 3 months. In another study, vacuoliza- 
tion was observed in hearts from hamsters 2 weeks after 
they were pretreated with ICRF-187 and given a single 
high dose of  daunorubicin [9]. However, a return to nor- 
malcy also appeared to occur subsequently in these ani- 
mals, because after 10 weeks there was no morphologic 
difference between myocytes from surviving hamsters 
given ICRF-187 and daunorubicin and those from sa- 
line-treated control animals. Therefore, it is possible that 
ICRF-187 pretreatment, by attenuating anthracyeline-in- 
duced cardiac damage, may also allow time for the myo- 
cytes to recover their cellular integrity. 
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