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Abstract-The effect of the bisdioxopiperazine cardioprotector ICRF-187 (ADR-529, dexrazoxan) on 
drug-induced DNA damage and cytotoxicity was studied. Using alkaline elution assays, ICRF-187 in 
a dose-dependent manner inhibited the formation of DNA single strand breaks (SSBs) as well as DNA- 
protein cross-links induced by drugs such as VP-16 (etoposide), m-AMSA [4’-(9_acridinylamino)- 
methanesylfon-m-anisidide], daunorubicin and doxoruhicin (Adriamycin@) which are known to stimulate 
DNA-topoisomerase II cleavable complex formation. Thus, 50% inhibition of DNA SSBs induced by 
5 PM doxorubicin occurred already at equimolar ICRF-187. In contrast, ICRF-187 did not affect DNA 
SSBs induced by H202. In clonogenic assay, ICRF-187 in non-toxic doses antagonized both VP-16 and 
daunorubicin cytotoxicity in a dose-dependent manner. Our results indicate that the previously described 
acute in uiuo protection by ICRF-187 against anthracycline toxicity may be due to inhibition of 
topoisomerase II activity. The antagonistic effect of ICRF-187 on daunorubicin cytotoxicity should be 
taken into consideration when planning clinical trials. 

One of the dose-limiting side-effects of anthracycline 
treatment iscardiotoxicity and the bisdioxopiperazine 
ICRF-187 has been the subject of numerous 
preclinical in vivo studies as a cardioprotector in 
anthracycline therapy [see 1 and 2 for reviews]. 
Recently, a large-scale clinical trial in patients with 
carcinoma of the breast has demonstrated a beneficial 
effect of ICRF-187 as a cardioprotector in conjunction 
with doxorubicin treatment [3]. The way in which 
ICRF-187 acts as a cardioprotector is still unknown, 
although prevention of the toxicity of oxygen radicals 
by chelation of iron is at present considered to be 
the most likely explanation [l, 21. Anthracyclines 
are thought to exert their antitumor effect by 
interaction with the nuclear enzyme topoisomerase 
II [4], as are several other clinically important drugs 
such as the epipodophyllotoxins etoposide (VP- 
167) and VM-26, and the aminoacridine 4’- 
(9-acridinylamino)-methanesulfon-m-anisidide (m- 
AMSA) [5]. A recent report has however implicated 
several bisdioxopiperazine derivatives including 
ICRF-159, the racemic form of ICRF-187, as 
inhibitors of topoisomerase II [6]. In addition, the 
derivative ICRF-193 inhibited VP-16- and m-AMSA- 
induced formation of enzyme-mediated DNA 
cleavage [7]. As ICRF-187 is the focus of great 

* Corresponding author: Dr M. Sehested, Dept of 
Pathology, Sundby Hospital, DK-2300 Copenhagen S, 
Denmark. Tel. (45) 32343735; FAX (45) 32343999. 

1 Abbreviations: m-AMSA, 4’-(9-acridinylamino)- 
methanesulfon-m-anisidide; DPC, DNA-protein cross- 
link; SSB, single strand break; VP-16, etoposide. 

interest in clinical phase III trials, and indeed 
licensed in several European countries as a 
cardioprotector in conjunction with the topo- 
isomerase II active anthracyclines, it would be of 
interest to examine any possible interactions between 
these two types of drug. 

MATERIALS AND METHODS 

Drugs. ICRF-187 [(+)-1,2-bis(3,5dioxopip- 
erazinyl-1-yl)propane, ADR-529, dexrazoxan] was 
a gift from Farmitalia (Milan, Italy) and was received 
as the formulation used in clinical trials. The 
drug was stored according to the manufacturer’s 
instructions and dissolved in water immediately 
before use. Daunorubicin and doxorubicin (Adri- 
amycin@) were purchased from Farmitalia, VP-16 
and mAMSA from Bristol-Myers Squibb (NJ, 
U.S.A.). All other chemicals were of analytical 
grade. 

Cell lines and clonogenic assay. The human small 
cell lung cancer cell line OC-NYH [8] as well as 
L1210 cells were grown in RPM1 1640 medium with 
10% fetal calf serum, and cytotoxicity was measured 
by a 3 week clonogenic assay following 1 hr drug 
exposure as described [9]. 

Drug accumulation. Daunorubicin accumulation 
in L1210 cells was assessed as described for Ehrlich 
ascites cells [lo]. Briefly, after washing the tumor 
cells four times with ice-cold Ringer’s solution, these 
were incubated at 2 x 106/mL in phosphate-buffered 
saline (57.0 mM NaCl, 5.0mM KCl, 1.3 mM 
MgS04, 9mM NaHzPO,, 51 mM NazHPO+ 
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pH 7.45) containing 5% (v/v) calf serum and 10 mM 
glucose. Increasing concentrations of ICRF-187 from 
5 to 100 PM were added 5 min prior to 1 hr incubation 
with 5 PM daunorubicin at 37”. Following incubation, 
2mL cell suspension was withdrawn and rapidly 
injected into 8 mL ice-cold Ringer solution followed 
by centrifugation at 2400g for 1 min. After two 
washes with ice-cold Ringer solution to remove 
extracellular drug, the pellet was extracted with 
equal volumes of 0.3N HCl:ethanol, and the 
daunorubicin content determined by spectro- 
fluorometry. 

Alkaline elution assay. This was performed as 
described by Kohn et al. [ll] for protein-associated 
single strand breaks (SSBs) and for DNA-protein 
cross-links (DPCs) with minor modifications as in 
Ref. 12. Thus, for determination of SSBs lysis of 
cells on polycarbonate filters (2pM pore size, 
Nucleopore, Pleasanton, CA, U.S.A.) with 5 mL 
SDS-EDTA lysis solution (2% sodium dodecyl 
sulfate-O.1 M glycine-0.025 M disodium EDTA, 
pH 10) was followed by treatment with 0.5 mg/mL 
proteinase K (Sigma Chemical Co., St Louis, MO, 
U.S.A.) in 5 mL SDS-EDTA lysis solution, and the 
filters were then eluted with 35 mL tetra- 
propylammonium hydroxide-EDTA, H 12.1 con- 
tainingO.l% SDS at a rate of 0.130 mL P hr. Fractions 
were collected at 20min intervals for 3 hr. For 
determination of DPCs, 0.8pm pore-size Metricel 
DM-800 filters (Gelman Sciences, Ann Arbor, MI, 
U.S.A.) were used. Lysis was performed with 5 mL 
sarcosyl-EDTA lysis solution (2M NaCl, 0.2% 
sodium lauryl sarcosine and 0.04M disodium 
EDTA, pH 10). Elution was carried out with 
tetrapropylammonium hydroxide-EDTA pH 12.1 
without SDS at the same flow rate as for SSBs. 
Exposure on ice to either 100 PM or 5 mM hydrogen 
peroxide for 60 min corresponding to an irradiation 
of 300 or 3000 rad, respectively, as described in Ref. 
13 was performed. 

RESULTS 

Drug accumulation 

ICRF-187 at concentrations from 5 to 100 PM had 
no effect on daunorubicin accumulation in L1210 
cells (not shown). 

Cytotoxicity 

Figure 1 demonstrates that ICRF-187 in.a dose- 
dependent manner antagonized both daunorubicin 
(Fig. 1A) and VP-16 (Fig. 1B) cytotoxicity to OC- 
NYH cells in clonogenic assay involving simultaneous 
1 hr incubations with the two drugs. 

Alkaline elution experiments 

As shown in Table 1, ICRF-187 inhibited the 
formation of protein-associated DNA SSBs induced 
by the topoisomerase II-directed drugs m-AMSA, 
VP-16, daunorubicin and doxorubicin. In Table 2, 
similar inhibition of topoisomerase II-directed drug 
induction of DPCs is shown. ICRF-187 itself up to 
1 mM did not result in DNA fragmentation. As 
doxorubicin is the clinically most used anthracycline, 
this combination was studied in detail. As shown in 
Fig. 2 and Table 1, ICRF-187 inhibited doxorubicin- 
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Fig. 1. Clonogenic assay demonstrating inhibition of 
daunorubicin (A) and VP-16 (B)-induced cytotoxicity in 
OC-NYH cells by increasing concentrations of ICBP-187 
as shown on the abscissa. Drug exposure was for 1 hr at 
3P. Colonies were counted after 3 weeks; 100% 
corresponds to approximately 3000 colonies. Bars are SEM 
of determinations on three seoarate dishes. (A) (-) 
ICRP187alone; (---) ICIW18j + 0.15 ~Mdaunombicin; 
I * * . - . .j ICIW-187 + 0.3 uM daunorubicin. (B) I-\ 
ICIW-187 alone; (---) ICIiP-187 + 10 cMVP-I~,(. . : * * -j 

ICIW187 + 20 PM VP-16. 

induced DNA SSBs at a concentration as low as the 
equimolar level of 5 PM, and a clear dose-response 
effect was seen in the 5-1OOpM range. In Table 2, 
a similar result is observed for doxorubicin-induced 
DPCs. In contrast, no effect of ICRF-187 was 
observed on DNA SSBs induced by HrOr (Table 1). 

DISCUSSION 

The bisdioxopiperaxine ICRF-187 has been the 
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Table 1. DNA SSBs in L1210 cells incubated with different drugs for the time periods indicated 

SSBs in rad-equivalents 

Dose 
(@I) 

Co-incubation with ICRP-187 (PM) 
Time (hr) 0 5 10 20 100 1000 

VP-16 3 1 203 103 25 12 
z : 477 222 30 200 

m-AMSA 0.5 1 293 240 164 164 
1 1 345 239 199 

DNR 1 1 168 0 0 
: 1 1 334 142 44 44 44 

DOX 5 1 90 71 4 

10 
: 

: 132 
35 

: 

5 ; 
392 73 74 
282 144 89 

H202 50 1 2: 5: 
100 0.5 238 
109 1 238 242 

ICRP-187 10 1 12 
100 1 12 

1000 1 29 

DNR, daunorubicin; DOX, doxorubicin. 

Table 2. DPCs in L1210 cells incubated with different drugs for the time periods indicated 

DPC in rad-equivalents 

Drug 
Dose Co-incubation with ICRP-187 (PM) 
(CCM) Time (hr) 0 5 10 20 loo 1000 

VP- 16 1 316 0 18 
144 0 

z : 3 z 775 207 302 

10 1 1267 1052 328 

m-AMSA 0.5 1 409 303 1 1 549 597 35: 
10 

: 

1819 1856 1115 

DOX : 168 78 42 3 445 82 0 8 
5 3 677 42 

ICRP-187 100 : 53 
100 0 
100 3 0 

loo0 3 0 

DOX, doxorubicin. 

subject of considerable interest as a cardioprotector 
in conjunction with anthracycline therapy [2]. The 
mechanism whereby ICRF-187 protects against the 
clinically important phenomenon of anthracycline- 
induced chronic cardiac cardiotoxicity is considered 
to be due to iron chelation in the cardiac myocyte 
leading to reduced free oxygen radical toxicity [l]. 
The present study does not test this hypothesis. 
However, we do show that the protective effect of 
ICRF-187 against formation of DNA SSBs is not 
due to inhibition of HrOr-induced free oxygen radical 

damage (Table l), as is the case for other iron 
chelators such as 1 JO-phenanthroline [ 141. 

The results in Tables 1 and 2 clearly indicate that 
ICRF-187 inhibits the formation of DNA breaks 
induced by drugs which stabilize cleavable complexes. 
Recent experiments using yeast mutants have further 
established topoisomerase II as the cellular target of 
VP-16 [15], strongly indicating that ICRF-187 acts 
on this enzyme. This agrees with the finding that the 
two analogs ICRF-193 and ICRF-154 inhibited VP- 
X-induced DNA breaks analysed by alkaline 
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Fig. 2. Alkaline elution assay demonstrating inhibition of 
doxorubicin-induced DNA SSBs in Ll2lOcells by increasing 
concentrations of ICRF-187. Drug exposure for was 3 hr 
at 37”. Ordinate is t4C retention in %, abscissa is 3H 
retention in %. (U) no drug; (e--O) 3 yM VP-16; 
(* .....-*) 3/4M VP-16+2OpM ICRF-187; (I.-...+[) 
5 PM doxorubicin; (*-*) 5 PM doxorubicin + 5 PM 
ICRF-187; (o--O) 5 PM doxorubicin + 1OpM ICRF- 
187; (A -A(; 5 PM doxorubicin + 20 PM ICRF-187; 

(O-0) 5 PM doxorubicin + 100 @vf ICRF-187. 

sedimentation analysis [7]. With respect to VP-16 
and daunorubicin, the results of the alkaline elution 
assay translate into inhibition of cytotoxicity in Fig. 
1, which also agrees with a reported antagonistic 
effect on VP-16-induced growth inhibition in RPM1 
8402 cells by ICRF-193 [7]. To our knowledge, our 
study shows for the first time that ICRF-187 can also 
inhibit an anthracycline’s toxicity in vitro. Wadler et 
al. [16] stated that ICRF-187 had a synergistic effect 
on doxorubicin toxicity in clonogenic assay at 24 hr 
incubation [16]. However, when the tabulated data 
in Ref. 16 is shown graphically in the following paper 
[17], the effect of ICRF-187 appears to be additive 
only. The difference in the ICRF-187 effect on the 
cytotoxicity of daunorubicin as presented in the 
present study and of doxorubicin as shown in Refs 
16 and 17 can be explained by the well-known 
differences in cellular pharmacokinetics, especially 
in the slow membrane transport of doxorubicin, 
between these two anthracyclines. When we co- 
incubate ICRF-187 with doxorubicin in clonogenic 
assay, we also only achieve an additive toxicity 
similar to that described in Refs 16 and 17 (data not 
shown). The present study, together with the 
experiments using other ICRF bisdioxopiperazines 
described in Refs 6 and 7 on VP-16, indicate that 
inhibition of daunorubicin-induced topoisomerase 
II-mediated DNA damage by ICRF-187 could 
explain the reduction by ICRF-187 of daunorubicin- 
induced acute in vivo toxicity described in Refs 
U-20. Accordingly, preliminary results from our 
laboratory show a significant increase in mean 
survival time in mice treated with a high dose of VP- 

16 administered together with ICRF-187 compared 
to VP-16 alone. 

Several cytostatic drugs including ICRF-193 [6,7], 
aclarubicin [ 12,211, fostriecin [22], merbarone [23] 
and suramin [24] also inhibit DNA breaks due to 
topoisomerase II-directed drugs such as m-AMSA 
and VP-16. Common to all these drugs is their 
inhibition of topoisomerase II catalytic activity 
without formation of a cleavable complex. Though 
we now know that aclarubicin is able to prevent the 
topoisomerase II enzyme from performing its initial 
non-covalent DNA binding reaction and thus prevent 
cleavage activity of typical topoisomerase II-directed 
drugs [21], the mechanism of ICRF-187 inhibition is 
presently completely speculative and includes such 
possibilities as chelation of the Mg2+ necessary for 
topoisomerase II catalytic activity. 

The obvious question is whether the inhibition by 
ICRF-187 of DNA damage induced by anthracyclines 
and other typical topoisomerase II inhibitors as 
shown in the present study is of clinical relevance. The 
clinically used 20 : 1 ratio of ICRF-187 : doxorubicin is 
well above that shown in Table 1 to exert inhibition 
of doxorubicin-induced DNA SSBs. A large-scale 
prospective trial on patients with breast cancer 
has demonstrated significant protection against 
doxorubicin-induced cardiotoxicity by ICRF-187 [3]. 
However, no improvement of clinical response was 
observed despite an increase in the total doxorubicin 
dose given to ICRF-187-treated patients, a finding 
attributed by the authors to the development of drug 
resistance [3]. The present study indicates that the 
inhibitory effect of ICRF-187 on doxorubicin- 
induced DNA breaks may have played a role in this 
lack of clinical response. On the other hand, ICRF 
bisdioxopiperazines are cytostatic agents in their 
own right [2]. Further, their alternative interaction 
with topoisomerase II may lead to a possible lack of 
cross-resistance to drugs which stimulate DNA- 
topoisomerase II cleavable complex formation, and 
we have preliminary data showing lack of cross- 
resistance to ICRF-187 in the altered topoisomerase 
II multidrug-resistant OC-NYH VM subline. Thus, 

I certain sequential anthracycline ICRF-187 schedules 
may be advantageous. The in vivo situation would 
therefore appear to be very complex and needs 
further elucidation. However, we feel that the 
antagonism of ICRF-187 towards daunorubicin 
cytotoxicity demonstrated in the present study should 
be taken into account when planning clinical trials 
with these two drugs in, for example, childhood 
leukemia. 
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