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ABSTRACT

Mitoxantrone cardiotoxicity was investigated in isolated neonatal rat
heart myocytes treated for 3 h in the presence or absence of the metal
chelator ICRF-187. Electron microscopy studies of mitoxantrone-treated

myocytes showed disorganized myofibrillar structures, swollen mito
chondria, and extensive vacuolization. Cardiotoxicity, reflected as the ra
tio of intracellular ATP/protein and the loss of spontaneous beating, was
only partially reduced by continuous ICRF-187 concentrations up to 50
MU/ml.ICRF-187 induced myocyte protection which was dependent on the
dose and duration of exposure. ICRF-187 also reduced the cardiotoxi

city of doxorubicin to a lesser extent and reduced the toxicity of a postu
lated cyclic mitoxantrone metabolite. However, the cardiotoxicity of amet-
antrone, a nonmetal-binding analogue of mitoxanlrone, was unaltered
with ICRF-187. The antitumor activity of mitoxantrone was unaltered by
ICRF-187 in human tumor cells and in P-388-bearing mice. In addition,
ICRF-187 allowed for 50% greater cumulative dosing in normal mice

that, nonetheless, showed extensive histolÃ³gica! heart damage 7 wk after
dosing. These studies show that ICRF-187 provides partial protection
from mitoxantrone cardiotoxicity in vitro without impairing the drug's

antitumor activity in vitro or in vivo. This facilitates greater cumulative
drug dosing in normal mice. The postulated mechanism of cardioprotec
tion is metal chelation, because ICRF-187 did not alter the toxicity of a

nonchelating mitoxantrone analogue.

INTRODUCTION

Mitoxantrone is an anthracene-based antitumor agent that has been

shown to be effective for the treatment of leukemia, lymphoma, and
breast cancer (1). Compared with other DNA-intercalating agents,

mitoxantrone is less toxic, especially in comparison with the struc
turally similar anthracycline antibiotic doxorubicin. Nonetheless, mi-
toxantrone-induced cardiotoxicity has similar features to that of dox

orubicin. As with doxorubicin, the incidence of cardiac effects
increases with cumulative mitoxantrone doses (2). Furthermore, the
toxicity is sometimes fatal and can limit the duration of therapy (2).

Recently, it has been shown that the (bis)dioxpiperazine EDTA
analogue, ICRF-187 (cardioxane), can significantly decrease doxoru-
bicin-induced heart toxicities in cancer patients (3). This agent is the
more water-soluble (+)-isomer of the racemic product known as
ICRF-159 or razoxane. The mechanism by which the cardioprotective

effect of these drugs occurs is not well understood but is thought to
involve metal chelation (4). Indeed, ICRF-187 administered system-

ically is taken up intracellulary and hydrolyzed to a compound which
has a high affinity for Zn2*, Cu2*, Fe2*, and Mn2+ cations (5).

Iron and copper, in particular, are thought to facilitate doxorubicin-

dependent free radical production in heart tissue. It has therefore been
suggested that ICRF-187 exerts its protective effect by preventing
doxorubicin-metal interactions (6). Furthermore, Rajagopalan et al.
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(7) have shown that doxorubicin-dependent production of hydroxyl

radicals in the perfused rat heart is prevented in the presence of
ICRF-187.

Both mitoxantrone and doxorubicin contain quinone moieties
which originally were thought to undergo oxidation-reduction cycling

to the hydroquinone form yielding an unpaired electron (8). Thus, it
was believed that mitoxantrone-induced cardiotoxicity was caused by

membrane peroxidation from active oxygen species generated by ox
idation-reduction cycling of the drug (9, 10). However, mitoxantrone

has been shown to prevent peroxidation reactions under certain con
ditions in vitro (11, 12) and only recently have studies suggested that
enzymes, such as NAD(P)H(quinone acceptor)oxidoreductase or DT-

diaphorase, can reduce mitoxantrone to yield hydroxyl radicals (13).
The adjacent hydroxyl and quinone groups in both drugs may also
facilitate metal binding. Formation of a drug-metal complex could
thereby enhance oxidation-reduction cycling by a metal-catalyzed

type of reaction.
Other studies aimed at describing the biochemical basis of car

diotoxicity for both doxorubicin and mitoxantrone reveal essential
differences in the way these drugs are likely to produce their car-

diotoxic effect in vivo (14, 15). This is particularly intriguing as many
of the clinical and histological cardiac changes following treatment
with mitoxantrone or doxorubicin appear to be similar (16, 17). Fur
thermore, the same structural features which allow doxorubicin to
interact with divalent cations are also present in mitoxantrone. In this
report, mitoxantrone-induced toxicity in cultured heart cells is char
acterized, and ICRF-187 is shown to partially protect myocytes with

out altering the antitumor activity of the drug.

MATERIALS AND METHODS

Reagents

Unless otherwise noted, all reagents were obtained from Sigma Chemical
Company. St. Louis. MO. All chemicals and reagents were analytical grade or
the highest purity commercially available.

Unlabeled mitoxantrone was supplied as a 2-mg/ml solution from Lederle
Laboratories (Pearl River, NY). [14C)Mitoxantrone was custom synthesized

and supplied by Dr. W. Murdock of Lederle Laboratories. Radiolabeled pow
der, 18.2 mCi/mg (chemical purity, 96% at synthesis), was dissolved in 50%
methanol:50% water at a final concentration of 1 mg/ml. Composition and
purity of the radiolabeled compound were verified by comparison to clinical-
grade mitoxantrone using spectrophotometric scanning and thin-layer chroma-

tography. The oxidized cyclic metabolite of mitoxantrone was custom synthe
sized and kindly supplied by Dr. J. W. Lown (Department of Chemistry.
University of Alberta. Edmonton. Alberta. Canada). A stock solution of the
metabolite (I mg/ml) was prepared in distilled water. Ametantrone was a gift
from P. Davignon. (Pharmaceutical Resources Branch. National Cancer Insti
tute. Bethesda. MD). Ametantrone powder was dissolved initially in dimethyl
sulfoxide at a final concentration of 2 mg/ml. All drug solutions were freshly
prepared, sterile filtered, and stored at -80Â°C. The structures of the three

anthracenes are shown in Fig. I.

Heart Cell Culture

Preparation. The basic harvesting procedure involves isolation and se
quential enzymatic disaggregation (18). Hearts from 1- to 2-day-old neonatal
Sprague-Dawley rats were isolated under sterile conditions, minced into
1-mirr fragments and dissociated with 0.24% trypsin (Difco Laboratories,
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Fig. 1. The structures of mitoxantrone (top), the cyclic metabolite proposed by Kolod-

ziejczyk et al. (33) (middle), and ametantrone which lacks the hydroxyl groups necessary
for metal chelation (bottom).

Detroit, Ml) dissolved in calcium- and magnesium-free Hanks' balanced salt

solution (Irvine Scientific, Santa Ana, CA). The cell-containing supernatant
( 10 ml) from an initial 20-min digestion was discarded. Five additional 15-min

digestions were then collected with fresh 0.24% trypsin solution added at the
onset of each digestion (10 ml). The cells were washed in Leibovitz's M3

medium (19), pooled, counted, and then plated at 3 to 4 X IO7 cells/150-cm2

flask for rapid fibroblast attachment (20). After 2 h the resultant myocyte-
enriched supernatant was decanted, counted, and plated in either 24-well
culture plates at a density of 1 X 10* cells/well (0.35 ml/well) or 35-mm
culture dishes at 4.9 x 10fi cells/dish (1.5 ml/dish) (Primaria Plasticware;

Falcon, Oxnard, CA).
Culture Conditions. Heart cells were maintained in Liebovitz's M3 me

dium containing 5% fetal bovine CO serum and 0.22% sodium bicarbonate (in
PBS3) under a humidified 95% air:5% CO2 atmosphere throughout the culture

period. One day after plating, nonadherent heart cells were removed by re
peated washing of the monolayer with M3 medium using a sterile Pasteur
pipet. F'esh medium was added to the culture plates on Days I, 3, and 5 after

isolation.

Tumor Cell Culture

The mouse leukemia cell line. L-I2IO, and the human myeloma cell line.

8226, were obtained from the American Type Culture Collection (Rockville.
MD). The cells were grown in suspension culture in RPMI 1640 medium
supplemented with 7.5% calf serum, 1% (v/v) penicillin (100 units/ml), 1%
(v/v) streptomycin (100 units/ml), and 1% (v/v) L-glutamine ("complete me
dium") (Grand Island Biological Company, Grand Island, NY). Cells were

maintained at 37Â°Cin a 95% air:5% COi-humidified incubator and subcultured

once (8226) or twice weekly (L-1210).

Drug Treatment

Concentrated stock solutions of drugs were diluted to 100 times the desired
final exposure concentration. Solutions were then diluted 1:100 in M3 medium

1The abbreviations used are: PBS. phosphate-buffered saline; MTT, mitoxantrone
(3,4,5-dimethylthiazol-2,5-diphenyl tetrazolium bromide); i.e., intracardiac.

and used immediately. Thus, the original drug diluent never exceeded 1% of
the final solution volume. Three-day-old myocyte cultures were exposed to

mitoxantrone and other drugs for varying periods of time. Following drug
exposure at 37Â°Cin complete medium, cells were rinsed 2 times with M3

medium to remove free drug. Fresh medium was then added, and the dishes
were returned to the incubator for an additional incubation period (usually 24
to 72 h). With this drug exposure procedure, clinically achievable mitoxantrone
concentrations could be used without causing immediate myocyte cytotoxicity.

Microscopy

Light Microscopy. Heart cells grown in 35-mm culture plates were rinsed
with PBS. fixed with Bouin's solution (picric acid solution:formalin:glacial

acetic acid; 15:5:1 ) for 5 min. and then washed in running water for 5 min. The
cells were then stained with a one-step trichrome stain for 1 min. rinsed 3 to

4 times with 1% acetic acid, and then dehydrated rapidly in one rinse of 95%
ethanol, followed by several rinses with 100% ethanol (21). Cells were pho
tographed using an inverted phase-contrast microscope (TMS; Nikon) at X 200

magnification.
Electron Microscopy. Heart cells grown in 35-mm culture plates were

fixed in situ on the plastic culture dishes. A solution of Karnovsky's fixative

(22) diluted 1:1 with PBS. pH 7.4, was added to the cultures. After 50 min, the
fixative was removed and replaced with full-strength Karnovsky's fixative for

an additional 50 min. The cells were gently scraped with a rubber policeman
and pelleted in a microcentrifuge at 15.000 X g for 5 min. This was followed
by rinsing in O.I M phosphate buffer, pH 7.4. Cells were postfixed in 1%
osmium tetroxide for 1 h on ice in the dark, stained with 1% uranyl acetate en
bloc, dehydrated in ascending grades of ethanol. and embedded in Spurr resin.
Ultrathin sections (80 to 90 nm) were stained with lead citrate and uranyl
acetate, examined, and photographed with a Philips 300 transmission electron
microscope, operating at an accelerating voltage of 60 kV.

Biochemical Assays

ATP. Heart cell ATP levels normalized to cell protein were used as an
indicator of myocyte viability (23-25). For ATP and protein determinations,

cells were first rinsed with PBS. Trichloroacetic acid (5%) was added to each
well to lyse the cells and to extract ATP. The extract was then transferred for
storage, and 0.1% Triton X-100 in 0.5 M NaOH was added to each well to
solubilize the precipitated protein. Samples were stored at -80Â°C until assayed.

ATP levels were determined photometrically using the firefly luciferin-lu-

ciferase bioluminescence assay (26). Luciferin and luciferase were purchased
commercially (Amgen, Thousand Oaks. CA).

Samples prepared from trichloroacetic acid extracts were diluted 1:200 with
0.025 M 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid buffer. pH 7.75.

Luminescence measurements were made using an LKB Model 1251 program
mable luminometer (LKB Wallac. Turku, Finland) interfaced with an Apple lie
computer. Samples and standards (200 ul) were combined with 100 ul of
luciferin-luciferase. and peak light output was measured following mixing.

MTT Cell Viability Assay. A detailed description of this methodology has
been published (27). Briefly, a total of 250 L-1210 cells or four thousand 8226

cells suspended in 160 ul of complete RPMI medium were placed into the
wells of a 96-well culture plate (Falcon Plastics, Oxnard, CA). Mitoxantrone,
ICRF-187 or both drugs together (10X solutions) were added to the wells in
20-ul volumes. PBS was added as needed to reach a final volume of 200 ul in
all wells. The plates were then incubated 6 to 7 days at 37Â°Cin a 95% air:

5% CO-humidified incubator. On the sixth or seventh day after plating, 50 ul
of a 1-mg/ml solution of MTT in complete RPMI medium were added to each

well, and the plates were reincubated for an additional 4 h. The plates were then
centrituged at 600 rpm for IO min. and the culture medium was removed from
the wells by gentle vacuum aspiration and replaced with 150 ul of dimethyl
sulfoxide. The plates were then placed onto a shaker for 5 min to thoroughly
solubilize the formazan product. The absorbance of each well was measured at
540 nm using a plate reader (Biomek 1000 automated laboratory workstation;
Beckman Instruments, Palo Alto. CA) interfaced with an IBM PS/2 model 50
computer (IBM Corporation, Armonk. NY).

Data were expressed as the percentage of survival of control cells calculated
from the absorbance values corrected for background absorbance. The surviv
ing fraction was determined by dividing the mean absorbance value of the test
samples by the mean absorbance value of untreated control samples.
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Protein. Protein content was determined using the Bio-Rad colorimetrie
assay (Bio-Rad, Inc., Richmond, CA) using bovine serum albumin dissolved in
0.5 N NaOH:0.1% Triton X-100 as a standard.

Mitoxantrone Uptake

Drug uptake and retention in the heart cells were measured with [I4C]-

mitoxantrone. Heart cells grown in 24-well plates were exposed to 2 ug/ml of

mitoxantrone (0.2 ml/well, 3.4 nCi/ml) for 3 h after which they were washed
and incubated in drug-free medium for an additional 72 h. Intracellular mi

toxantrone levels were determined at time points varying from 1 to 72 h. To
quantitate mitoxantrone levels, the medium was aspirated, cells were washed
twice with PBS, and 200 pi of 0.1% Triton X-100 in l NNaOH were added to

each well to solubilize the cells. This solution was then transferred to a
scintillation vial, acidified scintillation fluid (27 ml of glacial acetic acid added
to 4 liters of fluid) was added, and the vials were counted. Nonspecific binding,
determined in wells at 4Â°Cbriefly exposed to the mitoxantrone solution, was

negligible.

Animal Studies

Cardiotoxicity. The effect of ICRF-187 on mitoxantrone-induced car-

diotoxicity was studied using a chronic weekly dosing model (28). Mito
xantrone was administered i.p. twice weekly on Tuesdays and Fridays at a dose
of 2 mg/kg or 4 mg/kg. The ICRF-187 doses were 20 times that of mito

xantrone on a mg/kg basis and were administered i.v. approximately 5 min
prior to each mitoxantrone dose. Adult male CD-1 mice (28 to 31 g) were used

for this trial (Jackson Laboratories, Bar Harbor, ME). Doses were to be ad
ministered on wk 1, 2, 5, 6, and 7. However, the latter 3 wk of dosing could
not be delivered due to early mortality. The remaining animals were sacrificed
at 7 wk by rapid cervical dislocation. The hearts were removed and fixed in
10% buffered formalin. Paraffin sections of 3-um thickness were stained with

hematoxylin and eosin and examined microscopically by a pathologist unaware
of (or blinded to) the treatment protocol. The degree of myocardial damage was
scored 1 to 4 (slight to marked) as previously described (28) (see Table 2).

Antitumor Activity. The effect of concomitant ICRF treatment on mito
xantrone antitumor activity was evaluated in DBA/2J mice bearing P-388
leukemia. On Day O, IO6 freshly harvested P-388 leukemia cells were admin

istered i.p. Mitoxantrone, 1.6 mg/kg or 3.2 mg/kg, was administered i.v. 24 h
later. These doses had been previously demonstrated to be active in the leu-

kemic mouse model (29). An i.v. ICRF dose of 100 mg/kg was given imme
diately prior to the mitoxantrone. This dose was based on a positive trial of
ICRF-187 used to reduce daunorubicin cardiotoxicity in mice (30).

Statistical Analysis

'A statistically significant difference between mean ATP levels in heart cells

under different treatment conditions was determined by an unpaired Student t
test. Differences were considered significant for P = 0.05. Data are presented
as the mean Â±SD or SE of three or more determinations. Survival differences
in the murine leukemia studies were compared using the log-rank method (31).

RESULTS

Mitoxantrone Cytotoxicity in Cultured Heart Cells

ATP Levels. To determine the sensitivity of cultured heart cells to
mitoxantrone treatment, cells were exposed to a range of drug con
centrations (0.05 to 5 ug/ml) for 3 h and then washed. ATP levels were
measured 72 h after exposure. The ATP levels were normalized to
cellular protein and then expressed as a percentage of control levels
for the time point. A concentration-dependent decline in ATP levels

with an i.e. value of approximately 2.1 ug/ml was observed (Fig. 2).
As in prior studies with doxorubicin (23), ATP levels and beating rates
of 50 to 60/min in mitoxantrone-treated heart cells were unchanged

immediately following treatment (Time 0). ATP levels and spontane
ous beating rates slowly declined thereafter in a time-dependent fash

ion over 72 h. ATP suppression was maximal at 72 h for all mitox
antrone concentrations tested. At this time point, there was a
substantial loss of spontaneous synchronous contraction in the cul
tures.

Light and Electron Microscopic Changes. A light micrograph of
untreated myocytes in culture shows large stellate cells that are con
fluent and strongly adherent to the culture plate (Fig. 3/4). The cyto
plasm of these cells shows abundant glycogen and normal muscle
fibers. In contrast, mitoxantrone-treated heart cells are rounded up,

contracted, and no longer confluent (Fig. 30). Nonetheless, a small
number of fibroblasts and myocytes still remain adherent, and very
thin cytoplasmic connections between cells can be seen, which con
dition probably allows some synchronous beating activity to continue.

While mitoxantrone-treated cells appear to be uniformly affected at

the light microscopic level (Fig. 3ÃŸ),electron micrographs from iden
tically treated heart cells exhibit a wide range of histological presen
tations. A transmission electron micrograph of an untreated myocyte

100-,

80 -I

Fig. 2. The concentration-response curve for mi

toxantrone in the neonaia! rat heart myocytes.
Points, mean of 12 determinations; bars, SD. My
ocytes were treated with mitoxanlrone for 3 h on
Day 3 after plating. The cells were harvested for
ATP and protein determinations 72 h later, on Day
6, after initial plating.
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Fig. 3. Light micrographs of rat heart myocytes cultured for 6 days. A. untreated
myocytes; B, myocytes treated with 2 ug/ml of mitoxantrone for 3 h on Day 3 after plating
(approximately an i.e. exposure); and C, myocytes treated on Day 3 with ICRF-187 (50
ug/ml) for 3 h prior to and then simultaneously with mitoxantrone (2 ug/ml) for 3 h.
ICRF-187 exposure also continued 72 h after mitoxantrone treatment as in the cytoloxicity
experiments. The cells were stained with a one-step trichrome method. X 200.

(Fig. 4A) reveals characteristic myofibrils with distinct Z-bands and a

cytoplasm filled with glycogen granules dispersed in a punctate pat
tern throughout the cell. Untreated cells also show normal nuclear
structure, abundant mitochondria, active endoplasmic reticulum and
little, if any, vacuolization. In contrast, mitoxantrone-treated cells
exhibited significant alterations. Fig. 4B shows some of the histo-

pathological changes characteristic of this agent. While the plasma
membrane of this particular cell is still intact, this cell is extensively
vacuolized and contains numerous myelin figures. Other mitoxantro-

ne-treated cells that were still attached to the culture plate at the time
of fixation show complete disorganization of myofibrils, mitochon-

drial swelling, extensive vacuolization, and discontinuous plasma
membranes (data not shown).

The most uniform finding among the mitoxantrone-treated myo-

cytes was extensive vacuolization and the presence of myelin figures.
Other degenerative changes such as mitochondria! lysis, myofibrillar
loss, swelling of the sarcoplasmic reticulum, nuclear changes, and
glycogen loss were noted in most of the treated cells.

ICRF-187 Protection and Specificity

The EDTA analogue ICRF-187 partially blocked mitoxantrone tox-

icity in the myocytes. Mitoxantrone alone (2 ug/ml for 3 h) depleted
ATP levels to 55 Â±4% of control 72 h after exposure, whereas cells
exposed to mitoxantrone plus ICRF-187 (50 ug/ml) retained ATP

levels of 79 Â±4% of control (P < 0.0005). Continuous exposure to
ICRF-187 (50 ug/ml) 3 h prior to. during, and 72 h after a 3-h

mitoxantrone treatment was most effective in protecting heart cells
against mitoxantrone cardiotoxicity (Table I ). With a 3-h coincubation
period (no ICRF-187 pretreatment or posttreatment), mitoxantrone
cardiotoxicity was not reduced. Pretreatment for 3 h with ICRF-187

B

;â€¢>-.

â€¢¿�

,

Fig. 4. Transmission electron micrograph of a control myocyte (A ) and a mitoxantrone-
treated myocyte (ÃŸ)on Day 6 after plating. The mitoxantrone exposure was 2 ug/ml for
3 hon Day 3 after initial plating. XlO,tXK).Note the presence in A of significant rnyofibrils
with Z-hands in the control myocytes. The multiple dark dois represent glycogen stores.
In B, numerous vacuoles are present, some with wheeled inclusion bodies. The mitochon-
dria appear swollen, but the plasma membrane is intact. Myofibrils are significantly absent
in this mitoxantrone-treated cell.
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Table I Effect of ICRF-187 tin ATP levels in cardiac myocytes treated with

mitoxantrone analogues or doxorubicin

ATP (ng)/protein (mgl
(% of control)

Mitoxanlrone (2 (ug/ml)"

Doxorubicin (1 ug/ml)
Mitoxantrone metabolite (20 ug/ml)
Ametantrone (25 ug/ml)-ICRF-18755.1

Â±3.9''

43.6 Â±3.8
67.3 Â±6.3
44.5 Â±1.9+

ICRF-18779.0

Â±4.3
53.6 Â±2.6
106 Â±2.0

43.5 Â±2.9P<0.001

'

0.0501
0.001
0.784

" Heart cells were treated with the concentration of drug indicated for 3 h on Day 3.

Cells treated with both drug and ICRF-187 were exposed to 50 ug/ml of ICRF-187 for 3
h before, during, and 72 h after anthracenedione or doxorubicin exposure. ATP levels were
measured 72 h after cytotoxic drug exposure. ICRF-187 alone did not deplete heart cell
ATP levels.

h Mean Â±SE, n = 4 to 14 experiments.
' Significance of difference between drug alone and drug + ICRF-187.

along with the 3-h coincubation with mitoxantrone and no posttreat-
ment was similarly ineffective. The protective effect of ICRF-187 was

also dose dependent. The ATP/protein ratios following treatment with
2 ug/ml of mitoxantrone plus 10 |ag/ml or 1 ug/ml of ICRF-187 were
only 64 Â±4% and 54 Â±3% of control, respectively. ICRF-187 alone

did not decrease ATP levels at any of the concentrations utilized in
these studies.

To determine whether ICRF-187 cardioprotection extended to other

anthracenes and anthracyclines, heart cell ATP levels were measured
following treatment with ICRF-187 and doxorubicin, the mitox

antrone analogue ametantrone (32), and a proposed cyclic mitox
antrone metabolite (33). The results of these studies show that ICRF-
187 provided little protection against doxorubicin-induced toxicity in

the heart cells. In this case, ATP/protein ratios increased to 54% of
control in the presence of ICRF-187 compared to 44% of control for

heart cells treated with doxorubicin alone (P > 0.05). In contrast,
ICRF-187 was much more effective with the proposed cyclic mitox

antrone metabolite wherein ATP/protein ratios remained at control
levels (106% of control). In contrast, myocyte toxicity from amet
antrone was not reduced in the presence of ICRF-187.

The protective effect of ICRF-187 treatment in combination with

mitoxantrone was also evident in light micrographs (Fig. 3C). At 72
h, tissue culture wells receiving mitoxantrone and ICRF-187 had a

greater proportion of cells which retained normal morphology and
remained firmly attached to the plate.

To be certain that the protective effect of ICRF-187 was not due

simply to reduced intracellular mitoxantrone accumulation, an uptake
and efflux study was performed with radiolabeled mitoxantrone. Un
der these conditions, a 3-h exposure to 2 ug/ml of mitoxantrone

produced peak intracellular levels of approximately 12 nmol/mg of
protein at the end of the 3-h exposure. These levels diminished very
slowly over the ensuing 72-h period. There was no difference in the

slow rate of efflux for mitoxantrone with ICRF. The integrated mi
toxantrone intracellular concentration X time product (area under the
curve) for the 72-h drug-free postincubation was 570 nmol/mg-tr1 in
cells treated with mitoxantrone alone and 560 nmole/mg-rr' for cells

treated with mitoxantrone in combination with ICRF-187 (50 ug/ml).

Thus, mitoxantrone accumulation was identical in the presence and
absence of ICRF-187.

To determine whether ICRF-187 interacts physically with mitox
antrone, ICRF-187 or the ring-opened form (ICRF-198) was added to

cuvets containing 100 rriMmitoxantrone and 100 min Tris buffer, pH
7.4, and a UV absorption scan was performed from 200 to 850 nw.
This same method has been used previously to study physicochemical
interactions of anthracenes with metals (34). Neither compound at 1
mM final concentrations altered the mitoxantrone UV absorption spec
tra. This suggests that the ICRF compounds and mitoxantrone do not
have a strong physical interaction.

Effect of ICRF-187 on Tumor Cells in Vivo and in Vitro

The observed protective effect of ICRF was specific for the cardiac
myocytes. Two tumor cell lines exposed to cytotoxic mitoxantrone
concentrations were not protected by concentrations of ICRF-187

which were nontoxic to the tumor cells and within the pharmacolog
ical range for this drug in vivo (data not shown) (35). Concomitantly
administered ICRF-187 did not reduce mitoxantrone efficacy in mice
bearing P-388 leukemia (Table 2). In these studies, mitoxantrone
alone produced a dose-dependent increase in the survival of leukemic
mice. The survival was similar with the addition of ICRF-187.

Effect of High-Dose Mitoxantrone in Vivo

Additional studies revealed that ICRF-187 was able to significantly
delay the death of CD-I mice when administered concurrently with

high doses of mitoxantrone. However, unlike the previous study (28),
it was not possible to administer mitoxantrone biweekly over 7 wk at
doses of 2 mg/kg and 4 mg/kg. Early deaths occurred in the mice after
wk 2 or after only 4 doses of 2 mg/kg or 4 mg/kg of mitoxantrone had
been administered. Further dosing for 1 additional wk or up to 6 total
doses was possible only in the groups given the same mitoxantrone
doses and ICRF-187. Because of this unanticipated lethality, no fur

ther doses were administered after wk 3, and at 7 wk the remaining
mice were sacrificed. To replace the mitoxantrone control groups, a
separate group of mice were administered 4 doses of mitoxantrone
without ICRF-187, and hearts were removed for analysis 1 day after

the last dose (Day 15). Histopathological examination of the excised
hearts showed significant pathology in the mitoxantrone control group
and in the group receiving 50% higher cumulative mitoxantrone doses
with concomitant ICRF-187 (Table 3). Thus, ICRF-187 allowed for

significantly greater mitoxantrone administration but did not prevent
mitoxantrone-induced cardiotoxicity.

DISCUSSION

The present study has shown that the toxic effects of mitoxantrone
on cultured neonatal rat heart cells in vitro can be partially reduced by

Table 2 Survival of P388-bearing DBA/2J mice treated with mitoxantrone and
ICRF-187

Mitoxantrone(mg/kg)001.63.21.63.2ICRF-187(mg/kg)010000100100SurvivalMedian
days10.51015181718% ofincrease43Â°71"62"-*71Â«Â»

" P < 0.05 by log-rank test compared with untreated control.
h P < 0.05 by log-rank test compared with same mitoxantrone treatment without

ICRF-187.

Table 3 Effect of 1CRE-187 on Mit(>xantrone-induced lethalin and cardiotoxicity in
CD-I mice

Mitoxantrone
(mg/kg/dose)0

2424ICRF-187(mg/kg/dose)800
04080No.

of
doses6

4
466No.

alive at
7 wk/total5/5

0/5
0/55/54/5Hearthistopathology

grade at 7 wk"0

2*
2*23

" Median toxicity scores scoring system as reported by Perkins et al. (28): Grade I,

very slight (scattered or single myocardial fibers with vacuolization or degenerative
changes); Grade 2, slight (scattered or small groups of altered myocardial fibers through
out the atria and ventricle); Grade 3, moderate (diseminated myocardial fiber vacuoliza
tion or degeneration); Grade 4, marked (confluent groups of affected myocardial fibers).

* Mice analyzed 1 day after fourth mitoxantrone dose in wk 2.
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ICRF-187. Both dose- and time-dependent depletion of cellular ATP

levels was observed following mitoxantrone treatment in the heart
cells (Fig. 2). This was correlated with a decrease in spontaneous,
synchronous beating and unequivocal morphological indications of
toxicity. In patients, peak plasma levels following a standard 14-
mg/m2 dose reach 1.0 min (0.5 mg/ml) (36). This same drug concen

tration lowered ATP levels in the heart cells to 63 Â±4% of control.
The electron microscopy findings are similar to those in a previous

study which revealed flattened cells with dissociated cell processes
(37). Sarcolemmal projections (membrane blebs) were also observed
in this trial following higher mitoxantrone exposures of 6 ug/ml for 2
h (37). These results are somewhat nonspecific, but suggest that early
plasma membrane changes occur in heart cells at a time when other
parameters are not affected. As in the current trial, mitoxantrone-

induced histolÃ³gica! changes do not uniformly target to a specific
cellular compartment. A recent clinical trial has shown that ICRF-187

can block doxorubicin cardiotoxicity. allowing greater doses to be
administered (38). Surprisingly, in the current in vitro study, ICRF-

187 was far more effective at protecting against mitoxantrone damage
than that produced by doxorubicin (Table 1). Importantly, the protec
tive effect for mitoxantrone was time and concentration dependent.
ICRF-187 uptake and retention throughout the 72-h continuous ex

posure were not measured, and whether the drug is intact, hydrolyzed.
and/or degraded is unknown. However, Dawson (39) has shown that
the racemic mixture, razoxane (or ICRF-159), is taken up rapidly from

culture medium into tumor cells in an intact form. Doroshow et al.
(40) have shown that ICRF-187 (50 ug/ml) is readily taken up from
the medium by cultured myocytes and hydrolized to the ring-opened,

active form after 1 to 3 h of exposure. Furthermore, it has also been
shown that solutions of ICRF-187 left for up to a month at room

temperature still retain metal chelating activity. These results suggest
that chemical degradation of ICRF-187 beyond the open-ring form
does not occur rapidly. Therefore, myocytes exposed to ICRF-187

continuously for 3 days (the conditions of the present experiments) are
likely to contain significant intracellular levels of ICRF-187.

ICRF-187 protection from doxorubicin cardiotoxicity has been doc

umented in several in vitro systems including isolated perfused heart
(7), heart microsomes (41), and cultured myocytes (40). These studies
have focused primarily on the role of ICRF-187 as an iron-chelating

agent which can lower the amount of free metal available for oxida
tion-reduction activity and thereby lower doxorubicin cardiotoxicity.
A dose-response relationship for ICRF-187 protection against mitox

antrone toxicity was observed in the present studies as well. Further
more, the open-ring form of ICRF-187 (ICRF-198) provided the same
degree of protection from mitoxantrone as did ICRF-187.

Overall, these data suggest a possible role for divalent metal ions in
partially mediating mitoxantrone cardiotoxicity. This is supported by
the observation that ICRF-187 protected heart cells against both mi

toxantrone and the oxidized mitoxantrone metabolite, but not against
the nonchelating mitoxantrone analogue ametantrone. Both mitox
antrone and the cyclic metabolite contain vicinal quinone-hydro-

quinone moieties which provide a favorable environment for electro
static interaction with transitional metal cations (42). In contrast,
ametantrone lacks the hydroxyl groups necessary for metal-binding

interactions and does not interact with metal ions (12, 43).
In contrast to the heart cells, ICRF-187 did not protect against

mitoxantrone cytotoxicity in tumor cells. This suggests that mito-
xantrone's mechanism of antitumor action is independent of the car-

diotoxic effect. Thus, it is possible that mitoxantrone may have several
distinct mechanisms for producing cytotoxicity which depend on dif
ferent structural and functional features of the molecule. These include
(a) the metal-chelating ability of the drug, (b) the planar drug an

thracene nucleus and aminoalkyl side chains which are thought to

facilitate noncovalent DNA binding and topoisomerase II inhibition,
and (c) the tendency of the aromatic nitrogen to oxidize and produce
a potentially reactive intermediate (33).

The acute cardioprotection afforded by ICRF-187 in the current

trial was not complete even with a high ICRF/mitoxantrone dose ratio.
This was evident both in vitro and in vivo. Another recent trial sim
ilarly reported no reduction in cardiac toxicity for mice given chronic
ICRF-187 and mitoxantrone treatments over a 3-mo period (44).
However. ICRF-187 was cardioprotective for epirubicin and doxoru

bicin. Electron microscopy was used in this prior study to show
mitoxantrone-induced mitochondrial swelling and dilation of t-tubules

and the cisternae of the sarcoplasmic reticulum. In the current trial,
ATP was used as an acute toxic end point, but this may not reflect the
same damage as seen with electron microscopy on hearts from chron
ically treated mice. The lack of mitoxantrone cardioprotection by
ICRF-187 in the prior trial was postulated to be due to the inability of

mitoxantrone to generate oxygen free radicals (15). However, a more
recent study suggests that mitoxantrone can undergo a NADPH oxi-
doreductase (DT-diaphorase)-mediated two-electron reduction in vitro

to yield hydroxyl radicals as detected by electron spin resonance
studies (13). Whether this occurs in vivo, and specifically in heart cells
is unknown. However, the current data show that ICRF-187 provides
(a) protection from high-dose mitoxantrone lethality in vivo, (b)

maintenance of mitoxantrone antitumor activity in vitro and in vivo,
and (c) partial protection of neonatal cardiac myocytes from mitox
antrone damage in vitro.

The protective effect of ICRF-187 did not reduce cytotoxicity
against tumor cells in vitro. Furthermore, ICRF-187 was able to sig
nificantly reduce high-dose mitoxantrone lethality in CD-I mice.
Most importantly, these data suggest that ICRF-187 can partially

inhibit mitoxantrone toxicity and might be useful in cancer patients.
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