
ORIGINAL ARTICLE

E.H. Herman á J. Zhang á B.B. Hasino�
D.P. Chadwick á J.R. Clark Jr. á V.J. Ferrans

Comparison of the protective effects against chronic doxorubicin
cardiotoxicity and the rates of iron (III) displacement reactions
of ICRF-187 and other bisdiketopiperazines

Received: 8 May 1996 /Accepted: 14 January 1997

Abstract Histologic and biochemical studies were car-
ried out to compare the protective activity of various
bisdiketopiperazines against the cardiac and renal tox-
icity induced by doxorubicin in spontaneously hyper-
tensive rats (SHR), a well-established animal model of
this disorder, with: (1) the rates of hydrolysis of these
agents to form the iron-chelating derivatives (which are
considered to cause a decrease in the formation of re-
active oxygen intermediates) and (2) the ability of these
derivatives to bind iron. SHR were given 12 weekly in-
jections of doxorubicin, 1 mg/kg i.v. either alone or
30 min after the administration of ICRF-154, ICRF-
187, ICRF-192, ICRF-197, ICRF-198, ICRF-239 and
ADR-559. Semiquantitative grading of the severity of
the resulting cardiac and renal lesions showed that
ICRF-187, ICRF-154 and ADR-559 were the most
protective, whereas ICRF-197 and ICRF-239 provided
intermediate degrees of protection, and ICRF-192 and
ICRF-198 were not protective. Quantitative measure-
ments in vitro revealed only relatively small di�erences
in the rates of opening of the two diketopiperazine rings
of the various agents to form the corresponding iron-
chelating diacid diamide derivatives, and in the ability of
these various derivatives to remove iron from the iron±
doxorubicin complex. Such di�erences showed no rela-
tionship with cardioprotective activity. Some bisdiketo-
piperazines (including ICRF-154 and ICRF-187) with
cardioprotective activity also are inhibitors of DNA

topoisomerase II; however, the signi®cance of this rela-
tionship remains uncertain, since ADR-925, the open-
ring derivative of ICRF-187, does not inhibit DNA
topoisomerase II.
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Introduction

Bisdiketopiperazines were initially found by Creighton
et al. [4] to possess cytotoxic and antineoplastic activity.
Although these activities have had only very limited
clinical applications, renewed interest in these agents
developed from the observation that ICRF-159, the ra-
cemic mixture of ICRF-187 and ICRF-186 (the (S )- and
(R)-enantiomers, respectively, of ICRF-159), [1, 2-bis
(3, 5-dioxopiperazine-1-yl)propane] and ICRF-187 de-
crease the lethal e�ects of high doses of daunorubicin in
Syrian golden hamsters [16, 17]. A comparative evalua-
tion of the reduction in acute daunorubicin toxicity by a
number of other bisdiketopiperazines has revealed that
very little alteration can occur in the basic structure of
ICRF-187 without a signi®cant loss of protective activ-
ity [18]. Other studies [15] have demonstrated that
ICRF-187 (also known as ADR-529, dexrazoxane and
Zinecard) also causes signi®cant attenuation of the
chronic cardiomyopathy induced by doxorubicin and
other anthracyclines in a variety of experimental animal
models [22] as well as in patients undergoing cancer
chemotherapy [29, 31].

The pathogenesis of the chronic cardiotoxicity that
ultimately limits the clinical use of doxorubicin is
thought to be related to multiple factors, the most im-
portant of which appears to be the iron-mediated for-
mation of reactive oxygen intermediates that damage a
variety of cellular components [26]. This reaction is me-
diated by a complex formed by doxorubicin and Fe3+.
The current concept of the protective activity of ICRF-
187 against doxorubicin-induced cardiomyopathy is that
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this agent, because of its nonpolar nature, di�uses rap-
idly into cells, where it undergoes hydrolysis to an open
ring (diacid diamide) derivative (ADR-925) that func-
tions as an e�ective intracellular chelator of iron [3, 8, 9].
This chelation appears to be associated with removal of
the iron from the Fe3+±doxorubicin complex [10, 13].
ICRF-198 (the open-ring hydrolysis product of ICRF-
159) also removes iron rapidly from the complex formed
between this metal and doxorubicin or other anthracy-
clines [10, 11, 13]. Other reports have documented the
iron-chelating properties of the open-ring hydrolysis
products of other bisdiketopiperazines, including ICRF-
192, ICRF-193 and ICRF-196 [23, 24]. These ®ndings
suggest that other compounds that are structurally re-
lated to ICRF-187 also might exert protective activity
against doxorubicin cardiotoxicity. This has been the
subject of only very limited studies, most of which have
been concerned with the acute toxicity resulting from
large, single doses of anthracyclines [18]. In long-term
toxicity studies, ICRF-186 has been found to be only
slightly less protective than ICRF-187 against the
chronic cardiomyopathy induced by doxorubicin in

spontaneously hypertensive rats (SHR) [33]. ADR-559,
the morpholinomethyl derivative of ICRF-159 (also
known asMM-159), also has been reported to ameliorate
the chronic cardiac toxicity of doxorubicin in beagle dogs
[20]. However, detailed comparisons of the e�ectiveness
of these variously substituted bisdiketopiperazines in
protecting against the chronic cardiotoxicity of doxoru-
bicin have not been made in any animal model. The
structural formulas for these compounds are shown in
Fig. 1.

The present study was initiated to determine: (1)
whether compounds that are related to ICRF-187 but
have structural changes in the central alkyl chain (such
as ICRF-154 [desmethyl], ICRF-192 [ethyl] and ICRF-
197 [cyclobutyl]) or in the diketopiperazine rings (such
as ICRF-198 [diacid diamide] and ICRF-239 [methyli-
mide] or ADR-559 [morpholinomethyl]) have protective
e�ects against the chronic cardiomyopthy induced by
doxorubicin in SHR, an animal model that we have
characterized extensively in studies of the cardiotoxicity
of anthracyclines [19, 21], and (2) whether this protective
activity is related either to the rates of hydrolysis of these

Fig. 1 Structures of the bisdi-
ketopiperazines and their open-
ring derivatives
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compounds to form the corresponding open-ring deriv-
atives or to the iron-chelating properties of these deriv-
atives, as evaluated by measurements of their ability to
remove iron from the Fe3+±doxorubicin complex.

Materials and methods

Evaluation of the cardioprotective activity
of the various bisdiketopiperazines

Adult male SHR (Aoki-Okamoto strain), weighing between 200
and 250 g, were acquired from Charles River Breeding Laborato-
ries, Wellington, Mass. ICRF-154, ICRF-187, ICRF-198 and
doxorubicin were provided by the Division of Cancer Treatment,
National Cancer Institute, National Institutes of Health, Bethesda,
Md., and ICRF-192, ICRF-197 and ICRF-239 were obtained from
Dr. Andrew Creighton, Cellular Pharmacology and Antitumor
Laboratory, Imperial Cancer Research Fund, Lincolns Inn Field,
London, UK. ADR-559 was supplied by Dr. Donald Witiak, Di-
vision of Medical Chemistry and Pharmacokinetics, College of
Pharmacy, Ohio State University, Columbus, Ohio. The experi-
mental protocol was approved by the Animal Use Committee of
the Center for Drug Evaluation and Research of the Food and
Drug Administration and was in compliance with the Guidelines
for the Use and Care of Laboratory Animals (NIH publication no.
85±23).

A total of 60 SHR were divided into nine groups of 5 to 11
animals each, depending on the availability of the various bisdi-
ketopiperazines. All compounds were dissolved to a ®nal concen-
tration of 10 mg/ml just prior to use. ICRF-187, ICRF-198, ICRF-
239 and ADR-559 were dissolved in normal saline. ICRF-192 and
ICRF-197 were initially dissolved in 2 ml dimethylsulfoxide
(DMSO) and then diluted with 8 ml normal saline, while ICRF-154
was only soluble in 100% DMSO. The doses of the various bisdi-
ketopiperazines and of doxorubicin were selected on the basis of
the results of previous studies showing that pretreatment with
50 mg/kg ICRF-187 provides signi®cant protection against the
toxicity produced by 1 mg/kg doxorubicin when the two com-
pounds are administered once a week for 12 weeks to SHR [21].
The ®rst eight treatment groups of SHR were pretreated as follows:
group 1 (10 animals), 0.2 ml of saline; group 2 (5 animals),
50 mg/kg ICRF-154; group 3 (11 animals), 50 mg/kg ICRF-187;
group 4 (10 animals), 50 mg/kg ICRF-192; group 5 (6 animals),
50 mg/kg ICRF-197; group 6 (5 animals), 50 mg/kg ICRF-198;
group 7 (6 animals), 50 mg/kg ICRF-239; and group 8 (6 animals),
88 mg/kg ADR-559 (this dose was selected in consideration of the
contribution of the two morpholinomethyl groups to the molecular
weight of ADR-559). All bisdiketopiperazines were given intra-
peritoneally (i.p.) 30 min prior to an intravenous (i.v.) injection of
1 mg/kg doxorubicin via the tail vein. The ninth group of SHR
(saline controls; 11 animals) received an i.p. injection of saline
followed in 30 min by an i.v. injection of saline. All substances were
administered once a week for 12 weeks. Animals were weighed
prior to each dosing throughout the experimental period.

One week after the last (12th) dosing, when the toxic e�ects of
the ®nal dose of doxorubicin reach a plateau, the animals were
euthanized with an overdose of pentobarbital. Blood samples were
then collected for hematological and clinical chemistry determina-
tions (Metpath, Baltimore, Md.), and the animals underwent
complete necropsies. Animals that died prior to the end of the
study also underwent necropsy studies. The heart, kidneys and
portions of the liver, lungs and small intestine were ®xed in neutral
bu�ered 10% formalin. The hearts were embedded in glycol
methacrylate resin, sectioned at a thickness of 1-lM and stained
with hematoxylin-eosin and alkaline toluidine blue. The other tis-
sues were embedded in para�n, sectioned and stained with he-
matoxylin-eosin. The frequency and severity of doxorubicin-
induced cardiac lesions were assessed by light microscopic exami-
nation of the plastic sections. The alterations were graded on a

scale of 0 to 3 according to the method of Billingham [1]. A scoring
scale of 0 to 4 was used to evaluate the severity of renal damage,
which was graded as described in detail previously [21].

Statistical analysis

The Mann-Whitney test was utilized to determine the signi®cance
of di�erences in the severity of cardiomyopathy and nephropathy
scores among the various treatment groups. Student's t-test and
Tukey-Kramer multiple comparisons tests were used to assess
di�erences in body weights and hematological values between the
groups

Evaluation of iron binding by the various bisdiketopiperazines

The Fe3+±doxorubicin complex was prepared at a 3:1 drug to Fe3+

ratio under slightly acidic conditions, as previously described [3, 9,
10]. A small amount of the Fe3+±doxorubicin complex was added
to a thermostatted (25 °C) 1-cm cell containing Tris/KCl bu�er
(50 mM/150 mM; pH, 7.4) in a Hamamatsu UV-260 spectropho-
tometer to give a ®nal Fe3+ concentration of 15 lM and a ®nal
doxorubicin concentration of 45 lM. The displacement of Fe3+

from the Fe3+±doxorubicin complex was followed by recording
complete spectra (375 to 650 nm) at ®xed time intervals after the
addition of the bisdiketopiperazine or its hydrolysis product. The
hydrolysis of the bisdiketopiperazines was similarly followed (190
to 330 nm) in NH3/KCl bu�er (50 mM/150 mM; pH 9.3) at 37 °C
at a drug concentration of 50 lM ). A pH of 9.3 was chosen in
order to solubilize the drugs, which are partly ionized at this
pH [11] and to speed up the reaction.

Results

General toxicity and weight changes

Eight of ten SHR given doxorubicin alone died prior to
the 13th week of experimentation (Seven after the 12th
dose and one after the 10th dose; Table 1). All animals
pretreated with ICRF-198 or ICRF-239 died after the
11th or 12th injection of doxorubicin. In contrast, all of
the SHR pretreated with ICRF-187 or ICRF-197 sur-
vived until the end of the study. Partial protection
against the lethal e�ects of doxorubicin occurred in
animals pretreated with ICRF-154, ICRF-192 or ADR-
559 (Table 1).

Animals given saline without doxorubicin gained an
average of 77 � 15 g of body weight over the course of
the study, whereas the average body weight of the sur-
viving SHR receiving doxorubicin alone did not change
(+1 � 37 g) over the same period. The most signi®cant
increase in body weight in the groups pretreated with the
various bisdiketopiperazines occurred in those animals
receiving ICRF-187 (37 � 20 g) and ADR-559 (63 �
52 g). Animals in other pretreatment groups had either
minimal increases (ICRF-154, ICRF-197 and ICRF-
239) or decreases (ICRF-192 and ICRF-198) in body
weight (Table 1).

Gross anatomic changes

Excessive amounts of pericardial and peritoneal ¯uids
were observed in a majority of the animals given
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doxorubicin alone or pretreated with the various bisdi-
ketopiperazines except ICRF-187. Fluid accumulation
was noted in only 1 of 11 SHR pretreated with ICRF-
187. The kidneys of SHR given doxorubicin with or
without the various bisdiketopiperazines appeared pale
compared to those of the saline-treated control animals.

Myocardial pathology

Doxorubicin caused myocyte alterations consisting of
cytoplasmic vacuolization and loss of myo®brils. These
changes were identical to those reported previously in
SHR given 1 mg/kg doxorubicin weekly over a 12-week
period [19, 21, 32]. Both types of alterations often oc-
curred in the same cell and involved greater numbers of
myocytes as the lesions increased in severity. Damaged
cells were di�usely distributed throughout the myocar-
dium. Data on the incidence and severity of the myo-
cardial lesions in the various treatment groups are
presented in Table 2.

The SHR treated with doxorubicin alone had severe
lesions (Table 2), as did those treated with doxorubicin
plus ICRF-192 and ICRF-198. The severity of myo-
cardial lesions was signi®cantly reduced in animals pre-
treated with ICRF-154, ICRF-187, ICRF-197, ICRF-
239 and ADR-559 (P<0.05, Table 2). Lesion scores of
1.0 to 1.5 were observed in SHR pretreated with ICRF-
154, ICRF-187 and ADR-559. The protective e�ects of
these three compounds were signi®cantly greater than
those of ICRF-197 and ICRF-239 (P<0.05).

Pathology of noncardiac tissues

Doxorubicin induced severe renal alterations, including
vacuolization and sclerosis of the glomeruli, dilatation
of the tubules with intraluminal protein casts and in-
terstitial lymphocytic in®ltration. The renal lesion scores
in animals given doxorubicin alone ranged from mild to
severe (Table 3). All SHR, except in one instance, pre-
treated with the various bisdiketopiperazines prior to
doxorubicin developed renal alterations (Table 3).
However, none of the lesions was severe (lesion score of
4) in these animals. A signi®cant decrease in the severity
of the renal lesions occurred in SHR pretreated with
ICRF-187, ICRF-197, ICRF-198, ICRF-239 and ADR-
559, compared to the animals receiving doxorubicin
alone (P<0.05, Table 3). However, there was no signi-
®cant di�erence in the degree of renal protective activity
among these ®ve compounds. The kidneys from control
animals receiving saline had normal morphology.

Hematologic studies

Treatment of SHR with doxorubicin caused signi®cant
decreases in red blood cell count, hemoglobin concen-
tration and hematocrit, in comparison with the values
obtained from the animals receiving only saline
(P<0.05, Table 4). Furthermore, signi®cant decreases in
these three hematologic values were also observed in
surviving animals pretreated with ICRF-154, ICRF-187,
ICRF-192, ICRF-197 and ADR-559 versus the control

Table 1 Mortality and changes
in body weight in SHR treated
with bisdiketopiperazines and
doxorubicin (DXR). SHR re-
ceived 12 weekly doses, con-
sisting of 50 mg/kg, i.p. of the
bisdiketopiperazines, except for
ADR-559, which because of its
larger molecular weight was gi-
ven in a dose of 88 mg/kg. This
was followed in 30 min by
1 mg/kg i.v. of doxorubicin

Treatment Change in body
weight (g)

Number SHR dead
prior to end of study

Cumulative DXR dose
(mg/kg) at time of death

DXR +1 � 37* 8/10 10(1), 12(7)
ICRF-154 DXR +3 � 33 2/5 9(1), 10(1)
ICRF-187 DXR +37 � 33 0/11 ±
ICRF-192 DXR ±13 � 29* 6/11 10(1), 11(4), 12(1)
ICRF-197 DXR +6 � 40* 0/6 ±
ICRF-198 DXR ±8 � 61* 5/5 11(5)
ICRF-239 DXR +16 � 9* 6/6 11(4), 12(2)
ADR-559 DXR +63 � 52 2/6 9(1), 12(1)
Saline +77 � 15 0/11

*P<0.05 vs ICRF-187/DXR group and vs Saline group; Student's t-test

Table 2 Cardiomyopathy
scores in SHR treated with bis-
diketopiperazines and doxor-
ubicin (DXR).Treatment
groups are as described in
Table 1

Treatment No. of
animals

Myocardial lesions score

0 1 1.5 2.0 2.5 3.0

DXR 10 0 0 0 1 2 7
ICRF-154/DXR* 5 0 2 3 0 0 0
ICRF-187/DXR* 11 0 8 3 0 0 0
ICRF-192/DXR 10 0 0 0 1 4 5
ICRF-197/DXR* 6 0 0 0 4 1 1
ICRF-198/DXR 5 0 0 0 1 1 3
ICRF-239/DXR* 6 0 0 0 6 0 0
ADR-559/DXR* 6 0 3 2 0 0 0
Saline 11 11 0 0 0 0 0

*P<0.05 vs DXR only group; Mann-Whitney test
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group (P<0.05, Table 4). White blood cell counts were
not signi®cantly altered in any of the doxorubicin-
treated groups except in animals pretreated with ADR-
559. In this group, the white blood cell counts were
signi®cantly higher than those found in the groups re-
ceiving saline only, doxorubicin alone or the other ICRF
compounds (P<0.05, Table 4). Moreover, the red blood
cell count, the hemoglobin concentration and the hem-
atocrit were signi®cantly higher in SHR pretreated with
ICRF-187 and ICRF-197 than in those receiving only
doxorubicin (P<0.05, Table 4).

Ring-opening hydrolysis of the bisdiketopiperazines

We have previously shown [10, 11] that the ring-opening
hydrolysis of ICRF-187 to its diacid diamide results in
UV spectral changes that allow the reaction to be fol-
lowed as a function of time. The drugs listed in Table 5
showed spectral changes that were very similar to those
observedwith ICRF-187 [11]. The decrease in absorbance
at 227 nm was used to follow the ring-opening hydrolysis
reaction. As described previously [11], the absorbance-
time data were ®tted to a three-parameter exponential
decay equation to yield the ®rst order rate constant kobs.
In the case of ICRF-187, the opening of each of the two
diketopiperazine rings occurs with the same rate constant
[13]. The good exponential ®ts that were observed indi-
cate that this was occurring with the analogues as well.

The t1=2 for the ICRF-187 reaction was 0.55 h (Table 5)
at pH 9.3 compared to a t1=2 of 16.3 h at pH 7.4 also at
37 °C [11]. Since the hydrolysis is largely base-catalyzed
at pH 7.4 [11], the ®rst-order rate constants obtained at
pH 9.3 (Table 5) should be nearly in proportion to those
at pH 7.4. The results shown in Table 5 indicate that, in
spite of signi®cant di�erences in the central chains of the
bisdiketopiperazines, the rate constants for hydrolysis of
these compounds do not vary signi®cantly. Even the N-
substituted morpholinomethyl derivative (ADR-559)
undergoes hydrolysis at a rate similar to that of the other
analogues. These results suggest that under these basic
conditions ADR-559 undergoes rapid hydrolysis to
ICRF-159 (the racemic form of ICRF-187), which then
undergoes ring-opening hydrolysis.

Table 4 White blood cell and
red blood cell counts, he-
moglobin concentrations, and
hematocrit values in SHR trea-
ted with bisdiketopiperazines
and doxorubicin (DXR).
Treatment groups are as de-
scribed in Table 1. Values are
mean � SD from 4 to 10 ani-
mals

Treatment White blood
cells (´ 103)

Red blood,
cells (´ 103)

Hemoglobin
(g/100 ml)

Hematocrit
(%)

DXR 2.9 � 0.4 3.9 � 0.2** 7.5 � 0.5** 22.7 � 1.3**
ICRF-154/DXR 3.3 � 0.3 4.0 � 0.8** 8.2 � 1.1** 21.1 � 5.2**
ICRF-187/DXR 6.5 � 2.4 6.4 � 1.5*,** 11.9 � 2.1*,** 33.4 � 7.6*,**
ICRF-192/DXR 5.3 � 0.7 4.8 � 1.1** 8.0 � 1.1** 24.2 � 4.8**
ICRF-197/DXR 6.7 � 2.4 6.6 � 0.9*,** 12.8 � 1.7*,** 37.2 � 3.2*
ADR-559/DXR 11.8 � 5.8*,** 5.7 � 1.3** 10.7 � 2.0** 32.6 � 5.7**
Saline control 4.3 � 1.5 9.8 � 0.15 15.7 � 0.4 45.3 � 2.1

*P<0.05 vs DXR only group; **P<0.05 vs Saline group; Tukey-kramer multiple comparisons test

Table 5 First-order rate constants for the ring-opening hydrolysis
of various bisdiketopiperazines measured spectrophotometrically
at a wavelength of 227 nm in NH3/KCl bu�er (pH 9.3) at 37 °C.
The ®rst-order rate constants were obtained by ®tting the absor-
bance-time data to three-parameter exponential decay equation.
The errors are ®tting errors only from the nonlinear least squares

Drug kobs (min
)1) t1=2 (min)

ICRF-154 1.60 � 0.02 43
ICRF-187 2.11 � 0.01 33
ICRF-192 2.01 � 0.01 34
ICRF-197 1.93 � 0.01 36
ADR-559 1.81 � 0.01 38

Table 3 Nephropathy scores in
SHR treated with bisdiketopi-
perazines and doxorubicin
(DXR). Treatment groups are
as described in Table 1

Treatment No. of
animals

Renal lesion score

0 1 2 3 4

DXR 10 0 0 3 3 3
ICRF-154/DXR 5 0 1 1 3 0
ICRF-187/DXR* 11 0 4 4 3 0
ICRF-192/DXR 11 0 1 4 6 0
ICRF-197/DXR* 6 0 3 3 0 0
ICRF-198/DXR* 5 0 1 3 1 0
ICRF-239/DXR* 6 0 3 1 2 0
ADR-559/DXR* 6 1 2 1 1 0
Saline 11 11 0 0 0 0

*P<0.05 vs DXR only group; Mann-Whitney test
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Removal of Fe3+ from the Fe3+±doxorubicin
complex by the open-ring hydrolysis products
of the bisdiketopiperazines

We have previously demonstrated that ADR-925 is
able to quickly and e�ciently displace Fe3+ from the
Fe3+±doxorubicin complex [3, 9, 10]. The open-ring
derivatives of the analogues were also examined to
determine the rate at which they displace Fe3+ from
the Fe3+±doxorubicin complex and to evaluate the
correlation between this rate of removal and the car-
dioprotective activity of each parent compound. The
open-ring derivatives of the ICRF compounds were
prepared by hydrolyzing the drugs in NH3/KCl bu�er
for 4.5 h at 37 °C. This corresponds to about eight
half-lives (Table 5), which is su�cient to cause nearly
100% hydrolysis. The spectral changes observed upon
the addition of 100 lM hydrolysis product to the
Fe3+±doxorubicin complex were very similar to those
found for ICRF-198 [3, 9]. The removal of Fe3+ from
the Fe3+±doxorubicin complex was followed at
600 nm, where the complex has an absorption band. A
fast initial drop in absorbance was observed during the
®rst minute, followed by a slower process that occurred
over several minutes. The t1=2 values given in Table 6
were calculated for this second slower process from the
absorbance-time data at times longer than 2.4 min. The
percentage of Fe3+ removed from the Fe3+±doxoru-
bicin complex was estimated from the absorbance at
600 nm at 40 min at the completion of the reaction
relative to the absorbances of the Fe3+±doxorubicin
complex (A600 0.138) and uncomplexed doxorubicin
(A600 0.007). The hydrolysis products of the bisdike-
topiperazines were able to e�ciently displace Fe3+

from the Fe3+±doxorubicin complex, as were EDTA
and ICRF-198. The hydrolysis products of ICRF-154,
ICRF-192 and ADR-559 were about as e�ective as that
of ICRF-187 in displacing Fe3+ from the Fe3+±doxo-
rubicin complex (Table 6).

Removal of Fe3+from the Fe3+±doxorubicin
complex by the bisdiketopiperazines

We have previously shown [3, 10] that the Fe3+±dox-
orubicin complex promotes the hydrolysis of ICRF-
187, thereby resulting in removal of Fe3+ from the
Fe3+±doxorubicin complex. The spectral changes that
were observed upon mixing 300 lM of the drug with
Fe3+±doxorubicin at pH 7.4 were consistent with the
removal of Fe3+ from the Fe3+±doxorubicin complex.
The ®rst order rate constants kobs for this reaction
(Table 6) were determined by ®tting the absorbance-
time data at 600 nm as described previously [3, 11].
Except for ADR-559, the rate constants varied by a
factor of less than two. The ®nal percentage of Fe3+

removed was similar to that found for the hydrolyzed
forms of the drugs. The slower rate of reaction of
ADR-559 probably re¯ects the time necessary for the
morpholinomethyl group to be hydrolyzed to produce
ICRF-159, which then reacts with Fe3+±doxorubicin.

Discussion

The results of the present study provide the ®rst detailed
documentation of the protective e�ects of a number of
bisdiketopiperazines against the cardiotoxicity and
nephrotoxicity induced in SHR by the chronic admin-
istration of doxorubicin. Among the compounds tested,
only ICRF-154 and ADR-559 provided a degree of
cardioprotection (lesion scores of 1 or 1.5) similar to that
observed with ICRF-187, the prototype drug of this
class of agents. ICRF-197 and ICRF-239 provided sig-
ni®cant but less e�ective protection (majority of lesion
scores 2.0), whereas ICRF-192 and ICRF-198 were not
cardioprotective under the conditions of the present
study. The patterns of protection against the cardiac and
the renal toxicity of doxorubicin were di�erent in some
respects. ICRF-187, ICRF-197 and ADR-559 were most
protective against the nephrotoxicity, whereas ICRF-
154, ICRF-192 and ICRF-198 did not signi®cantly alter

Table 6 Reaction of the Fe3+±doxorubicin complex with the hy-
drolysis products and the parent compounds of various bisdiketo-
piperazines. The measurements were made spectrophotometrically
at a wavelength of 600 nm in Tris/KCl bu�er (pH 7.4) at 25 °C.

The ®rst-order rate constants (kobs) were obtained by ®tting the
absorbance-time data to a three-parameter exponential decay
equation. The errors are ®tting errors from the nonlinear least
squares analysis. na not applicable

Drug Reaction with Hydrolysis product Reaction with Parent drug

t1=2
(min)

% Fe3+

removed
kobs ´ 102

(min)1)
% Fe3+

removed

ICRF-154 6.5 83 2.42�0.06 79a

ICRF-187 6.6 82 3.51�0.06a 83
ICRF-192 8.1 88 2.47�0.04 82
ADR-559 8.3 71 0.34�0.01 28b

ICRF-198 6.6 83 na na
EDTA 5.0 87 na na

aIn 8% DMSO to increase the solubility
bAt 110 min, as the reaction was incomplete
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this toxicity. It should be noted that the renal toxicity of
doxorubicin and other anthracyclines occurs in rodents
but not in humans [2]. The reason for this di�erence is
not known. ICRF-187, ICRF-197 and ADR-559 were
most e�ective in ameliorating the decreases induced by
doxorubicin in red blood cell counts, hemoglobin and
hematocrit.

Mechanisms of protection by bisdiketopiperazines

Our understanding of the mechanisms of protection by
bisdiketopiperazines is limited. In the case of ICRF-187,
it is generally accepted that cardioprotection is mediated
through intracellular iron binding, an action which de-
creases the site-speci®c formation of reactive oxygen
intermediates [8, 9]. We have recently shown that ICRF-
187 also inhibits the apoptosis (and also the necrosis)
induced by doxorubicin in epithelial cells of the intestine
and renal tubules [34]. However, we have also shown
that this e�ect is not operational in myocardium, since
doxorubicin does not induce apoptosis in cardiac my-
ocytes in SHR under conditions identical to those em-
ployed in the present study [34]. Although these
di�erences remain unexplained, they clearly indicate that
di�erent mechanisms contribute to the toxicity induced
by doxorubicin in various organ systems.

The following characteristics of the various bisdike-
topiperazines must be taken into consideration in in-
terpreting the results of the present study: (1) aqueous
solubility; (2) ability to penetrate into cells by passing in
a nonpolar form through the plasma membrane; (3) rate
of conversion to an open-ring iron-chelating derivative,
and (4) a�nity of this derivative for iron (III), particu-
larly as demonstrated by its ability to displace iron from
the Fe3+±doxorubicin complex. In addition, consider-
ation must be given to the relative ability of the bisdi-
ketopiperazines and their open-ring derivatives to
inhibit DNA topoisomerase II. This e�ect, which ap-
pears to be unrelated to iron chelation, is considered to
be an important determinant of the antineoplastic e�ect
of the bisdiketopiperazines [25, 30]; however, its rele-
vance to the cardioprotective e�ects of these agents re-
mains to be fully evaluated.

Solubility of bisdiketopiperazines

The solubilities of di�erent bisdiketopiperazines vary
considerably. Both ICRF-186 and ICRF-187 are much
more water-soluble than ICRF-159, the corresponding
racemic compound [27]. Both agents exerted signi®cant
cardiac and renal protective activity. ADR-559, which
also was highly protective against cardiotoxicity and
nephrotoxicity, also is highly soluble. It is necessary to
point out that the two morpholinomethyl groups are
readily hydrolyzed from the ADR-559 molecule, so that
this compound becomes ICRF-159, the open-ring de-
rivative of which is ICRF-198. ICRF-239, another rel-

atively soluble compound, did not protect against
doxorubicin-induced lethality but did attenuate the
cardiac and renal damage. ICRF-192 and ICRF-197 are
less soluble and had to be prepared in DMSO and saline.
ICRF-197 attenuated both the cardiac and renal toxic-
ity, but ICRF-192 did not alter either toxicity. ICRF-
154 is very insoluble and had to be dissolved in DMSO.
Although this limited solubility constitutes a signi®cant
practical problem, ICRF-154 was very highly protective
against the cardiac toxicity of doxorubicin. Neverthe-
less, this agent was not protective against doxorubicin
nephrotoxicity, and the reasons for this discrepancy are
not known. It is evident from the preceding consider-
ations that the di�erences in the attenuation of doxo-
rubicin toxicity do not correlate with the solubilities of
the various bisdiketopiperazines.

Cellular uptake of bisdiketopiperazines

Cellular uptake is another property that could in¯uence
the biological activity of the ICRF compounds. Only
very limited information is available on the rate of
penetration of bisdiketopiperazines into cells. Dawson
[7] compared the uptake of ICRF-154, ICRF-159 and
ICRF-192 into cultured BHK-21S cells and showed that
di�erences in cytotoxic activity against these cells were
independent of cellular uptake, as the reactive com-
pounds (ICRF-154 and ICRF-159) and the inactive
compound (ICRF-192) entered the cells at the same rate
by simple di�usion. The uptake of ICRF-187 into iso-
lated adult rat cardiac myocytes is extremely rapid, as
maximal levels are detected within 60 s of exposure to
the drug [8]. The intracellular accumulation of ICRF-
187 was not altered by changes in temperature or ATP
status, again suggesting that simple di�usion is the
driving force for this process [8]. Thus, it does not seem
likely that di�erences in cellular uptake account for the
variations in the cardioprotective activity exerted by the
bisdiketopiperazines. In addition, we attribute the lack
of protective activity of ICRF-198 to poor penetration
of this highly polar derivative across cell membranes,
although the uptake of this compound into cells has not
been speci®cally evaluated.

Formation of open-ring, iron-chelating derivatives

The data in the present study demonstrate only rela-
tively minor di�erences in the rates of ring-opening of
bisdiketopiperazines to form the metal-chelating deriv-
atives. It should be emphasized that in the present study
these rates were determined on the basis of experiments
in which the reaction occurred nonenzymatically at an
alkaline pH (at which the reaction proceeds more rap-
idly than at a neutral pH). Other studies have shown
that this ring opening also can be catalyzed by an en-
zyme present in liver [12]; however, such an enzyme has
not yet been identi®ed in heart. In isolated adult
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myocytes, the ring opening of ICRF-187 occurs within
60 s [8]. Under the conditions of the present study, the
rates of formation of the open-ring derivatives of ICRF-
187, ICRF-154 and ADR-559, the most cardioprotective
compounds, were 2.11 � 0.1, 1.60 � 0.02 and 1.81 �
0.01 min)1, respectively, which did not di�er signi®-
cantly from a rate of 1.93 � 0.01 min)1 for ICRF-197,
which was less protective, and 2.01 � 0.01 min)1 for
ICRF-192, which was not protective. These data indi-
cate that di�erences in the cardioprotective activity of
these compounds are not related to the rates of forma-
tion of their open ring iron±chelating derivatives.

A�nity of open-ring derivatives for iron (III)

The ability of the open-ring derivative of the various
bisdiketopiperazines to remove iron from the iron±
doxorubicin complex did not vary greatly. The t1=2 val-
ues for this reaction were 6.6, 6.5 and 8.3 min for the
derivatives of ICRF-187, ICRF-154 and ADR-559,
respectively. These rates were only slightly di�erent from
that of 8.8 min for ICRF-192, which was not cardio-
protective. The rate of iron removal for ICRF-198 (the
racemic mixture of the open-ring derivatives of ICRF-
186 and ICRF-187) was similar to that reported previ-
ously for ADR-925 (the open-ring derivative of ICRF-
187) [9]. Thus, these results indicate that the di�erences
in cardioprotective activity among the various bisdike-
topiperazines are not a function of their relative abilities
to displace iron from the doxorubicin±iron complex.

Cytotoxicity and inhibition
of DNA topoisomerase IIby bisdiketopiperazines

In studies of structure±activity relationships, Creighton
et al. [5] found large di�erences in cytotoxic activity
among a series of structural analogues of ICRF-159.
Both ICRF-154 and ICRF-159 exerted similar degrees
of inhibitory activity toward the proliferation of BHK-
21S cells, while ICRF-193 and ICRF-202 were at least
50 times more potent [5]. In contrast, ICRF-192 was
essentially inactive. ICRF-154, ICRF-159 and ICRF-
193 have been shown to be inhibitors of DNA topo-
isomerase II [25, 30].

Hasino� et al. [14] examined the ability of ICRF-154,
ICRF-187, ICRF-192 and ICRF-198 to inhibit the
growth of Chinese hamster ovary (CHO) cells and the
activity of DNA topoisomerase II. These investigators
found signi®cant di�erences in the growth-inhibiting
ability among various bisdiketopiperazines. These ®nd-
ings were almost identical to those reported earlier for
BHK-21S cells by Creighton et al. [5] in that ICRF-193
was the most potent, ICRF-154, ICRF-159 and ICRF-
187 were intermediate in potency, and ICRF-192 and
ADR-925 were essentially inactive. The degree of cyto-
toxicity toward the CHO cells showed a high degree of
correlation with the extent to which these agents inhib-
ited the activity of DNA topoisomerase II [14].

Increased cytotoxicity could be a factor in the high
incidence of deaths (>50%) which occurred in the
groups of animals pretreated with ICRF-192, ICRF-198
and ICRF-239. However, the results are interpreted as
indicating a lack of protective activity, since almost all
the deaths in these groups occurred within a similar time
frame to that of animals dying in the group that received
doxorubicin alone.

At present it has not been established to what extent
DNA topoisomerase II participates in the pathogenesis
of anthracycline cardiotoxicity. DNA topoisomerase II
is targeted by both doxorubicin and by several bisdike-
topiperazines [6, 14]. The mechanism of the cytoxicity of
doxorubicin is thought to involve the stabilization by the
drug of the ``cleavable complex'' formed by DNA and
the enzyme [6]. This stabilized complex acts as a cellular
poison [6]. Among the best cardioprotectors, ICRF-154
and ICRF-187 also are reasonably good inhibitors of
DNA topoisomerase II (IC50 of 7.3 and 3 lM, respec-
tively), whereas ICRF-192 and ADR-925 are weak in-
hibitors of the enzyme (IC50 of 91 and >100 lM,
respectively) and lack cardioprotective activity [14].
Compared to that by doxorubicin, the inhibition of
DNA topoisomerase II by bisdiketopiperazines occurs
at a di�erent point in the series of reactions involving the
enzyme and is mediated by the formation of a closed
protein clamp [28]. The assay used to examine inhibition
of topoisomerase II was performed in nuclear extracts.
Consequently, penetration of the bisdiketopiperazines
into the cells is not a factor a�ecting the drugs' inter-
actions with the enzyme [28]. Nevertheless, the role of
such an inhibition in mediating the protective e�ects of
ICRF-187 on the cardiotoxicity of doxorubicin remains
unclear, because ADR-925 (which, as discussed previ-
ously, is the iron-chelating derivative of ICRF-187 and
is formed very rapidly after cellular uptake of the parent
compound) does not inhibit DNA topoisomerase II [14].
The intrinsic properties responsible for the di�erences in
cardioprotective activity among the bisdiketopiperazines
and the possible alterations induced by these agents in
the actual formation of reactive oxygen intermediates
remain to be determined.
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