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ABSTRACf

The use of the anthracenedione mitoxantrone as an antitumor agent is steadily
increasing. While the toxicities associated with its use are significantly less than
those observed following treatment with the widely used doxorubicin, mitoxantrone
cardiotoxicity is clearly a substantial clinical problem. Current information on the
mechanism by which mitoxantrone causes toxicity in heart tissue is limited. Thus,
the goal of these studies was to describe a model system in which mitoxantrone
cardiotoxicity can be studied, and begin to describe the mechanism by which
mitoxantrone exerts its cardiotoxic effect. These experiments have shown that
cultured neonatal rat heart cells are an effective model system for studying
mitoxantrone-induced cytotoxicity and biochemical changes in heart tissue.
Cultured heart cells develop dose- and time-dependent toxicity following a short
exposure to near-pharmacologically achievable drug concentrations. Furthermore,
histologic changes characteristic of this drug are also observed at the light and
electron microscopic level.
Initial experiments aimed at defining mitoxantrone mechanism of action
showed that mitoxantrone likely does not stimulate a significant production of
active oxygen species, or have a specific effect on mitochondrial function.
However, there is evidence to support the possibility that mitoxantrone can form a
reactive intermediate in vitro. These studies have shown that covalent binding of
mitoxantrone to proteins can occur under certain conditions. Mitoxantrone toxicity
is lowered with the addition of ICRF-187, a metal chelating agent. Protection is
not due to inactivation of mitoxantrone, decreased mitoxantrone uptake, or a
delayed increase in cytosolic calcium. Similar protection is observed against
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doxorubicin and the oxidized form of mitoxantrone, but not against the nonhydroxylated analog of mitoxantrone, ametantrone. Furthermore, in a cell-free
system, mitoxantrone can form complexes with both copper (II) and iron (III).
Mitoxantrone metal binding i§ reversible as ICRF-187 as well as other chelators
can remove the metals from these complexes.

These data suggests that metal

chelation is involved in the enhancement of mitoxantrone toxicity in vitro.
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CHAPTER 1

INTRODUCTION
Mitoxantrone is a relatively new antitumor agent that has shown promising
clinical activity in the treatment of leukemia, lymphoma and breast cancer (Weiss,
1989). Approved in 1987 to treat acute myelogenous leukemia, the clinical use of
mitoxantrone has steadily increased due to its good antitumor activity and lowered
toxicity, especially in comparison to the anthracycline antibiotic, doxorubicin.
Mitoxantrone and doxorubicin are both DNA intercalators with similar molecular
structures and mechanisms of antineoplastic cytotoxicity (Figure 1)(Weiss, 1989).
The antitumor specificity of these drugs also overlaps to some extent; however,
doxorubicin has a broader spectrum of anticancer activity and is the most widely
used antineoplastic drug in clinical use today (Weiss, 1989).
Unfortunately, doxorubicin treatment is associated with serious toxicities
including severe nausea and vomiting, hair loss, myelosuppression and skin
necrosis if the drug is extravasated. Most importantly, chronic doxorubicin
administration causes a potentially life-threatening cumulative cardiac toxicity that
prevents patients from receiving greater than 550 mg/m2 of this drug over a
lifetime (Henderson et al., 1989). Because of these toxicities, the development of
mitoxantrone was particularly exciting as early clinical studies showed that the
drug was both effective in certain types of cancer and less toxic than doxorubicin.
Subsequent studies have confirmed that mitoxantrone treatment is associated with
a significantly lowered incidence of nausea and vomiting, hair loss, extravasation
injury and cardiotoxicity in comparison to doxorubicin (Henderson et al., 1989).
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Mitoxantrone, however, is not free of clinical cardiotoxic effects. Although
more courses of mitoxantrone therapy can be given prior to reaching cardiotoxic
limits, the incidence of cardiac effects increases with cumulative mitoxantrone
dose, just as with doxorubicin (Henderson et al., 1989). Clinical signs of
mitoxantrone-induced cardiac damage include arrhythmias, decreased left
ventricular ejection fraction, and congestive heart failure (Henderson et al., 1989).
Histologic changes include vacuolization of myocytes and loss of muscle fibers
(Benjamin et a1., 1985). There also appears to be an additive, if not synergistic,
cardiotoxic effect in patients with prior anthracycline treatment, or chest radiation.
However, cardiotoxicity may develop even in the absence of any predisposing
factors (Benjamin et a1., 1985). Most importantly, the toxicity is sometimes fatal,
and can limit the duration of therapy (Henderson et a1., 1989).
Previous studies aimed at describing the biochemical basis of cardiotoxicity for
both doxorubicin and mitoxantrone reveal essential differences in the way these
drugs are likely to produce their cardiotoxic effect in vivo (Kharasch and Novak,
1985; Kharasch and Novak, 1983a). This is particularly intriguing as many of the
clinical and histological cardiac changes following treatment with mitoxantrone or
doxorubicin appear to be identical (Unverferth et al., 1983; Benjamin et al., 1985).
Since investigators are still not in agreement on the mechanism of cardiotoxic
action of doxorubicin despite a vast literature on the subject (Olson and Mushlin,
1990), it is not surprising that so little is understood about mitoxantrone
cardiotoxicity.
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. Purpose
At the outset of these studies, only one group of investigators had looked at the
biochemical effects of mitoxantrone in any depth (Kharasch and Novak, 1981;
Kharasch and Novak, 1982; Kharasch and Novak, 1983; Kharasch and Novak,
1985). Currently, somewhat more information is available, though there are no
published studies utilizing cultured heart cells to study the cellular effects of this
drug. Thus, the goal of these experiments was twofold:
(1)

to determine whether cultured heart cells would be an effective model
system to study mitoxantrone cardiotoxicity

(2)

to define the biochemical mechanism of mitoxantrone cardiotoxicity
in cultured heart cells.

Cultured heart cells are an excellent system for mechanistic studies of chemical
agents since drug concentrations and exposure times can be carefully controlled
and cellular biochemical changes can be measured without interference from other
physiological influences. Previous studies have shown that this model can be used
to predict clinical cardiotoxicity of various anthracycline antibiotics, as well as nonanthracyclines (Dorr et al., 1988; Shirhatti et al., 1986). Thus, it seemed likely that
cultured heart cells might also provide a good model system for studying
mitoxantrone cardiotoxicity.
Since mitoxantrone and doxorubicin both contain vicinal quinone-hydroquinone
structures and a planar aromatic core (Figure 1), it was originally thought that
mitoxantrone would cause cardiac damage by a mechanism identical to that of
doxorubicin. Doxorubicin is known to undergo enzymatic and chemical reduction
in heart tissue and subsequently produce damaging oxygen free-radicals
(Doroshow, 1983). Numerous studies point to this mechanism as the primary
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cause of cardiac toxicity. Furthermore, since mitochondria contain an efficient and
unique enzymatic system to catalyze such reductions and appear to be targets
histologically, they are frequently cited as the critical organelle for doxorubicin
cardiac damage (Noh I, 1988; Doroshow, 1983). Thus, mitoxantrone-dependent
mitochondrial damage, and oxygen free-radical production were considered
initially as potential mechanisms of mitoxantrone cardiotoxicity.
The inability of mitoxantrone to undergo one-electron reduction intracellularly
was the first indication that a chemical difference between doxorubicin and
mitoxantrone might exist.

Although mitoxantrone cannot be reduced under

physiologic conditions, experiments by Kolodziejczyck et al. (1988) showed that
mitoxantrone could be oxidized enzymatically to a reactive intermediate in vitro.
Furthermore, these investigators showed this intermediate could become
covalently bound to macromolecules (Reszka et al., 1989). Thus, it was
hypothesized that mitoxantrone toxicity in cultured heart cells might be mediated
through oxidative metabolism of the drug.
Because of the success of clinical trials with the putative chelating agent, ICRF187, against doxorubicin cardiotoxicity (Speyer et al., 1988), it was considered
likely that this compound might modulate mitoxantrone toxicity as well. Other
investigators have hypothesized that the mechanism of doxorubicin cardiotoxicity
is dependent on, or at least enhanced by the presence of "free" metal cations
because of their catalytic enhancement of oxygen free-radical production. Thus,
the intracellular presence of a strong chelating agent that essentially sequesters
free or reactive metal ions results in lowered cardiotoxicity. With regard to
mitoxantrone, a series of experiments was undertaken to understand what role
divalent cations might play in promoting its cardiotoxicity. Thus, it was
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hypothesized that metal ions may enhance mitoxantrone cardiotoxicity by an as yet
unknown mechanism.
The specific aims of this study were as follows:
1.

Determine whether cultured heart cells can be used to characterize
the cardiotoxic effects of mitoxantrone.

2.

Determine whether mitoxantrone interferes with mitochondrial
function.

3.

Determine whether mitoxantrone cardiotoxicity is mediated by drugdependent production of free radicals.

4.

Study the possible role of a reactive mitoxantrone metabolite in the
production of cardiotoxicity

5.

With several chelating agents, determine the role of metals in
production of mitoxantrone cardiotoxicity.

6.

Using spectroscopic methodology, determine which metal might be
playing a role in mitoxantrone cardiotoxicity.
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CHAPTER 2

LITERATURE REVIEW
Mitoxantrone History
Mitoxantrone, 1,4-dihydroxy-5,8-bis[ (2-( dimethylamino) ethyl)-amino ]-9,10anthracenedione dihydrochloride is a synthetic anticancer compound belonging to
a class of chemotherapeutic compounds called anthracenediones (Figure 1).
Anthraquinones were found to be useful as blue dyes a century ago and constitute
the structural core of mitoxantrone. Interestingly, the structurally similar
ametantrone (Figure 1) was developed by the Allied Chemical Company as a dye
for ballpoint pen ink in 1970.
Mitoxantrone was actually synthesized at about the same time by two
independent sources in the 1970's. Routine screening at the NCI of compounds
provided by Allied, identified ametantrone as a compound with good antitumor
activity in initial testing. In collaboration with Dr. C. C. Cheng, the NCI
discovered mitoxantrone after testing a series of ametantrone analogs synthesized
for antitumor screening (Zee-Cheng and Cheng, 1978). At the same time, another
investigator, Dr. K. C. Murdock at Lederle Laboratories was investigating ways to
enhance the intercalating activity of doxorubicin. Focussing on the anthraquinone
core, he synthesized numerous compounds for antitumor testing. Mitoxantrone
had the most potent antitumor activity, and appeared to have a broad range of
antitumor effects. Thus Murdock applied for a patent for mitoxantrone and its
analogs in August, 1977 and published his work in 1979 (Murdock et al., 1979).
Over 300 mitoxantrone analogues have been synthesized and tested in animals
for antitumor activity (Krapcho et aI., 1986; Uyeki et al., 1981; Zee-Cheng and
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Cheng, 1982). However, mitoxantrone is the only compound of the series that has
undergone extensive clinical trials. Ametantrone, the non-hydroxylated analog of
mitoxantrone, entered early clinical trials but never progressed due to poor
antitumor activity (Young and Raymond, 1986).

Mitoxantrone Pharmacology
Mechanism of Antitumor Action
While it seems likely that nucleic acids represent one of the principal
intracellular targets in mitoxantrone-exposed tumor-cells, the mechanism of
antitumor action has not been fully elucidated. As originally intended,
mitoxantrone binds DNA and this accounts, at least in part, for the cytotoxic action
of this drug. Although mitoxantrone'contains the planar nucleus usually associated
with DNA intercalation, the extended alkyl amino side chains at positions 1 and 4
prevents incorporation of the entire molecule into the DNA helix (Neidle, 1978).
Thus, it is now thought that mitoxantrone binds to DNA by both an exterior
electrostatic mechanism (Bowden et aI., 1985) and intercalation (Lown et aI.,
1985). However, poor correlation between the DNA binding of mitoxantrone and
their cytotoxicity suggests that a mechanism other than DNA binding is important
for antitumor activity (Johnson et aI., 1979).
Mitoxantrone has been shown to inhibit DNA, RNA and protein synthesis in
vitro (Johnson et aI., 1983; Durr et aI., 1983), cause compaction of isolated
chromatin (Kapuscinski and Darzynkiewicz, 1986), and stimulate protein
associated as well as non-protein associated DNA single strand breaks (Bowden et
aI., 1985). However, the correlation between these biochemical lesions and actual
tumor cell cytotoxicity by mitoxantrone has been shown by several investigators to
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be fairly weak as well (Fox and Smith, 1990; Johnson et al., 1979; Ellis et aI.,
1990).
It is now believed that the antitumor activity of mitoxantrone may have to with
its stabilizing activity on the topoisomerase II-DNA cleavable complex (Liu, 1989).
The activity of topoisomerase II, essential for DNA replication, introduces
transient double strand breaks in DNA through which an intact helix can be
passed. Mitoxantrone-treated cells exhibit typical cellular effects of topoisomerase
II inhibitors including inhibition of DNA synthesis, cell cycle arrest in G2 phase,
and appearance of various types of DNA strand breaks (Bowden et al., 1985; Fox
and Smith, 1990). A recent report has shown that a lack of correlation exists
between the initial level of cleavable complex formation and cytotoxicity in a
mitoxantrone-treated SV40-infected tumor cell line (Fox and Smith, 1990). These
investigators suggest that the cytotoxicity caused by mitoxantrone is better
correlated with the persistence of the DNA lesion which may cause long term
inhibition of DNA replication.
Free radical formation is still occasionally invoked as a possible antitumor
mechanism for mitoxantrone. However, while radical species may be generated in
cells treated with mitoxantrone, traditional quinone-dependent redox cycling
similar to doxorubicin does not occur under biological conditions (Nguyen and
Gutierrez, 1990; Sinha et al., 1983; Duthie and Grant, 1989a; Kharasch and
Novak, 1983).
Other mechanisms of antitumor activity may include inhibition of prostaglandin
synthesis (Novak et al., 1988), as well as immunomodulatory effects (Fidler et aI.,
. 1986a; Fidler et al., 1986b).
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Pharmacokinetics and Metabolism
Mitoxantrone is poorly absorbed orally and must be administered intravenously,
although intraperitoneal (Alberts et al., 1988), intra-arterial (Shephard et aI., 1987)
and continuous infusion drug administrations (Anderson et aI., 1983) have also
been reported. Mitoxantrone disappears from the plasma in a multi-exponential
fashion, with both biphasic (Larson et aI., 1987) and triphasic elimination (Alberts
et aI., 1985) patterns reported. Nevertheless, the plasma kinetics of mitoxantrone
are characterized by a rapid distribution phase followed by a relatively slow
elimination phase. Mitoxantrone has a very large volume of distribution which
suggests that much of the drug is sequestered in tissues. The highest
concentrations of mitoxantrone have been found in the thyroid, liver, heart and red
blood cells (Stewart et aI., 1986).
The primary route of excretion in humans is the bile. Alberts et aI. (1986)
administered 14C-Iabeled mitoxantrone to patients at a dose of 12 mg/m2 and
measured recovery in the urine and feces. Only 6.5% of the dose of radiolabeled
mitoxantrone could be recovered in the urine as unchanged drug over a 5 day
period, although HPLC analysis of urine revealed up to three more polar
metabolite peaks. Fecal excretion of radioactivity during a 5 day collection period
accounted for only 18% of the original dose. Thus, it is clear that mitoxantrone
remains present in the body for long periods of time.
Attempts to elucidate chemical structures of mitoxantrone metabolites have
been fairly limited. This is attributed to the low occurrence of urinary metabolites
and difficulties in finding adequate chromatographic conditions to allow separation
(Ehninger et aI., 1990). The gap between total urinary excreted radioactivity and
excreted radioactivity of unchanged parent drug is large in humans as well as
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several other species. Thus up to 15% of metabolites in human urine must be
explained as currently unknown metabolites (Ehninger et al., 1990).
Results from several different experimental models suggest that mitoxantrone is
metabolized to its, mono- and di-carboxylic acid derivatives which are excreted in
both urine and bile of several species including rats, rabbits and humans
(Chiccarelli et al., 1986; Ehninger et al., 1984; Alberts et al., 1985; Richard et al.,
1989).

Furthermore a third polar metabolite has also been identified which,

depending on the system utilized, accounts for a widely varying percentage of
mitoxantrone metabolism. This metabolite is thought by several investigators to
correspond to a conjugate derivative with glucuronic acid or glutathione (Wolf et
al., 1986; Richard et al., 1989), and has been observed in isolated perfused rat
liver, rat and rabbit hepatocytes, and rabbit bile and urine (Ehninger et al., 1984;
Richard et al., 1989). However, incubation of human urine samples with sulfatase
or ,8-glucuronidase did alter the profile of compounds observed on chromatograms,
which suggests that sulfate and glucuronide drug conjugates are either not present
in human urine or below the detection limits of the assay (Smyth et al., 1986).

Mitoxantrone Antitumor Specificity
Mitoxantrone is primarily active in the treatment of acute leukemias,
lymphoma, and breast cancer, alone and in combination with other antitumor
agents.
Mitoxantrone has proven to be an effective agent used as part of either first or
second-line therapy against both forms of acute leukemia. FDA approval of the
drug was based on a multicenter trial in which mitoxantrone + cytarabine was
compared with daunorubicin + cytarabine in the treatment of acute myelogenous
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leukemia (AML) (Arlin et al., 1985). Conclusions from this study indicated that
mitoxantrone was not superior to daunorubicin in producing complete responses,
however significantly more patients achieved complete response with only one
course of mitoxantrone therapy than did the group receiving daunorubicin. Thus, it
was on this basis that FDA approval was granted for the treatment of acute
leukemia.
Mitoxantrone in non-Hodgkin's lymphoma has been shown to be effective
primarily in patients who have relapsed of failed prior chemotherapy. Several
combination chemotherapy regimens are being evaluated using mitoxantrone in
place of anthracyclines, and may have the advantage of being less acutely toxic
(Cotter, 1988). In addition, one study of mitoxantrone treatment in non-Hodgkin's
lymphoma included patients who had already received doxorubicin treatment.
Surpris~ngly,

5 of 9 patients achieving complete response had received prior

anthracycline therapy (Bajetta et al., 1988).
The effectiveness of mitoxantrone in the treatment of breast cancer alone or in
combination with other agents has been compared with doxorubicin treatment in a
number of clinical trials. Most studies have shown mitoxantrone to be slightly less
effective than doxorubicin in terms of response rate, but not always significantly
different in duration of remission and time to failure (Neidhart et al., 1986;
Bennett et al., 1985; Henderson et al., 1989). For example, recently a large
randomized clinical trial comparing doxorubicin and mitoxantrone in previously
treated patients with metastatic breast cancer showed that the response rate for
mitoxantrone was 21% vs 29% for doxorubicin (Henderson et al., 1989). While
this difference was statistically significant, median response duration, time to
failure and median survival were not different between the groups, although the
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mean value was greater in the doxorubicin treated group in all cases. Importantly,
however, mitoxantrone is significantly less toxic than doxorubicin, and thus its use
may be warranted when lowered toxicity is a consideration (Henderson et al.,
1989).
Overall, mitoxantrone has proven to be nearly equally or equally as active as
anthracyclines in some clinical situations, and definitely has the advantage of being
less toxic than doxorubicin.

Mitoxantrone Toxicity
General
The primary toxicities associated with mitoxantrone use are hematologic and
gastrointestinal. Granulocytopenia is normally the dose-limiting factor of
treatment, with a nadir at 10-14 days post-treatment and recovery by day 21.
Gastrointestinal effects are less severe than those associated with doxorubicin.
Severe vomiting has been shown to occur in less than one percent of patients and
40% experience no nausea and vomiting at all. Stomatitis occurs in 10% of
patients receiving mitoxantrone every three weeks, hair loss is generally mild (30%
of patients) and extravasation is not associated with tissue necrosis as is seen wi th
doxorubicin (Crossley, 1984).
Clinical Cardiotoxicity
While it was originally hoped that mitoxantrone would not exhibit the
cumulative cardiotoxicity associated with doxorubicin treatment, it is now apparent
that this toxicity is of significant concern in patients receiving intensive and/or
prolonged therapy with mitoxantrone. Risk of mitoxantrone cardiotoxicity at a
cumulative dose of 165 mg/m2 was estimated in one study to be equivalent to the
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doxorubicin dose of 550 mg/m2 which is the accepted theoretical cutoff for cancer
patients (Dukart and Barone, 1984). Under this assumption, a patient could
receive up to 12 doses of mitoxantrone as a single agent (14 mg/m2) verses 9 doses
for doxorubicin (60 mg/m 2). Another study that used mitoxantrone in a
combination drug regimen showed that 16 courses of mitoxantrone therapy could
be give as compared to 11 doses of doxorubicin (Bennett et al., 1988). In a recent
large randomized clinical trial for breast cancer (325 patients) the median number
of courses to a cardiac event (development of congestive heart failure, decrease in
left ventricular ejection fraction or cardiac abnormality resulting in patient
removal from the study) was 13 for mitoxantrone, and 6 for doxorubicin
(Henderson et al., 1989). This same study shows that while only a minority of
patients will receive cumulative doses of mitoxantrone in the cardiotoxic range, it
is nevertheless a significant clinical problem (Figure 2).
Clinical signs of mitoxantrone cardiotoxicity include decreased left ventricular
ejection fraction, congestive heart failure, ischemic chest pain, arrhythmias, and
conduction abnormalities on ECG (Henderson et al., 1989). Some predisposing
factors to cardiotoxicity include previous exposure to anthracyclines, thoracic
radiation, or pre-existing heart disease, although cardiotoxicity can develop in the
absence of these risk factors as well (Benjamin et al., 1985). Endomyocardial
biopsies from a small sample of patients treated with mitoxantrone were evaluated
histologically by Unverfetth et al. (1983). These investigators found
histopathologic changes similar to those found following anthracycline treatment.
Nuclear changes included chromatin clumping, nucleolar contraction and
degeneration. They also noted mitochondrial swelling, and tubular swelling.
Another study by Benjamin et al. (1985) also examined human endomyocardial
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biopsies from patients treated with mitoxantrone. These investigators noted
dilation of the sarcoplasmic reticulum with vacuole formation and myofibrillar
dropout, changes which are also characteristic of early doxorubicin effects.
Furthermore, this group observed a slight trend toward increased cellular damage
with increased mitoxantrone dose. Thus, histological evidence indicates that
mitoxantrone produces adverse changes in human heart tissue that are similar to
those produced bydoxorubicin. However, more courses of mitoxantrone therapy
may be given before reaching a cardiotoxic level equal to that of doxorubicin.
Cardiotoxicity in Animal Models
Chronic cardiotoxicity has been observed not only in humans but in rats and
mice as well (Zbinden and Beilstein, 1982; Perkins et al., 1984). In a study by
Zbinden and Beilstein (1982), a twice weekly i.p. administration of mitoxantrone
was scheduled for 4 weeks. However, because of severe leukopenia, after 4
injections treatment was interrupted for 18 days, and then resumed with an
additional 4 injections. After approximately six weeks these investigators noted
significant ECG changes, elevation of serum enzymes, and marked alterations in
mitochondrial structure in the heart tissue.
Because of these findings, a second study by these investigators was aimed at
comparing mitochondrial changes caused by mitoxantrone and doxorubicin in vivo
(Zbinden and Beilstein, 1982). In these experiments, i.p. injections of
mitoxantrone (1 mg/kg) and doxorubicin (2 mg/kg) were given twice a week for 4
weeks. Each week, heart mitochondria were isolated and oxygen consumption and
oxidative phosphorylation activity measured. Under these conditions,
mitochondrial function was inhibited in a time-dependent manner by both
doxorubicin and mitoxantrone. Furthermore, mitoxantrone caused a marked
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inhibition of Na/K ATPase activity (41% - 68% of control) which was evident at
week 1 of treatment and did not increase in a time-dependent manner. These
results are in agreement with the findings of Neri et al. (1986). These
investigators observed a progressive reduction in oxygen uptake and loss of ATP
and creatine phosphate from heart slices incubated with mitoxantrone or
doxorubicin in vitro.
Chronic mitoxantrone cardiotoxicity was studied in mice following the
administration of twice weekly i.p. injections of mitoxantrone (2 mg/kg) on weeks
1, 2, 5, 6 and 7 (Perkins et al., 1984). Mice were killed during week 11 and the
hearts were evaluated for histological damage. Out of 14 mice treated with
mitoxantrone, 12 exhibited myocardial damage. The Bertazzoli scale was used to
quantitate the extent of cardiac damage: grade 0 indicates no difference from
control animals, and grade 4 indicates marked damage with most myocardial fibers
affected (Bertazzoli et al., 1979). Of the 12 animals showing myocardial changes,
five grade 1, four grade 2 and three grade 3 changes were documented. Focal
mononuclear cell infiltration was also observed in three hearts.
Interestingly, beagle dogs, which have been shown to be an excellent model for
the study of doxorubicin cardiotoxicity, do not seem to develop degenerative
changes following chronic mitoxantrone treatment (Sparano et al., 1982).
Cardiotoxicity in Vitro
The majority of studies on mitoxantrone cardiotoxicity in vitro have been aimed
at providing an explanation for the lowered cardiotoxic potential of mitoxantrone
in comparison to doxorubicin, rather than attempting to explain the biochemical
basis of the cardiotoxicity that is observed. Nevertheless, these studies have
contributed immensely to our overall understanding of the biochemical activity of
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this drug. A series of studies by Kharasch and ,Novak have examined in detail the
interactions between mitoxantrone and various cellular one-electron transfer
enzyme systems (Kharasch and Novak, 1981; Kharasch and Novak, 1983; Novak et
al., 1985).

These studies as well as others have used isolated mitochondria,

microsomes and cytosol from heart tissue to show that mitoxantrone does not
stimulate production of oxygen free-radicals through redox cycling (Doroshow
1983; Kharasch and Novak 1983a; Novak and Kharasch, 1985).
In fact, reduction of mitoxantrone under physiological conditions most likely
does not occur (Powis, 1988). If anything, mitoxantrone may prevent other
compounds from undergoing one-electron reduction by some cellular enzymes.
Mitoxantrone and its non-hydroxylated analog, ametantrone, were used to
characterize the effect of these compounds on drug metabolism, and oxygen freeradical production (Kharasch and Novak, 1981; Kharasch and Novak, 1983;
Kharasch and Novak 1983a). These studies show that while mitoxantrone can
stimulate NADPH utilization and superoxide production in the presence of
purified NADPH-cytochrome P-450 reductase, the degree of stimulation is only
about 15% of that of doxorubicin (Kharasch and Novak, 1981). The nonhydroxylated analog ametantrone has been shown to be even more difficult to
reduce than mitoxantrone, and under similar conditions barely raises the basal
rates of NADPH utilization and superoxide production in the presence of purified
enzyme.
In contrast, neither mitoxantrone nor ametantrone stimulated NADH oxidation
in the presence of purified NADH dehydrogenase, while doxorubicin produced a
15-fold increase in utilization. Furthermore, in a more biologically relevant test
system such as microsome suspensions, ametantrone and mitoxantrone also failed
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to stimulate oxidation of either cofactor or superoxide production (Kharasch and
Novak, 1983). These findings are consistent with findings by other investigators
who have shown that mitoxantrone does not appear to be actively reduced or
stimulate oxygen radical formation in subcellular fractions or cells in vitro
(Doroshow, 1983; Duthie and Grant, 1985a; Vile and Winterbourn, 1989).
Both mitoxantrone and ametantrone are also known to inhibit drug metabolism
in vivo and in vitro. In vitro, these drugs inhibit the cytochrome P-450 reductase
activity specifically by diminishing electron flow to the reductase and thereby
inhibiting substrate metabolism (Kharasch and Novak, 1982). Kinetic studies
suggest that the inhibition is noncompetitive with apparent Ki values of 0.1 and 3
mM for mitoxantrone and ametantrone respectively (Kharasch and Novak, 1982;
Novaket a1., 1988). In vivo, both drugs are capable of increasing hexobarbital
sleep times 50-60% in animals treated with 40-60 mg/kg of antitumor agent.
However, it should be noted that the concentrations required for inhibition of drug
metabolism in vivo are substantially greater than drug concentrations utilized
clinically (Kharasch et al., 1987).
Another chemical characteristic of mitoxantrone which may be related to its
cardiotoxic potential is its ability to be oxidized (Kolodziejczyk et al., 1988).
Kolodziejczyk et al. have found that mitoxantrone can be metabolized to a
relatively stable reactive cation radical using an oxidative chemical activation
system. The possible implications of this finding will be discussed later, but it does
open another avenue of exploration for determining the mechanism of
mitoxantrone cardiotoxicity.
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ICRF-187: Chemistry and Mechanism of Cytoprotection
In the present study, ICRF-187 was used as a pharmacologic tool to help
describe the involvement of metal cations in mitoxantrone cardiotoxicity. ICRF187 is the water-soluble (S)-( +) enantiomer of the racemic compound ICRF-159
(Razoxane). Fully hydrolyzed, ICRF-187 forms the (+ )-enantiomer of ICRF-198,
which has powerful metal chelating properties and a chemical structure very
similar to EDTA. The hydrolysis product, ICRF-198 binds the divalent cations of
zinc, copper, iron and manganese preferentially over calcium and magnesium, for
which it has little affinity (EI-Hage et al., 1986)(Figure 3). Both compounds have
a certain degree of antitumor activity and have reached clinical trials, although
with limited success (Herman et al., 1982). While the anti-tumor activity of ICRF187 is thought to be unrelated to its metal chelating activity, clinical trials
nevertheless revealed a marked increase in in the urinary clearances of iron and
zinc in patients receiving the drug (Von Hoff et al., 1981). This finding suggests
that ICRF-187 can act as a metal chelating agent in vivo.
Chelating activity of ICRF-187 is thought to be related to its effectiveness as a
protective agent against doxorubicin cardiotoxicity in humans (Speyer et al., 1988)
as well as several animal species (Herman and Ferrans, 1986; Herman and
Ferrans, 1987). While the mechanism of protection is not firmly established, a
popular hypothesis is that ICRF-187 chelates free metals which are necessary to
facilitate oxygen radical production by doxorubicin. Thus, in the presence of
ICRF-187, cardiac damage by doxorubicin is prevented or at least minimized (Vile
and Winterbourn, 1990; Rajagopalan et al., 1988). Furthermore, EI-Hage et al.
(1986) have shown that ICRF-187 does not produce its cytoprotective effects by
acting as a free radical scavenger, or by inhibiting microsomal enzyme systems.
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Toxicity of Metal-Antitumor Agent Complexes
Anthracycline antibiotics and bleomycin are antitumor agents that show
modified toxicity in the presence of various metal cations. The influence of metal
ions on the biological activity of these drugs as well as others is complex and at
times difficult to predict. Because of their intrinsic toxicity, excess metal ions are
sequestered and essentially chemically inactivated in vivo. Thus, while it may be
possible to show that a particular metal ion can promote or prevent toxicity in a
defined in vitro system, the more complicated biochemical milieu in vivo is likely
to affect the result in an unpredictable manner.
Furthermore, even in simplified systems, metal ions may affect drug activity in
unexpected ways. For example, anthracyclines such as doxorubicin and
daunorubicin contain a vicinal quinone-hydro quinone structure, similar to
mitoxantrone, which provides a favorable environment for interaction with various
transition metal ions (Coble and Holtzclaw, 1974). Complexation of
anthracyclines with iron and copper ions in particular largely decreases their ability
to be reduced enzymatically (Tarasiuk et aI., 1990; Beraldo et aI., 1985), and thus
lowers the risk of doxorubicin-dependent free-radical production through
traditional redox cycling. Paradoxically, the doxorubicin-iron complex still
maintains the ability to stimulate oxidative destruction of cellular membranes and
other components even without enzymatic reduction.

This has been shown to

occur through direct reduction of the metal atom in the complex, and it appears
that chelation enhances the catalytic activity of the iron in stimulating radical
damage. (Myers et aI., 1982; Eliot et aI., 1984; Gutteridge, 1984).
Metal-dependent bleomycin cytotoxicity also varies in the presence and absence
of different metal ions. Bleomycin A2 causes very few DNA strand breaks in a
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metal-free system. However, addition of iron(II) results in substantial DNA
degradation presumably through iron-dependent redox activity and production of
oxygen radicals. Interestingly, addition of divalent copper, zinc and cobalt ions
suppresses DNA strand breakage. It is known that these metal ions complex to
bleomycin, and in doing so, apparently inactivate the drug (Dabrowiak, 1980).
Interestingly, as mentioned previously, ICRF-187 protects against doxorubicininduced cardiotoxicity in vivo, whe.reas in one study it resulted in enhanced
bleomycin-induced lung toxicity in hamsters in vivo (Tryka, 1989). These results
simply underscore the complexity of metal-ligand reactions in vivo.

Oxidative Metabolism
Oxidation of endogenous substrates as well as exogenous chemical compounds
plays a central role in both bioactivation and detoxification in biological systems.
Most studies of oxidation focus on the enzymatic activity of the cytochrome p-4S0
enzymes which are noted especially for catalyzing hydroxylation- and epoxidationtype oxygenation reactions. Less frequently discussed is the oxidation activity of
this enzyme which involves the abstraction of an electron from the substrate. In
this case, instead of the oxygen molecule being incorporated into the substrate, it
functions as an electron and hydrogen acceptor (Meunier, 1987).
Horseradish peroxidase in the presence of hydrogen peroxide has been shown
to provide a good model system of oxidase activity in vivo. Depending on whether
a substrate can undergo a one- or two-electron oxidation two different catalytic
cycles are possible (Figure 4). Native enzyme interacts with hydrogen peroxide
initially which acts as an electron acceptor in the following reaction:
(1)

Native enzyme + H202 ----> Compound I + 2 H20
(2 electrons
deficient)
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Figure 4.

AH' + Ie + IH+

Mechanism of horseradish peroxidase. Compound I is in a 2
electron deficient state in comparison to the native enzyme, and
compound II is in a 1 electron deficient state. There are two
possIble catalytic cycles which can occur depending on whether the
donor molecule can undergo a 1- or 2-electron oxidation (from
Meunier, 1987).
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Compound I can then accept 1 electron from the substrate as follows in reaction
(2), and then accept another electron to regenerate the native enzyme as in (3)
(2)

Compound I + AH2 ---- > Compound II + AH·
(1 electron
deficient)

(3)

Compound II + AH·

----> Native enzyme + A

Or accept 2 electrons from the substrate as shown in reaction 4:
(4)

Compound 1+ AH2 ----> Native enzyme + A

Substrates oxidized to radical products by this enzyme system are extremely
reactive and can bind covalently to macromolecules present in the incubation
system, although disproportionation can occur as well.
In addition to mitoxantrone (Kolodziejczyk et al., 1988) several other antitumor
agents have been shown to be susceptible to oxidation by horseradish peroxidase
including several ellipticine derivatives, etoposide, teniposide and vindoline
(Meunier, 1987).
Cultured Heart Cells as a Model System for Studying Cardiotoxicity
Numerous animal models are available for studying cardiotoxic drugs
(Czarnecki, 1984). However, no clearly superior in vivo test system has been
identified. Problems with existing animal cardiotoxicity models mainly involve the
need for chronic dosing schedules of one month or longer, long post-treatment
observation periods and non-specific endpoints such as enzyme elevation or ECG
changes (Zbinden et al., 1978). This normally mandates a large commitment of
personnel and animal resources over a long period of time. Furthermore,
relatively large quantities of any new agent must be available to support these
investigations. Also, unless there are blinded morphologic assessments of heart
tissues, toxicity results may be misleading since death, arrhythmias, or serum
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enzyme elevations can occur from a variety of non-cardiac causes (Bertazzoli et al.,
1981). Clearly, direct observations of myocardial tissues maintained in vitro can
offer substantial improvements for toxicity screening and mechanism of action
studies with cardiotoxic anticancer agents.
Methods have been available for some time to allow for the routine culture of
isolated heart tissues which retain functional (beating) and morphologic
characteristics of in vivo systems (Hacker et al., 1983; Nag et al., 1986; Blondel et
al., 1970; Lundgren et al., 1985). A diverse variety of such models are in use
including isolated perfused muscle preparations (Politi et al., 1985), neonatal
whole heart cultures (Hacker et al., 1983), and primary cultures of embryonic (Nag
et al., 1986), neonatal (Blondel et al., 1970) or adult heart cells (Lundgren et al.,
1985). Of these, only the latter two methods offer the ability to study drug effects
over a number of days rather than hours.
Among in vitro model systems which utilize myocardial tissue, primary heart
cell cultures from neonates are the most widely used. Harary and Farley are
credited with the development of most currently used procedures for culturing
neonatal cells (Harary and Farley, 1963). Following their pioneering report,
refinements have been made to include techniques for reducing contamination by
fibroblasts (Blondel et al., 1970), for defining mediums for optimal growth
(Kessler-leeks on, 1987), and for using specific plastics and coatings to enhance cell
attachment (Lundgren et al., 1985).
While some differences are found within the morphology of the neonatal cells
cultured in vitro, adult and neonatal cell types are considered to be remarkably
similar to adult myocardial cells in vivo, both electrically and biochemically. Thus,
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individual heart cells can form a beating syncytium and thereby comprise a
representative model of the heart in vitro.
Drawbacks of this cell culture technique include a lack of an integrated heart
structure and the lack of representation of all myocardial cell types in the culture
system. However despite these limitations, this system is ideally suited for both
screening and mechanistic studies. Cells can be grown under stringently controlled
conditions which allows uniform exposure to test drugs. In addition, both the cells
and the incubation medium can easily be sampled and assayed for a variety of
biochemical indicators. Finally, the viability of the system (one week to one
month) allows long term toxicity studies to be performed.
Several different measures of heart cell viability have been utilized in cultured
heart cell studies. Previous investigations have relied on semi-quantitative toxicity
indices, such as pH changes in the culture medium (Wenzel and Cosma, 1984) and
visually determined beating rates (Lowe and Smallwood, 1980), or have utilized
delayed and often unreliable indicators of cell damage such as impaired membrane
integrity (enzyme leakage or trypan blue dye exclusion)(Newman et al., 1981;
Yuhas et al., 1974). The present study utilizes myocyte ATP levels normalized to
cellular protein as a primary indicator of cell viability. Use of ATP levels is based
on the obvious importance of energy-dependent processes in viable cardiac cells
(Huxley, 1969). Previous studies have shown that ATP levels provide a dynamic
and eady indicator of cell damage that is much more sensitive than LDH leakage
(Dorr et al., 1988; Seyraydarian et al., 1977).
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CHAPTER 3

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.
Unlabled 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 powder 18.2
",Ci/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 was verified by comparison to clinical-grade mitoxantrone
using spectrophotometric scanning, and thin-layer chromatography (cellulose; nbutanol:acetic acid:ethanol:water [4:1:2:3]). The oxidized cyclic metabolite of
mitoxantrone was custom synthesized and kindly supplied by Dr. J. W. Lown,
Dept. of Chemistry, University of Alberta, Edmonton, Alberta. A stock solution of
the metabolite (1 mg/ml) was prepared in distilled water. Ametantrone was a gift
from P. Davignon, R.Ph. (Pharmaceutical Resources Branch, National Cancer
Institute, Bethesda, MD). Solid ametantrone was dissolved initially in DMSO at a
final concentration of 2 mg/in!. ICRF-198, the ring-opened metabolite of ICRF187, was obtained from Dr. V. Verhoef (Adria Laboratories, Columbus, Ohio). Lbuthionine [S,R]-sulfoximine (Chemical Dynamics, Fairlawn, NJ) was dissolved in
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water at a final concentration of 10 mM. All drug solutions were freshly prepared,
sterile filtered and stored at -800 C.

Heart Cell Culture
Preparation. Hearts from 1-2 day-old neonatal Sprague-Dawley rats were
isolated under sterile conditions, minced into 1-mm2 fragments and dissociated
with 0.24% trypsin (Difco Laboratories, Detroit, MI) dissolved in calcium- and
magnesium-free Hank's balanced salt solution (Irvine Scientific, Santa Ana, CA).
The cell-containing supernate (10 ml) from an initial 20 minute digestion was
discarded. Five additional IS-minute digestions were then collected with fresh
0.24% trypsin solution added at the onset of each digestion (10 ml). The cells were
washed in Liebovitz's M3 medium (Liebovitz, 1986), pooled, counted and then
plated at 3-4 X 107 cells/ISO cm2 flask for rapid fibroblast attachment (Blondel et
al., 1970). After 2 hours, the resultant myocyte-enriched supernatant was
decanted, counted, and plated either in 24 well culture plates at a density of 1 X
106 cells/well (0.35 ml/well), or in 35 mm culture dishes at 4.9 X 106 cells/dish
(0.5 ml/dish) (Primaria Plasticware, Falcon, Oxnard, CA).
Culture Conditions. Heart cells were maintained in Liebovitz's M3 medium
containing 5% fetal bovine serum and 0.22% sodium bicarbonate (in PBS) under a
humidified 95% air:S% C02 atmosphere throughout the culture period. One day
after plating, non-adherent heart cells were removed by repeated washing of the
monolayer with M3 medium using a sterile pasteur pipette. Fresh medium was
added to the culture plates on days 1, 3, and 5 after isolation.
Culture Characteristics. Heart cell fibroblasts were reduced to 8% of the
culture population by initially plating the digested heart cell suspension in large
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surface area plastic flasks for 2 hours. This technique in combination with
deliberate overplating of the myocyte-enriched supernatant also helps prevent
fibroblast proliferation. Fibroblast contamination thereafter increased slowly over
the 6-day assay period from 8% on day 1 to a 30% maximum on day 6. Myocytes
attached and began beating within 24 hours of plating. Synchronous beating
consistently began 1-2 days after plating.
Heart cell ATP normalized to cellular protein remained constant throughout
the week of culture growth (Figure 5). A limited degree of myocyte and fibroblast
cell division are indicated by the labeling index peaks on day three of culture,
which correlates with visual confluence of the monolayer (Figure 5). Contraction
rates, which are initially high and sporadic, became slower and more synchronous
by days 3-6 of culture (Figure 5).

Tumor Cell Culture
The mouse leukemia cell line, L1210, 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 u/ml), 1% (v/v) streptomycin (100
u/ml) and 1% (vIv) L-glutamine ("complete medium") (Grand Island Biological
Co., Grand Island, NY). Cells were maintained at 370 C in a 95% air:5% C02
humidified incubator, and subcultured once (8226) or twice a week (L-12l0).

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
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Characteristics of cultured neonatal rat heart cells. Maturation
l?rofile of cultured neonatal rat cardiac myocytes. The labeling
Index is determined by the degree of incorporation of
[3H]thymidine activity into cellular DNA (from Dorr et ai., 1988).
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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 37 0 C in complete medium, cells were rinsed two times with M3
medium to remove free drug. Fresh medium was then added and the dishes
returned to the incubator for an additional incubation period (Usually 24-72
hours). With this drug exposure procedure, near-clinically achievable
mitoxantrone concentrations could be used without causing acute myocyte
cytotoxicity. Toxicity progressed slowly over a three day incubation period in drugfree medium during which time cardiotoxicity could be documented.

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 minutes and then washed in running water for 5 minutes. The cells
were then stained with a one-step trichrome stain for 1 minute, rinsed 3-4 times
with 1% acetic acid then dehydrated rapidly in one rinse of 95% ethanol, followed
by several rinses with 100% ethanol (Culling et aI., 1985). This procedure stains
nuclei, cytoplasm and muscle red, and collagen and basement membrane blue.
Thus, by using this stain heart muscle cells could be differentiated from myocardial
fibroblasts. Cells were photographed on an inverted phase-contrast microscope
(TMS, Nikon) at 200x 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 (Karnovsky,
1965), diluted 1:1 with PBS, pH 7.4, was added to the cultures. After 50 minutes,
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the fixative was removed and replaced with full strength Karnovsky's fixative for an
additional 50 minutes. The cells were gently scraped with a rubber policeman and
pelleted in a micro-centrifuge at 15,000g for 5 minutes. This was followed by
rinsing in 0.1 M phosphate buffer, pH 7.4. Cells were post-fixed in 1% osmium
tetroxide for 1 hour 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 (80-90 nm) were stained with lead citrate and photographed
with a Philips 300 transmission electron microscope, operating at an accelerating
voltage of 60 kV.

Covalent Binding
Ouantitation of Covalently Bound Drug. Radiolabeled mitoxantrone covalently
bound to protein was determined by the method of Wallin et al. (1981). Briefly,
protein (50 J.d) was loaded on cellulose disks (1.5 cm diameter, Whatman 3MM),
and washed in shaking 125 ml Erlenmeyer flasks for 10 minutes each: ethanol (3
times), methanol (3 times) and acetone (3 times). Fresh solvent was added at the
onset of each wash (20 ml). Precipitation of the protein occurred following
immersion of the disk in the first ethanol rinse. Filters were then placed in vials,
base hydrolyzed overnight (1 N NaOH, 1000C), neutralized, and scintillation fluid
added (RPI Biosafe II). The vials were kept 1 week with occasional shaking prior
to counting to allow bound drug to come into solution.
Biochemical Oxidation of Mitoxantrone. Mitoxantrone was chemically oxidized
to a reactive intermediate in a reaction mixture containing: 50 J,LM hydrogen
peroxide, 10 J,Lg/ml radiolabeled mitoxantrone (0.182 J,LCi), 5 J,Lg/ml horseradish
peroxidase (Type VI), 2.0 mg protein (Arachlor 1254 induced rat liver S9, Organon
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Teknika Corp., Durham, NC) and phosphate buffer, pH 7.0 in a final

voh~me

of 1

ml (Reszka et al., 1989). Reactants were added to a glass screw top tube and
allowed to sit 5 minutes prior to protein addition. The complete system was then
allowed to react for 0.5 hour at 370 C, Aliquots of the reaction mixture (50 JLI)
were then analyzed for covalently bound drug as previously described.
During the same experimental period, verification of chemical activation was
obtained by following drug absorbance spectra. Mitoxantrone solutions containing
all or some of the reaction mixture were scanned from 700-500 nm in a dual beam
spectrophotometer (Perkin-Elmer, Lambda 3B) with distilled water as a reference.
Measurement in Heart Cells. Covalent binding studies were carried out in
intact heart cell cultures as well as heart cell homogenates. Intact cells grown in 35
mm dishes were exposed to 10 JLg/ml radiolabeled mitoxantrone for 3 hours and
then post-incubated in drug-free medium for 24 hours. Covalently bound drug was
measured at 1, 2, and 3 hours of exposure and then at 1 and 24 hours postexposure. One set of cells were kept at 370 C and another on ice at 40 C. At the
appropriate time the cells were washed twice with PBS, scraped off the plate in
PBS into micro centrifuge tubes (1.5 ml). To produce a crude post-nuclear
supernatant fraction appropriate for the measurement of covalent binding to
protein, the cell suspensions were then sonicated on ice (Bronson Sonifier 250)
and centrifuged 2 minutes at 12,000 x g (Galaris et al., 1985). Covalently bound
drug was then assayed in the supernatant fraction. The pellet, which contained
primarily intact cells, cell remnants and nuclei was discarded.
Alternately, heart cell post-nuclear supernatant fractions were prepared
(Galaris et al., 1985) and then exposed to radiolabeled mitoxantrone (10 JLg/ml)
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for up to eight hours. As before, one set of cells were kept at 37o C, and another
on ice at 40 C. Covalently bound drug was measured at 3 and 8 hours.

Biochemical Assays
Adenosine

Trip~osphate.

Heart cell ATP levels normalized to cell protein

were used as an indicator of myocyte viability (Dorr et aI., 1988; Seraydarian et aI.,
1977; Shirhatti et aI., 1986). 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 -80oC until assayed.
ATP levels were determined photometrically using the firefly luciferinluciferase bioluminescence assay (Kimmich et aI., 1975). This assay for ATP is
based on the following luciferase (E) catalyzed reaction:

(1) luciferin (LH2) + ATP + E <----> E-LH2-AMP + PPi

(2) E-LH2-AMP + 02 --- > E + C02 + AMP + oxyluciferin + light

The initial activation step, reaction (1), is the reversible formation of the enzymebound luciferyl adenylate (E-LH2-AMP) complex. This complex then reacts
irreversibly with molecular oxygen (reaction (2}), to produce a quantum of light
(Lemasters and Hackenbrock, 1975).
Luciferin and luciferase were purchased commercially (Amgen, Thousand
Oaks, CA). Luciferase stock solutions were prepared in 0.5 M Tris-succinate (pH
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7.7),3 mM dithiothreitol at a final protein concentration of 1 mg/ml at 40 C. This
solution was then stored at -800 C in 301'1 aliquots. Luciferin stock solution (1
mM) was prepared by dissolving 1 mg in 3.57 ml 5 mM sodium citrate buffer (pH
5.5). This solution was stored at -800 C in 7501'1 aliquots. To prepare the luciferinluciferase solution used in the assay, 30 J.'lluciferase and 750 J.'lluciferin were
combined with 7.5 ml of a stabilizing buffer (70 mM HEPES pH 7.7, 7 mM
MgS04, 3 mM dithiothreitol and 1% bovine serum albumin) and 6.5 ml 20 mM
HEPES, 5 mM MgS04 solution.
Samples prepared from trichloroacetic acid extracts were diluted 1:200 with
0.025 M HEPES buffer, pH 7.75 in plastic tubes prior to ATP measurement. Glass
tubes and beakers were avoided throughout the assay as glass can bind ATP, and
affect the concentration of dilute ATP solutions. Luminescence measurements
were made on an LKB model 1251 programmable luminometer (LKB Wallac,
Finland) interfaced with an Apple lIe computer. Samples and standards (200 I.d)
were combined with 100 J.'lluciferin-Iuciferase and peak light output measured
following mixing. ATP standards (0.2 - 20 ng ATP) were run every 25 samples to
correct for continued loss of luciferase enzyme activity. ATP levels were
calculated from the standard curve, and data expressed as micrograms ATP
normalized to cellular protein.
MTT (3.4.5-dimethylthiazol-2.5 diphenyl tetrazolium bromide) Cell Viability
Assay. This colorimetric assay, was used to assess the cytotoxicity of mitoxantrone
in the presence or absence of ICRF-187 in both tumor cell lines and the cultured
heart cells. The MTT assay has been shown to be a reproducible measure of drug
sensitivity in a large number of human tumor cell lines (Alley et aI., 1988). The
principle behind the assay lies in the ability of viable cells to reduce the soluble
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MTT salt to an insoluble formazan product by the action of cellular reductases.
The purple-colored precipitate is then solubilized using dimethyl sulfoxide
(DMSO) and the optical density of the resulting solution measured on a
microplate spectrophotometer.
For the tumor cell assay, a total of 250 L1210 cells, or 4000 8226 cells
suspended in 1601'1 of complete RPMI medium were placed into the wells of a 96well culture plate (Falcon Plastics, Oxnard, CA). Mitoxantrone, ICRF-187 or both
drugs together (lOX solutions) were added to the wells in 20 It! volumes. PBS was
added as needed to reach a final volume of 200 1'1 in all wells. The plates were
then incubated 6 to 7 days at 370 C, in a 95% air/5% C02 humidified incubator.
Eight individual samples were run for each of the various exposure conditions.
Peripheral wells were utilized for the proper medium or reagent blanks.
On the 6th or 7th day after plating, 501'1 of a 1 mg/ml solution of MTT in
complete RPMI medium was added to each well and the plates reincubated for an
additional four hours. The plates were then centrifuged at 600 rpm for 10 minutes
and the culture medium removed from the wells by gentle vacuum aspiration and
replaced with 1501'1 of DMSO. The plates were then placed onto a shaker for 5
minutes to thoroughly solubilize the formazan product. The absorbance of each
well was measured at 540 nm on a plate reader (Biomek 1000 automated
laboratory workstation, Beckman Instruments, Palo Alto, CA) interfaced with an
IBM PS/2 model 50 computer (IBM Corp., Armonk, NY).
Data were expressed as percent survival of control cells calculated from the
absorbance values corrected for background absorbance. The surviving 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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The assay for the heart cells was carried out similarly with a few exceptions.
The heart cells were grown in 24 well plates and treated as described previously
with concentrations of mitoxantrone ranging from 0.1 to 5l-'g/ml for 3 hour. The
MTT assay was then performed 72 hours following drug exposure using 1001-'1
MTT solution, no centrifugation, and 0.5 ml DMSO. Absorbances were read with
a spectrophotometer (Perkin-Elmer, Lambda 3B UV/Vis) at 540 nm in semimicro glass cuvettes.
Glutathione. Glutathione levels were determined using the recycling
spectrophotometric method of Tietze (1969) in which total glutathione (both
oxidized and reduced) was measured. In this procedure, reduced glutathione was
oxidized in reaction with 5,5'-dithiobis-(2-nitrobenzoic acid» (DTNB or Ellman's
reagent) producing a measurable rate of chromophore formation at 412 nm. The
oxidized glutathione was subsequently reduced by glutathione reductase and
NADPH present in the reaction mixture and was then available once again to
react with DTNB (Figure 6). A standard curve using known concentrations of
glutathione was prepared and used for quantitation of heart cell samples. The rate
of chromophore formation was followed on a chart recorder, slopes were
calculated (change in absorbance at 412 nm/time) and used to construct the
standard curve, and calculate experimental values. The blank rate, determined by
addition of all reagents except the sample was significant in the reaction mixtures.
Heart cells in 24-well plates were rinsed with PBS and extracted with 1441-'1 of a
1 M perchloric acid, 2 mM EDTA solution. This extract was then neutralized with
861-'1 of a 2 M KOH, 0.3 M MOPS solution, centrifuged 1 minute at 12,OOOg in a
micro centrifuge, and the supernatant stored at -80 0 C until assayed. This
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Reactions:
Glutathione Reductase

1.

Oxidized. Glutathlohe

2.

Glutathione + Dithibnitrobenzoic Acid - . Mixed Disulfide + Reduced DTNB
(GSH)
(DTNB or DSSD)
(GSSD)
(DSH)

3.

Glutathione + Mixed Disulfide
(GSH)
(GSSD)

~

--.....

/2GSH

f--_\/

Glutathione

Ox. Glutathione + Reduced DTNB
(GSSG)
(DSH)

DSSD (DTNB)

NADP+ .....

---:.-BSSG

8

REDUCTASE

;J ' "

( A412 )

NADPH _ _

GSSG

Figure 6. Glutathione Assay.
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extraction method yielded a pH-neutral extract that did not need to be diluted
prior to assaying.
Malondialdehyde. Lipid peroxidation products in the cells and medium were
monitored by the production of malondialdehyde or thiobarbituric acid (TEA)reactive products as described by Buege and Aust (1978). Heart cells grown in 35
mm dishes were treated with mitoxantrone (2I-'g/ml) or doxorubicin (10 J.'g/ml)
for three hours, washed and post-incubated in 1 ml drug-free medium. Twentyfour hours later, medium was removed from each dish into a glass screw top assay
tube, and 0.5 ml 5% TCA added to extract ATP. A 25 1-'1 aliquot was then
removed for the ATP assay, and the remainder of the TCA extract transferred to
the assay tube. The precipitated protein was then solubilized with the addition of
0.5 M NaOH. After 15 minutes, the plates were scraped, and pipetted repeatedly
to break up and solubilize the monolayer. A 251-'1 aliquot of this mixture was then
taken for the protein assay, and the remainder transferred to the assay tube.
A solution containing 15% w/v trichloroacetic acid, 0.375% thiobarbituric acid
and 0.25 N hydrochloric acid was then added to each of the assay tubes (2 ml). A
standard curve was prepared using 0.1 to 20 nmoles malondialdehyde (bis)dimethyl acetal (20 I-' M stock in distilled water), and the same concentration of
TCA and NaOH contained in the sample tubes. Capped tubes were placed in a
boiling water bath for 15 minutes, allowed to cool, and then centrifuged at 2000g
for 10 minutes. The absorbance of the supernatant was then read at 535 nm
against a blank that contained all of the reagents minus the lipid. The amount of
TEA-reactive material was determined from the standard curve and normalized to
cellular protein.
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. Protein. Protein content was determined using the Bio-Rad colorimetric assay
(Bio-Rad, Inc., Richmond, CA) using bovine serum albumin dissolved in 0.5 N
NaOH, 0.1% Triton X-lOO as a standard.

Mitoxantrone Uptake
Drug uptake and retention in the heart cells was monitored with 14C_
mitoxantrone. Heart cells grown in 24 well plates were exposed to 2 ILg/ml
mitoxantrone (0.2 ml/well, 3.4 nCi/ml) for three hours after which they were
washed and incubated in drug-free medium for an additional 72 hours.
Intracellular mitoxantrone levels were determined at time points varying from 1 to
72 hours. To quantitate mitoxantrone levels, the medium was aspirated, cells
washed twice with PBS, and 200 ILl 0.1 % Triton X-lOO in 1 N NaOH added to each
well to solubilize the cells. This solution was then transferred to a scintillation vial,
the well washed with an additional 200 ",1 of the NaOH solution, and then added to
the vial as well. Acidified scintillation fluid (27 ml glacial acetic acid added to 4
liters of fluid) was added, and the vials counted. Non-specific binding, determined
in wells at 40 C briefly exposed to the mitoxantrone solution, was negligible.
Counts per minute were corrected for counting efficiency and actual amount of
mitoxantrone calculated from the specific activity of the radiolabel. Data is
presented as nmole mitoxantrone normalized to heart cell protein.

Ultra-Violet/Visible Spectroscopy
The metal chelating ability of mitoxantrone was examined by observing changes
in the ultra-violet and visible spectrum of mitoxantrone and ametantrone in the
presence of metallic compounds (Kharasch and Novak, 1985; Tarasiuk et al.,
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1990). For studies of iron binding to the anthracenediones, drugs were diluted to
100 I'M in 100 mM sodium cacodylate buffer, pH 7.4. Prior to metal addition, a

base-line absorption spectra of the drug solution from 300-800 nm was obtained
(120 nm/minute, 25 0 C) using a dual-beam spectrophotometer (Perkin Elmer,

Lambda 3B) and a chart recorder (Perkin Elmer, R100A, 12 em/minute chart
speed) set at 0 - 2.0 absorbance units full scale. Small aliquots (1-31'1) of stock
solutions of ferrous ammonium sulfate (10-100 mM~ prepared in cacodylate buffer)
were added sequentially to both the sample and the reference cuvettes. Following
each addition, the cuvettes were mixed and then scanned. Under these conditions,
the ferrous ion oxidizes rapidly in the cuvette, forming a ferric ironanthracenedione complex (Kharasch and Novak, 1985).
Copper binding by the anthracenediones, was determined similarly using cupric
sulfate (10-100 mM CUS04 prepared in 100 mM Tris buffer, pH 7.4). Conditions
were identical to those described previously for iron binding except that the drug
solutions were prepared in 100 mM tris buffer, pH 7.4.

Statistical Analysis
A statistically significant difference between mean ATP levels in heart cells
under different treatment conditions was determined by an unpaired Student's ttest. Differences were considered significant for p values < 0.05. Data are
presented as the mean value ± the standard deviation or the standard error as
noted of three or more determinations.
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CHAPTER 4

RESULTS

Mitoxantrone Cytotoxicity in Cultured Heart Cells
Effects on ATP Levels and Cellular Protein
To determine the sensitivity of cultured heart cells to mitoxantrone treatment,
cells were exposed to a range of drug concentrations (0.05 - 5 JLg/ml) for three
hours and ATP levels were measured 72 hours after exposure. ATP levels were
normalized to cellular protein, then expressed as a percentage of control levels for
the timepoint. A concentration-dependent decline in ATP levels with an 1C50
value of approximately 1.8 JLg/ml was observed (Figure 7). The apparent "plateau"
in heart cell ATP levels following treatment with 0.5 or 1.0 JLg/ml mitoxantrone
was a consistent finding and appears to extend to cells treated with 2.0 JLg/ml as
well. A time-dependent decline in ATP levels was observed in cells treated with 2
JLg/ml mitoxantrone for 3 hours (Table 1). ATP levels were unchanged
immediately following treatment (time 0) and declined in a time-dependent
fashion to 71 ± 5 % of control values at 72 hours.
To further characterize mitoxantrone cytotoxicity in cultured heart cells, protein
values (per well) from mitoxantrone treated cells are shown as a % of control
(Table 1). Total cellular protein decreased in a time-dependent manner from 101
±

11 % of control immediately following exposure, to 49 ± 10 % of control at 72

hours. To determine whether this protein loss was due to inhibition of growth or
to cell loss during the culture process, it was shown that in control cells, total
protein per well increased 44% between the 0 time point and 72 hours (Table 1).
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Figure 7.

ATP levels in neonatal rat heart myocytes treated with varying
concentrations of mitoxantrone. On day 3 after plating, myocytes
were incubated with drug concentrations indicated for 3 hours.
Cultures were then post-incubated in dru~-free medium for 72
hours. Each point is the average of 3-6 expenments ± SD.
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Table 1.

Time course of ATP and ~rotein loss in heart cells following
mitoxantrone treatment (21'g ml for 3 hours).
Protein/Well

Hours
After' .
Exposure

ATP/Protein
(% Control)

~Protein
( 0

Control)

Control
(% Increase)

Mitoxantrone
(% Decrease)

o

106 (10)3

101 (11)

24

88 (8)

78 (6)

24 (23)b

-3.8 (8)C

48

77 (5)

64 (10)

29 (24)

-14 (5)

72

71 (5)

49 (10)

44 (24)

-27 (10)

3

All values are mean (SD); n = 4-5 experiments.

b

Percent increase in protein (growth) per well over the initial level (time 0).

C

Percent decrease in protein (cell loss and/or hypotrophy) per well below the
initial level (time 0).
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However, total protein per well at 72 hours in mitoxantrone-treated cells
decreased to 24% below the initial level. Therefore, the apparently large decrease
in cellular protein per well in mitoxantrone-treated cells was likely due to a
combination of lack of growth and some degree of drug-induced cell loss.
Light and Electron Microscopic Changes
A light micrograph of untreated myocytes in culture shows large stellate cells
that are confluent and strongly adherent to the culture plate (Figure 8, panel A).
The cytoplasm of these cells is rich in glycogen and muscle fibers. In contrast,
mitoxantrone-treated heart cells were rounded up, contracted, and no longer
confluent. Nonetheless, a mixture of fibroblasts and myocytes still remained
adherent and very thin cytoplasmic connections between cells allowed some
synchronous beating activity to remain.
While mitoxantrone-treated cells appear to be fairly uniformly affected at the
light microscopic level (Figure 8), electron micrographs from identically treated
heart cells exhibited a wide range of histologic alterations, from nearly normal to
severely damaged. A transmission electron micrograph of an untreated myocyte
(Figure 9) shows characteristic myofibrils with distinct Z-bands, and a cytoplasm
filled with glycogen granules (punctate pattern throughout the cell). In an
untreated cell normal nuclear structure, several mitochondria, and active
endoplasmic reticulum were seem (Figure 10). Both cells show little, if any,
vacuolization, and have continuous plasma membranes. In contrast, mitoxantronetreated cells (Figure 11 and Figure 12) show some histopathological changes
characteristic of this agent (Perkins et al., 1984). While the cell in Figure 11 still
contains a continuous plasma membrane, and evidence of functional endoplasmic
reticulum, this cell is extensively vacuolized and contains several myelin figures.
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Figure 8.

Light micrograph of cultured heart cells with and without
mitoxantrone treatment. A, untreated myocytes; B, myocytes
treated with 2 /.£g/ml mitoxantrone for 3 hours. Cells were fixed on
day 6 after plating (3 days after drug exposure) and stained with a
one step trichrome stain. Magnification 200X
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Figure 9.

Transmission electron micrograph of control myocytes. Cells fixed
on day 6 after plating. Magnification X 7,200.
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Figure 10.

Transmission electron micrograph of control myocytes. Cells fixed
on day 6 after plating. Magnification X 7,200.
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.'

Figure 11.

,,'

Transmission electron micrograph of mitoxantrone-treated
myocytes. Cells were treated with 2 J.'~/ml mitoxantrone for 3
hours, post-incubated in drug-free medlUm for an additional 7'2
hours and then fixed. Magnification X 10,000.
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Figure 12.

Transmission electron micrograph of mitoxantrone-treated
myocytes. Cells were treated with 2 J.£~/ml mitoxantrone for 3
hours, post-incubated in drug-free medIUm for an additional 72
hours and then fixed. Magnification X 7,200.
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Another mitoxantrone-treated cell that was still attached to the culture plate at
the time of fixation shows complete disorganization of myofibrils, extensive
vacuolization and a discontinuous plasma membrane (Figure 12).
The most uniform finding among the mitoxantrone-treated myocytes was
extensive vacuolization and the presence of myelin Figures. Other degenerative
changes such as mitochondrial lysis, myofibrillar loss, swelling of the sarcoplasmic
reticulum, nuclear changes, and glycogen loss were noted in some cells and not in
others.

Effect of Mitoxantrone on Mitochondrial Function
Ruthenium Red
To assess the effect of mitoxantrone on mitochondrial function, ruthenium red,
a mitochondrial calcium uptake inhibitor was used in combination with
mitoxantrone to attempt to block toxicity. It has been reported that doxorubicin
cardiotoxicity, as well as certain reperfusion injuries can be ameliorated in the
presence· of ruthenium red (Park et al., 1990). However in our system, a non-toxic
concentration of ruthenium red (20 J.L M for 72 hour) did not protect against
mitoxantrone- or doxorubicin-induced toxicity.
MTT Cell Viability Assay
Another indicator of mitochondrial function, the MTT dye reduction assay, was
utilized to assess mitoxantrone effect on the electron transport system. Following
treatment with mitoxantrone or doxorubicin, ATP levels and MTT absorbance
both normalized to cell protein were compared (Table 2). MTT reduction in
doxorubicin exposed cells (0.2-1.0 J.Lg/ml) was lowered to 74-83 % of control
following treatment. In contrast, MTT reduction in mitoxantrone-treated cells (0.1-
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Table 2.

Inhibitory effect of mitoxantrone and doxorubicin on MTT dye
reduction and ATP levels.

Treatment
ATP/Protein
ATP %
MTT Abs./
MTT %
(pg/ml)a
I-'g/mg (SD)
Control
mg Protein
Control
-----------------------------------------------------------------------------------------------------------Control
4.65 (0.16)
3.87b
Mitoxantrone
0.1
1.0
1.5
Doxorubicin
0.2
0.5
1.0

t1sl

4.26 0.15
3.16
3.00 0.26

t1sl

3.69
2.78 0.08

1.84 0.13

92
68
65

3.86
3.82
3.69

99
99
95

80
60
40

3.20
3.39
2.85

83
87
74

a All 3 hr drug exposures, ATP and MTT measured at 72 hr.
b Mean value X 10-3, n

= 3-4
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1.5 ",g/ml) was essentially unaffected. Thus, at equivalent cytotoxicity levels,

mitoxantrone-treated cells appear to maintain MTT reduction capacity whereas
this capacity is slightly compromised by doxorubicin treatment

Role of Mitoxantrone-Induced Oxidative Stress
Because of the structural similarity and overlapping antitumor specificity of
mitoxantrone and doxorubicin, it was initially thought that these two compounds
might exert their toxic effects by a common mechanism. The ability of doxorubicin
to produce active oxygen species in various systems in vitro is well documented.
Thus, initial studies were undertaken to determine whether there was evidence of
oxidative damage in mitoxantrone-treated heart cells. To accomplish this,
glutathione levels, malondialdehyde production and addition of ascorbic acid were
used as indirect methods to detect whether mitoxantrone produces an oxidative
stress in the heart cells.
Glutathione
Control heart cell cultures maintained their glutathione levels (GSH + GSSG)
at about 1.5 ",g/mg protein over the 72 hour experimental period. Glutathione
levels in heart cells that were exposed to mitoxantrone (2 ",g/ml for 3 hours)
washed and incubated in drug-free medium for an additional 72 hours are shown
(Figure 13). While heart cell glutathione levels are unaffected by mitoxantrone
treatment immediately after exposure, there is a significant decline in cellular
glutathione beginning 24 hours following drug treatment. Interestingly, heart cell
ATP levels decline in a nearly identical manner following drug treatment (Figure
13).
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Figure 13.

Glutathione and ATP levels in heart cells followin~ mitoxantrone
treatment. Heart cells were treated with 2 ~g/ml IDltoxantrone for
3 hours, and then post-incubated (0-72 hours) in drug-free medium.
Both glutathione and ATP levels remained constant in control cells
over the culture period. n = 3-4 ± SE.
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Malondialdehyde
Malondialdehyde (MDA) levels 24 hours after mitoxantrone drug treatment are
shown in Figure 14. Mitoxantrone treatment alone did not stimulate additional
production of MDA. Furthermore, MDA was not elevated at any time prior to 24
hours or at 72 hours (data not shown). Previous studies have shown that
doxorubicin-induced malondialdehyde production is measurable in heart cells only
in combination with an additional oxidative stress (Julicher et aI., 1985). It has also
been suggested that mitoxantrone may have antioxidant effects under some
conditions (Novak et aI., 1988). Therefore, MDA levels were measured following
treatment with mitoxantrone and doxorubicin in combination with a ADP-iron
chelate to stimulate lipid peroxidation. Doxorubicin treatment at toxic
concentrations did not result in MDA production, however the addition of ADPiron to doxorubicin resulted in a two-fold elevation in MDA. The combination of
mitoxantrone with the ADP-iron chelate slightly reduced the production of MDA,
however the change was not significant. In contrast, doxorubicin plus ADP-iron
increased MDA production beyond what was produced by the ADP-iron alone (p
< .05).

Ascorbic Acid Addition
To determine whether ascorbic acid could reduce mitoxantrone toxicity in heart
cells, the cells were exposed to 2 mM ascorbate 0.5 hour prior to, during and 72
hours after drug treatment. Because ascorbate oxidizes so readily in solution,
freshly prepared ascorbate-containing medium was added daily. No toxicity as
assessed by ATP levels was observed in the heart cells following this ascorbate
regimen. However, addition of ascorbate also did not provide statistically
significant protection against mitoxantrone toxicity in the heart cells (Figure 15).
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Mitoxantrone and doxorubicin-induced lipid peroxidation in the
presence or absence of a lipid radical generating system. Cells
were treated on day 3 with mitoxantrone (1.5 JLg/ml), doxorubicin
(10 JLg/ml), ADP-Fe chelate/H202 (see text) or a combination of
both (mitox + I and dox + I) for 3 hours. Malondialdehyde levels
were measured 24 hours later. Bars represent the average of 5-7
experiments ± SD. *; indicates significant difference from ADPiron alone, p < 0.05.
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Effect of ascorbic acid on mitoxantrone toxicity in cultured heart
cells. Ascorbate (2 mM) was present 0.5 hour prior to, during and
72 hours after a 3 hour mItoxantrone treatment. Ascorbatecontaining media was replaced daily with freshly prepared
solutions. n = 3 experiments ± SD. Difference between
mitoxantrone alone (1 J.'g/ml) and mitoxantrone (1 J.'g/ml) +
ascorbate is not significant {p = 0.07).
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Mitoxantrone Reactive Intermediate Formation
Chemical Activation
A chemical activation system composed of horseradish peroxidase (HRP),
hydrogen peroxide, and microsomal protein catalyzed covalent binding of
[14C]mitoxantrone to microsomal proteins (Table 3). The background rate of nonspecific protein association measured in denatured microsomes without the
addition of HRP or H202 was fairly high (1.00 nmol bound/mg protein/30
minutes). Microsomes alone (Table 3) or in combination with an NADPH
regenerating system (data not shown) did not stimulate covalent binding. Protein
binding was dependent on the catalytic activity of HRP in conjunction with
hydrogen peroxide, and occurred to the same extent whether native or denatured
microsomes were utilized.
The formation of a mitoxantrone reactive intermediate and its subsequent
inactivation was verified spectrophotometrically. Addition of HRP to a cuvette
containing mitoxantrone and hydrogen peroxide results in a dramatic change in the
solution from blue to clear. Subsequent reduction of this intermediate with
ascorbate regenerates a blue solution with a peak absorbance characteristic of the
oxidized cyclic mitoxantrone metabolite (Figure 16).
Metabolite Toxicity
The purified oxidized metabolite was next evaluated in the cultured heart cells
and found to be 10 fold less cardiotoxic than mitoxantrone (Figure 17). Heart cells
were treated with the metabolite (0.01-100 J.'g/ml) for 3 hours, and ATP levels
were measured at 72 hours following exposure. The ICSO value for the metabolite
was 20J.'g/ml as compared to 2J.'g/ml for mitoxantrone.
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Covalent binding of [14C]mitoxantrone to microsomal protein. a

Table 3.
System

nnol bound/mg protein/
30 minutes

% of complete

S.7Sb
LOS
1.03

100
18
18

S.99

100

1.84
1.00

17

Native Microsomes
Complete

-HRP
-HRP and H202
Denatured Microsomes
Complete
-HRP
-HRP and H202

system

31

a Complete incubation mixtures contained 100 mM sodium phosphate, pH 7.0,2
arachlor-induced rat liver microsomes, SO mM hydrogen peroxide, 10 JLg/ml
mItoxantrone (0.182 JLei) and S JLg/ml horseradish peroxidase (HRP) in a final
volume of 1 ml. Arachlor-induced microsomes were denatured at 80 0 C for 20
min. Covalent binding was assayed as described in the methods section.
m~

b mean of 2 values, experiment representative of 3
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Structures of mitoxantrone and its cyclic metabolite. The
metabolite is produced by oxidative metabolism of the parent
compound (After Reszka et aI., 1989).
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Figure 17.

ATP levels in myocytes treated with varying concentrations of
mitoxantrone or its cyclic metabolite. Myocytes were treated with
the drug concentrations indicated for 3 hours. Cultures were then
post-incubated in drug-free medium for 72 hours. n = 3-6
experiments, standard deviations were less than 10% of the mean
value.
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Covalent Binding to Whole Cells and Cell Fractions
Covalent binding of mitoxantrone to heart cell proteins was also measured in
whole cells, heart cell homogenates, and subcellular fractions. Adherent cells
treated at 370 C bound approximately two times more mitoxantrone both during
. and after exposure, than did cells treated at 40 C (data not shown). However,
exposure to drug by this method may not account for unequal drug penetration
intracellularly which is likely to occur. Therefore, heart cell post-nuclear
supernatant fractions were prepared and exposed to [14C]mitoxantrone at 370 C or
40 C to assure equal drug exposure to heart cell proteins. Binding to protein was
increased 45% at 3 hours, and 60% at 8 hours in fractions incubated at 37 0 C
compared to those incubated at 40 C (Figure 18).
Thiol Depletion
If a mitoxantrone reactive intermediate was formed in cultured heart cells,

depletion of intracellular thiols might result in enhanced mitoxantrone cytotoxicity.
Thus, heart cells were treated with buthionine sulfoximine (BSO, 5 J.L M) 24 hours
prior to, during, and 72 hours after mitoxantrone treatment. Lowered glutathione
levels (18-20% of control) neither affected control myocyte viability, nor enhanced
cytotoxicity due to mitoxantrone treatment (n=3 experiments, data not shown).

Mechanistic Implications of ICRF-187 Protection
From Mitoxantrone Cardiotoxicity
ICRF-187 Protection and Specificity
Continuous exposure to ICRF-187 (50 J.Lg/ml) 3 hours prior to, during and 72
hours after a 3 hours mitoxantrone treatment was most effective in protecting
heart cells against mitoxantrone cardiotoxicity (Figure 19). Mitoxantrone alone (2
J.Lg/ml for 3 hours) depleted ATP levels to 55 ± 4% of control 72 hours after
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Covalent binding of mitoxantrone to protein in heart cell postnuclear supernatant fractions. FractlOns were incubated with
mitoxantrone (lOl'g/ml) for the time indicated at the temperature
indicated. Covalent binding was then determined as described in
materials and methods. n = 4 ± SD.

78

100

,-.....
O'l

E

80

'-.../

------

-lZ

Ow

60

U"--,-.....

40

0:::11-0
ZO:::
00..

~O'l

:::t.

'-.../

0..

~

20

MITOX

Figure 19.

MITOX +
50,ug/ml
ICRF

MITOX +
10 ILg/ml
ICRF

MITOX +
1 ,ug/ml
ICRF

Dose-dependent protection of mitoxantrone-treated heart cells by
ICRF-187. Myocytes were treated with 2~g/ml mitoxantrone for 3
hours alone or in combination with the concentration of ICRF-187
indicated. ICRF-187 exposures were continuous: 3 hours prior to,
during and 72 hours after mitoxantrone treatment. ATP levels were
measured 72 hours after mitoxantrone exposure. ATP levels in
myocytes treated with ICRF-187 alone were 101 ± 9 % of control
(mean± SD, n=16). n = 6 experiments; values are mean± SE.
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exposure, whereas mitoxantrone plus ICRF (50 Jjg/ml) increased ATP levels to 79
±

4% of control (p < .0005). The protective effect of ICRF was dose-dependent:

ATP levels following treatment with mitoxantrone plus 10 Jjg/ml and 1 Jjg/ml
ICRF were only 64 ± 4% and 54 ± 3% of control respectively. ICRF alone did not
decrease ATP levels at any of the concentrations utilized in these studies.
However ICRF-induced myocyte toxicity did occur at concentrations of 100 Jjg/ml
and above (data not shown).
The protective effect of ICRF-187 treatment in combination with
mitoxantrone was also evident in light micrographs of control (Figure 20, panel
A), mitoxantrone-treated (panel B), and mitoxantrone plus ICRF-treated (panel
C) cells. At 72 hours, wells receiving both drugs had a greater number of cells
which were spread out and firmly attached, although the monolayer was still less
confluent and organized than that of control cells. These observations reflect the
incomplete return of heart cell ATP to control values when treated with this
protective agent following mitoxantrone exposure.
While ICRF-187 is nontoxic at the concentrations utilized in these studies
(ATP /protein 101 ± 9% of control), there was a slight but consistent lowering of
protein per well to 92 % of control suggesting slight inhibition of growth or loss of
adherent cells (Table 4). ICRF treatment in combination with mitoxantrone
increased the amount of protein per well from 50% of control to 67% of control.
The protective effect of ICRF was also specific to myocytes. Two tumor cell
lines exposed to cytotoxic mitoxantrone concentrations were not protected by
concentrations of ICRF which were nontoxic to the tumor cells, and within the
pharmacologic range for this drug (Table 5)(Vogel et al., 1987).

80

Figure 20.

Light micrograph of control, mitoxantrone-treated and
mitoxantrone + ICRF-187-treated heart cells. A, untreated
myocytes; B, myocytes treated with 2 I-'g/ml mitoxantrone for 3
hours; C, myocytes treated with mitoxantrone (same as previous)
and ICRF-187 (3 hours prior to, during and 72 hours after
mitoxantrone treatment). Cells were fixed on day 6 after plating (3
days after mitoxantrone exposure) and stained with a one-step
trichrome stain. Magnification 200x
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Table 4.

Effect of ICRF-187 on Cellular Protein Levels in MitoxantroneTreated Heart Cells. a
Protein
(pg/well)

Control

Protein
(% Control)

158 (11)6
92.2 (1.7)C

ICRF-187
Mitoxantrone

81 (7.8)

50.1 (6.5)

ICRF-187 +
Mitoxantrone

108 (12)

66.9 (14)

aprotein measured 72 hr followin~ 2 J.'g/ml mitoxantrone for 3 hours. ICRF-187
(50J.'g/ml) was present in the medmm throughout the culture period.
bMean (SE); n = 13 experiments
cMean (SD); n = 13-16 experiments
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Table 5.

Cytotoxic effect of mitoxantrone and ICRF-187 on 8226 and L1210
tumor cells.
8226
Cone.
(pg/ml)

%
Cytotoxicity

L1210
Cone.
(pg/ml)

%
Cytotoxicity

Mitoxantrone

.007a

59.7 (l1)b

.001

74.9 (11)

ICRF-187

0.1

103 (16)

0.1

92.2 (12)

Both

64.4 (11)

a Continuous exposure
b Mean (SD), n= 8-16 data points

68.3 (8.1)
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Mechanism of ICRF Protection
Mitoxantrone uptake into the heart cells as well as chemical association
between mitoxantrone and ICRF were measured to be certain that the protective
effect of ICRF was not due simply to altered "free" intracellular drug. Uptake of
mitoxantrone in the presence and absence of ICRF was followed throughout the
three hour exposure and 72 hour post-incubation period (Figure 21).
Mitoxantrone reached a peak level of approximately 12 nmole/mg protein at the
end of the three hour exposure. Intracellular concentrations declined for the first
9 hours thereafter, but then began to rise again over the next few days. At 72
hours, intracellular mitoxantrone was nearly as high as the 3 hour peak value.
One explanation for these results is that adherent cells continue to sequester
mitoxantrone released into the medium from dying cells. Thus, intracellular levels
continue to rise. Overall, ICRF had no effect on mitoxantrone uptake into heart
cells. While some variation was observed at individual timepoints, peak levels and
the area under the mitoxantrone concentration· time curve were identical in the
presence or absence of ICRF.
To determine whether ICRF interacts physically with mitoxantrone, ICRF-187
or ring opened ICRF (ICRF-198) were added to cuvettes containing 100 J-LM
mitoxantrone and 100 mM Tris buffer, pH 7.4. Neither compound (1 mM final
concentrations) altered the mitoxantrone absorption spectra which suggests that
ICRF and mitoxantrone do not have a strong physical interaction. Thus it is not
likely that ICRF exerts its cardioprotective effect by preventing mitoxantrone
from interacting with its cellular targets.
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Effect of ICRF-187 on mitoxantrone uptake in heart cells. Heart
cells were exposed to mitoxantrone (2I'g/ml) for the first 3 hours
shown. Drug-free medium was replaced at 3 hours, and
mitoxantrone levels measured at the tImepoints indicated. Data
points are mean values of 4 replicates from one experiment
representative of two. Standard deviations were less than 10% of
the data values.
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Metal-dependent Mitoxantrone Cardiotoxicity
To determine whether ICRF cardioprotection is due to its reported ability to
chelate metal cations, heart cell ATP levels were measured in the presence and
absence of ICRF-187 following treatment with not only mitoxantrone, but with
doxorubicin, the cyclic mitoxantrone metabolite and ametantrone as well (Table
6). ICRF-187 provided only marginal protection against doxorubicin-induced
toxicity in the heart cells. ATP levels were raised to 54% of control in the
presence of ICRF-187 compared to 44% of control for heart cells treated with
doxorubicin alone. Interestingly, ICRF-187 was more effective in protecting heart
cells from toxicity caused by the cyclic mitoxantrone metabolite. ATP levels
following treatment with the mitoxantrone metabolite alone (20 J.'g/ml) were 67%
of control, and in combination with ICRF-187, ATP levels were essentially
identical to control levels (106% of control). Like mitoxantrone, both doxorubicin
and the oxidized mitoxantrone metabolite contain structural features which may
bind metal cations.
In contrast, the toxicity caused by the mitoxantrone analogue, ametantrone,
was not ameliorated in the presence of ICRF. Ametantrone lacks hydroxyl groups
on the terminal ring and therefore does not bind metals avidly (Reszka et al.,
1990). These results suggest that a mitoxantrone-metal complex may be at least
partly involved in the mechanism of mitoxantrone cardiotoxicity.
Initial studies to determine what metal might be playing a role in mitoxantrone
toxicity involved the addition of several relatively specific metal chelating agents
to the heart cells. While ICRF does not have high specificity for calcium ions, it
was possible that the protective effect of ICRF was due simply to delayed
cytotoxicity from lowered extracellular and/or intracellular calcium levels.
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Table 6.

Effect of ICRF-187 onATP levels in mitoxantrone treated heart cells.
ATP (pg)/Protein (mg)
% Control
-ICRF-187

+ ICRF-187

p

Mitoxantrone
(2JSg/ml)a

55.1 (3.9)b

79.0 (4.3)

.0003 c

Doxorubicin
(1 JSg/ml)

43.6 (3.8)

53.6 (2.6)

.0507

Mitox Metabolite
(20JSg/ml)

67.3 (6.3)

106 (2.0)

.001

Ametantrone
(25 JSg/ml)

44.5 (1.9)

43.5 (2.9)

.784

a Heart cells were treated with the concentration of drug indicated for 3 hours on
day 3. Cells treated with both dru~ and ICRF-187 were exposed to 50 JSg/ml
ICRF-187 three hours before, durmg and 72 hours after anthracenedione or
doxorubicin exposure. ATP levels were measured 72 hours after cytotoxic drug
exposure. ICRF-187 alone did not deplete heart cell ATP levels.
b Mean (SE), n= 4-14 experiments
c Significance of difference between drug alone and drug + ICRF-187.
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Therefore two calcium chelators, quin2-AM and BAPTA were tested for their
ability to protect heart cells from mitoxantrone toxicity. Both quin2-AM (10 /lM)
and BAPTA (20 /l M), present in the medium throughout the incubation period
failed to prevent the development of mitoxantrone toxicity (data not shown). This
suggests that ICRF protection is not caused by decreased intracellular calcium
levels.
Deferoxamine, a highly specific iron chelating agent (10 /lM continuous
exposure), was also not effective in protecting against mitoxantrone toxicity.
However, because of the size of this protein, deferoxamine does not penetrate
into cells. Thus, only extracellular free iron was chelated. Therefore, extracellular
iron was ruled out as a necessary factor in the development of mitoxantrone
toxicity.
To determine the ability of mitoxantrone to interact with specific metal
cations, changes in the absorption spectrum of mitoxantrone were observed
following the addition of various metal salts. The spectrum of mitoxantrone in
aqueous solution displays absorption maxima at 608 and 660 nm. Titration spectra
were generated by the incremental addition of ferric ammonium sulfate (Figure
22). There was little change in the peak absorbance at 660 nm, however,
increased iron concentrations resulted in a lowering of the peak absorbance at
607 nm. Interestingly, the complex formed between mitoxantrone and iron
appeared to associate rapidly following iron addition. Maximal mitoxantrone-iron
complexation occurred approximately 30 seconds following iron addition as
determined by the absorption nadir at 607 nm (Figure 23). The complex then
partially dissociated over time and stabilized an hour after iron addition. The
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Figure 22.

Absorbance spectra of mitoxantrone titrated aerobically with ferric
ammonium sulfate. The sample cuvette contained mitoxantrone
(100 I'M) in 100 mM cacodylate buffer, pH 7.4. The reference
cuvette contained 100 mM cacodylate buffer, pH 7.4. Ferric
ammonium sulfate was added to the sample and reference cuvettes
in 1-31'1 aliquots to reach the final metal concentrations shown.
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Change in peak mitoxantrone absorbance following addition of
ferric iron. Iron was added to the sample cuvette containing
mitoxantrone, mixed and immediately scanned. The reference
cuvette contained buffer and an equivalent iron concentration.

90

spectra obtained immediately after adding 300 J.'M iron, and 10 minutes after iron
addition differ primarily in the absorbance intensity at 607 nm (Figure 24).
The addition of hydrolyzed ICRF-187 (ICRF-198; 1 mM) to the mitoxantroneiron solution reversed the spectroscopic changes observed following iron addition
(Figure 24). Thus, the original mitoxantrone spectrum could be regenerated by
ICRF-198. This suggests that ICRF-198 can successfully compete for iron bound
in the mitoxantrone-iron complex, and that the mitoxantrone-iron complex
formation is reversible. In contrast, the addition of iron to a solution of
ametantrone resulted in no change in the absorption spectrum of this compound
suggesting that ametantrone does not interact with iron under these conditions
(data not shown).
Because ICRF-198 is known to chelate other divalent cations more strongly
than iron, the possibility that mitoxantrone might also have strong interactions
with other metals was tested using this system. The addition of 200 J.'M ZnS04,
MgS04 and MnS04 to mitoxantrone (100 J.'M) did not alter the absorption
spectrum of mitoxantrone (data not shown). However, the addition of CUS04
caused a nearly immediate and marked change in the color of the mitoxantrone
solution. When mitoxantrone is titrated with CUS04 (1O-200J.'M), the appearance
of two isosbestic points at 408 and 541 nm implies the presence of two discrete
absorbing species in solution (Figure 25), mitoxantrone and the mitoxantronecopper complex (Kharasch and Novak, 1985). Unlike the changes following iron
addition, both absorbance maxima of mitoxantrone are lowered with increasing
amounts of copper. Also unlike iron addition, the complex formed does not
appear to slowly revert to free drug. Rather, it continues to change eventually
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Time-dependent changes in mitoxantrone spectrum following ferric
iron addition, and ICRF-198 reversal. Ferric ammonium sulfate
was added to the sample cuvette containing mitoxantrone, mixed
and scanned immedIately (line 2) and 10 minutes after iron
addition (line 3). ICRF-198 was then added to the same cuvettes,
mixed and scanned (line 4) .
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Figure 25.

Absorbance spectra of mitoxantrone titrated aerobically with
CUS04. The sample cuvette contained mitoxantrone (100 JLM) in
100 mM tris buffer, pH 7.4. The reference cuvette contained 100
mM tris buffer, pH 7.4. Cupric sulfate was added to the sample and
reference cuvettes in 1-3 JLI aliquots to reach the final metal
concentrations shown (lines 2-8). The dotted line shows the
spectrum obtained when EDTA IS added to the mitoxantronecopper solution (line 8).
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forming an irreversible complex which is resistant to the addition of strong
chelating agents.
Time-dependent changes in the mitoxantrone-copper complex spectrum
(25 0 C) were observed (Figure 26). A gradual decline in overall absorbance is
apparent visually as the mitoxantrone solution turns a lighter blue color than the
original solution (Figure 26). The wavelength of the absorption maxima remains
the same as mitoxantrone alone until 3 hours after the addition of the copper. At
this time the peak wavelength begins to shift to a slightly higher wavelength, a
trend which continues at 20 hours after copper addition (Figure 26).
The mitoxantrone-copper complex appears to be fully reversible in the
presence of ICRF-198, EDTA or penicillamine 5-10 minutes after complex
formation (Figure 27). However, after this initial period, the addition of a
chelating agent results in the formation of a product with a spectra dissimilar to
mitoxantrone. When the mitoxantrone-copper complex was allowed to stand 4
hours at 25 0 C, the wavelength of the abciorption maxima of this "aged" copper
complex following the addition of 1 mM EDTA was shifted from 608 nm to 590
nm and the weaker maximum at 660 was not present at all (Figure 25).
This type of altered spectrum from mitoxantrone-copper complexes can be
produced from solutions incubated at 25 0 C for up to two days. After this time the
addition of a chelating agent only shifts the spectrum slightly. This is in contrast to
a metal-free mitoxantrone solution which retains a normal absorption spectrum
indefinitely at room temperature (Bosanquet, 1986).
Interestingly, the absorption maxima of ametantrone were diminished
following copper addition, and regenerated with the addition of ICRF-198. This
suggests that some type of physical interaction is occurring between ametantrone
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Time-dependent changes in the spectrum of the mitoxantronecopper complex. Line 1: Mitoxantrone spectrum against a buffercontaining reference cuvette. Lines 2-9: rescan of same solution
after indicated time.
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Reversal of mitoxantrone-copper complex by ICRF-198. Line 1:
mitoxantrone spectrum agamst a buffer-containing reference
cuvette. Line 2: res can immediately following addition of copper
sulfate to both reference and sample cuvettes. Line 3 (dotted):
rescan following addition of ICRF-198.
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and copper although the spectrophotometric stability of the complex was not
investigated.
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CHAPTERS

DISCUSSION
This goal of these studies was to characterize the effects of mitoxantrone on
cultured neonatal rat heart cells and to identify potential mechanisms of
mitoxantrone cardiotoxic action. The development of adverse biochemical changes
at clinically relevant drug concentrations, and histologic changes characteristic of
mitoxantrone treatment suggest that this model system is appropriate for the study
of mitoxantrone cardiotoxicity. Following an investigation of several potential
cellular targets and possible mechanisms of toxicity, it appears that mitoxantrone
may produce toxicity by several different mechanisms. Importantly, these results
suggest that cellular injury caused by mitoxantrone is mediated, in part, through
the formation of a drug complex with metal cations.
Previous studies have shown that cultured heart cells are an effective tool to
study the cardiotoxicity caused by doxorubicin, an antitumor agent similar to
mitoxantrone (DOff et al., 1988; Seraydarian et al., 1977; Shirrhati et al., 1986).
While mitoxantrone cardiotoxicity is a firmly established clinical problem, it
remained to be seen whether the cultured heart cell system would be an adequate
model for mechanistic studies. Currently there are no published studies on the
cellular effects of this drug utilizing such a system. Thus, initial experiments were
aimed at studying heart cell viability and histologic changes following exposure to
mitoxantrone.
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Heart Cells as a Model for Mitoxantrone Cardiotoxicity
Cytotoxicity
Mitoxantrone was cytotoxic at clinically achievable concentrations in cultured
heart cells studied 72 hours after a 3 hour drug exposure. In patients, peak plasma
levels following a standard 14 mg/m2 dose reach 1.0 JLM (0.5 JLg/ml)(Alberts et
al., 1985a), a concentration which lowered ATP levels in the heart cells to 63 ± 4%
of control. However, because peak plasma levels of mitoxantrone are of short
duration, the clinical concentration-time (CXT) product from a single injection is
still substanti~lly less in patients (.074 JLg.ml.hr- 1) than one toxic exposure in the
heart cells (1.S JLg·ml·hr- 1; following O.S JLg/ml for 3 hours). Nevertheless, the
concentrations of drug utilized in the current in vitro studies are in the
pharmacologic range and demonstrate the responsiveness of the system to
mitoxantrone treatment. Furthermore, the CXT required for an ICSO in vitro
(approximately 1.S JLg/ml.hr- 1) represents the cumulative CXT from about 20 drug
treatments in humans. This is clearly in the range of the known cumulative dose
limit of 160 mg/m2 for mitoxantrone in humans.
Both dose- and time-dependent depletion of cellular ATP levels following
mitoxantrone treatment was observed in the heart cells (Figure 7 and Table 1). A
general correlation between ATP levels and the release of lactate dehydrogenase
(LDH) activity into the medium of cultured myocytes has been demonstrated
previously (Dorr et aI., 1988).

However, ATP levels are a more sensitive and

responsive indicator than LDH release in vitro, especially in the context of a three
day long experiment since time-dependent inactivation of released LDH may
occur. Also, ATP levels in myocytes have shown good predictive capacity for the
clinical toxicity of many antitumor agents irrespective of their effect on
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mitochondrial function (Dorr et aI., 1988; Seraydarian et aI., 1977; Shirhatti et aI.,
1986; Miko et al., 1989). Thus, ATP depletion in these studies is believed to
reflect general cytotoxicity rather than specific inhibition of mitochondrial
function.
Cellular protein levels, expressed as a percentage of control, are also a sensitive
indicator of mitoxantrone toxicity in the heart cells (Table 1). The decrease in cell
protein observed 72 hours after mitoxantrone treatment (49% of control) is a
result of both inhibition of heart cell growth and to some degree, cell loss from the
monolayer (Table 1).
The growth inhibition caused by mitoxantrone in the heart cell cultures
primarily affects the fibroblasts since the myocyte muscle cells divide only in the
first days after plating (Dorr et al., 1988). Thus, the increase in protein levels
observed in control cells over the 72 hour observation period is primarily due to
fibroblast cell division. Although fibroblasts are present in the mitoxantronetreated cultures, proliferation does not occur as evidenced by the presence of
exposed culture plate surface areas (Figure 8). Interestingly, other investigators
have shown in tumor cells that inhibition of growth is a very early indicator of
mitoxantrone toxicity which occurs occurs prior to inhibition of DNA, RNA or
protein synthesis (Ellis et aI., 1990; Johnson et aI., 1979).
Cell loss during the treatment process occurs when the culture wells are rinsed
prior to ATP extraction. Protein levels were decreased by 30% below initial levels
at 72 hours after drug treatment (Table 1) indicating that cell loss is contributing
to the overall loss of protein. This is an important factor as the removal of cells
most affected by mitoxantrone (and therefore non-adherent) is likely to have led, if
anything, to an underestimation of the toxicity of mitoxantrone in the heart cells.
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Thus, the most accurate and sensitive assessment of myocyte viability in vitro
might consider both ATP levels normalized to protein and protein loss in
comparison to control wells.
Histology
Pathological changes in heart cells following mitoxantrone treatment
correlated well with biochemical indicators of cytotoxicity. Lowered protein levels
were visually apparent in the light micrograph of mitoxantrone-treated cells
(Figure 8). The wide range of mitoxantrone effects on the heart cells at the
electron microscopic level is consistent with the variable pathological changes
described in the literature.
In vivo studies of mitoxantrone cardiotoxicity are not in agreement as to which
intracellular compartment(s) are targeted by this drug. For example, Benjamin et
ai. (1985) suggested that dilation of sarcoplasmic reticulum, vacuole formation
and myofibrillar dropout were the most significant pathological changes in human
heart following mitoxantrone treatment. In contrast, human biopsies described by
Smith (1983) were characterized as hypertrophic and fibrotic. These investigators
did not observe any swelling or vacuolization of the cells. Other studies cite the
observations previously mentioned (Kimler et ai., 1984a; Perkins et ai., 1984;
Zbinden and Beilstein, 1982; Unverferth et ai., 1983) as well as noting damage to
the mitochondria which has been observed both in rats (Kimler et ai., 1984a;
Zbinden and Beilstein, 1982) and humans (Unverferth et ai., 1983). Interestingly,
beagle dogs, used extensively for the study of doxorubicin cardiotoxicity, showed
no lasting signs of cardiac toxicity following mitoxantrone treatment (Sparano et
ai., 1982; James et al., 1983).
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Scanning electron micrographs of mitoxantrone-treated heart cells in a previous
study revealed flattened cells, with dissociated cell processes. Sarcolemmal
projections (membrane blebs) were also observed following exposure to 6 J.tg/ml
mitoxantrone for 2 hours (Djaldetti et al., 1988). These results are somewhat nonspecific, but suggest that early plasma membrane changes occur in heart cells at a
time when other biochemical parameters are unaffected.
Overall, mitoxantrone-induced histologic changes have not been uniformly
targeted to a specific cellular compartment in either the present studies or in
previous reports. Thus, these data suggest that the cytotoxic damage caused by
mitoxantrone may result in the inhibition of a number of cellular processes.
Cellular Pharmacokinetics
The original intent of this study was to treat heart cells with a non-acutely toxic
concentration of mitoxantrone for a short duration, and then observe the
development of toxicity in the absence of drug over a number of days.
Interestingly, this drug regimen resulted in unusual cellular pharmacokinetics in
the cultured heart cells. Specifically, at 48 and 72 hours after drug exposure
cellular mitoxantrone concentrations rose significantly from 6-7 nmol/mg protein
at 24 hours to 10 nmol/mg protein. This was possibly due to uptake of additional
mitoxantrone released into the medium from dying cells.
Persistent binding of mitoxantrone in a variety of cell types in vitro has been
observed previously (Burns et al., 1988a; Roberts et al. 1989; Richard et al.,
1989). Mitoxantrone uptake is thought to occur by passive diffusion (Burns et al.,
1987), however, intracellular binding seems to allow intensive accumulation to
occur within cells in vitro (Burns et al., 1988a; Richard et al., 1989). The ability of
cultured cells to concentrate mitoxantrone intracellularly is consistent with our
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observations. A study by Roberts et al (1989) showed persistent binding of
mitoxantrone in a human carcinoma cell line (WiDr) after a 3 day incubation in
drug-free medium. Although increases in cellular mitoxantrone levels were not
observed in this study, cell-associated drug remained at a constant 20% of the peak
level from 24 to 72 hours after mitoxantrone exposure.
In the present studies, the mitoxantrone level in whole heart cells 72 hours after
treatment was 10 nmol/mg protein whereas the level in the post-nuclear
supernatant fraction was 0.08 nmol/mg protein. Thus, a significant portion of
intracellular drug was present in the visibly blue nuclear pellet. A subcellular
distribution study in L-1210 tumor cells has shown that mitoxantrone is found in all
cellular compartments with highest levels reported in the nuclei and mitochondria
(Burns et al., 1988b). Interestingly, this pattern is similar to that observed
following doxorubicin treatment (Burns et al., 1988b). Roberts et al. (1989) found
50% of mitoxantrone to be associated with cellular DNA and RNA, and 35%
associated with triton X-lOO soluble proteins in cultured WiDr cells.
In conclusion, mitoxantrone appears to be very tightly bound by cultured heart
cells, perhaps even more so than in tumor cells under the same conditions. Thus,
the use of a "brief' exposure to mitoxantrone in the cardiac cells is essentially
impossible. It is important to consider that actual heart cell drug exposure is much
greater than the drug treatment conditions suggest.

Biochemical Mechanisms of Mitoxantrone Cardiotoxicity
Mitochondrial Effects
Early studies of mitoxantrone biochemistry in subcellular fractions revealed
that unlike doxorubicin, oxygen free radicals and lipid peroxidation are not
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observed in mitochondria treated with mitoxantrone (Kharasch and Novak, 1983a;
Doroshow, 1983). Inhibition of mitochondrial function by doxorubicin has most
often been attributed to membrane damage caused by doxorubicin-induced lipid
peroxidation (Doroshow, 1983; Nohl, 1987). Despite these findings, the few
studies which have examined the effect of mitoxantrone on respiratory control in
heart tissues, have indicated that a significant inhibitory effect of mitoxantrone on
mitochondrial function may occur (Bachmann et al., 1987; Neri et al., 1984; Neri
and Cini-Neri, 1986).
The present studies were unable to show a protective effect of ruthenium red
against mitoxantrone toxicity in heart cells. Ruthenium red prevents calcium
uptake by mitochondria in vitro, and has been shown to prevent or delay cellular
toxicity by facilitating ATP maintenance in mitochondria and preventing oxidative
damage (Park et al., 1990). The present results have shown that while ATP levels
are depleted in cultured heart cells, it is a late and non-specific process of
cytotoxicity. Thus, since oxygen free radical damage and early ATP depletion are
not occurring in mitoxantrone-treated heart cells, it is not surprising that a
protective effect of ruthenium red was not observed.
Neri et al. (1984) have shown that ATP is depleted by mitoxantrone in heart
slices in vitro to 14% of control levels after a 1 hour exposure to 2.8 ",g/ml
mitoxantrone, a result that is in stark contrast to the current results.

Another

study by Bachmann et al. (1987) compared the effect of both mitoxantrone and
doxorubicin on the heart mitochondria of rats treated with the drugs for four
weeks in vivo. These investigators found mitoxantrone-induced functional changes
very similar to those caused by doxorubicin including: decreased oxygen
consumption, uncoupled oxidative phosphorylation, damaged inner mitochondrial
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membrane, and inhibition of various enzymes. While some differences between
the two antitumor agents was found, the extent of mitochondrial damage was
similar (Bachmann et al., 1987).
The present study also compared the effect of mitoxantrone and doxorubicin on
mitochondrial reductases in heart cells. Interference of electron transport by
either drug would lead to inhibition of MTT reduction as dye reduction is
dependent on the function of several steps of the mitochondrial electron transport
chain (Altman, 1977). Mitoxantrone had no effect on dye reduction whereas
doxorubicin treatment resulted in a slight inhibition of MTT reduction. These
results suggest that electron transport is not inhibited by mitoxantrone in cultured
heart cells.
Thus, while the present results do not indicate that mitochondrial damage is an
early or specific indicator of mitoxantrone toxicity, the results of others suggest
that inhibition of mitochondrial function may be an important area for future
research.

Mitoxantrone and Oxidative Damage
Results from the present study suggest that mitoxantrone does not produce a
significant level of oxidative stress in cultured heart cells. These findings are not
surprising in light of numerous other reports which also indicate that mitoxantrone
acts by a mechanism which is substantially different than that observed for
doxorubicin, a known stimulator of oxidative damage in heart tissue (Doroshow,
1983; Kharasch and Novak, 1981; Vile and Winterbourn, 1989; Novak and
Kharasch, 1985).
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Depletion of intracellular glutathione is just one of many biochemical changes
which may occur in oxidatively stressed cells. Loss of this cytoprotective thiol
under such conditions can rapidly lead to cell death (Orrenius, 1985). In the
present study, mitoxantrone-induced glutathione depletion was observed to occur
in a dose- and time-dependent manner. However, when expressed as a percentage
of control levels, heart cell GSH and ATP levels declined simultaneously (Figure
13). Previous studies have shown a general correlation between the release of
heart cell enzymes into the medium and both ATP and GSH depletion (Dorr et
al., 1988; lulicher et al., 1985). In a cultured hepatoma cell line, mitoxantroneinduced depletion of glutathione was shown to occur concomitantly with cell death
as measured by trypan blue exclusion (Duthie and Grant, 1989a). In addition,
GSH leakage was also produced by the cardiotoxic plant alkaloid, emetine, in
cultured heart cells (data not shown). Thus, while we have shown a temporal and
quantitative correlation between the simple depletion of GSH and ATP following
mitoxantrone treatment, the data suggest that glutathione depletion in our model
likely reflects general cytotoxicity since it is not an early and therefore specific
indicator of mitoxantrone-induced toxicity.
Another biochemical indicator of oxidative stress in cultured cells is the
accumulation of thiobarbituric acid-reactive material or malondialdehyde (MDA).
Significant elevation of MDA over control levels is generally reflective of
peroxidation of cellular lipids (Buege and Aust, 1978). Treatment of heart cells
with mitoxantrone' or doxorubicin alone did not result in elevated levels of
malondialdehyde. However, in combination with an initiator of oxygen radical
production (ADP-Fe 3 + /HZOZ), malondialdehyde levels were significantly
elevated in the presence of doxorubicin and lowered, although not significantly, in
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the presence of mitoxantrone (Figure 14). This suggests a significant difference in
the chemical nature of these two compounds. These cellular results are consistent
with the biochemical conclusions of Novak et al. (1988), which suggest that
mitoxantrone does not produce active oxygen species in vitro, but instead may act
as an inhibitor of hydroperoxide-dependent initiation and propagation reactions
under certain conditions. Numerous other investigators are in agreement on the
lack of both lipid peroxidation and active oxygen production in response to
mitoxantrone in vitro (Doroshow, 1983; Sinha et al., 1983; Basra et al., 1985; Vile
and Winterbourn, 1989).
It is more difficult to draw conclusions from the finding that ascorbate does not

have a protective effect on mitoxantrone cardiotoxicity in vitro (Figure 15),
especially given the dual role of ascorbic acid on peroxidative processes. Previous
studies have shown ascorbate to act as a pro-oxidant at low concentrations, and an
anti-oxidant at higher concentrations due to a variable interaction with cellular
iron (Haenen et al., 1989). High concentrations of ascorbate were utilized in these
studies (2 mM), however, ascorbate is known to oxidize rapidly under aerobic
conditions and actual reduced ascorbate concentrations in the medium were not
measured. Thus, the only relevant finding is that ascorbate, which may have either
pro-oxidant or antioxidant activity in this in vitro system did not affect
mitoxantrone cardiotoxicity.
In conclusion, these results and those of others indicate that mitoxantrone does
not produce its cardiotoxic effect through classical oxidative damage.
Considerable evidence indicates that at least some of the cardiotoxic properties of
doxorubicin result from redox cycling of the doxorubicin quinone with concomitant
production of oxygen free radicals including the superoxide anion radical,
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hydrogen peroxide and hydroxyl radical. In contrast, there is little evidence of
mitoxantrone-dependent free radical formation in biological systems. Although
mitoxantrone contains a potentially reducible quinone group, the one electron
reduction potential is -.527 V compared to -.328 V for doxorubicin (Powis, 1989).
As the one electron reduction potential of most cellular reductases lies in the -.100

V to -.250 V range, catalysis of a one electron transfer to doxorubicin is slow and
the reduction of mitoxantrone highly improbable (Powis, 1989). Thus, the
electrochemistry of these compounds provides an explanation for the lack of
mitoxantrone-induced oxygen radical formation in subcellular fractions. However,
it does not provide an explanation for the mitoxantrone cumulative cardiotoxicity
which is observed in vivo.

Reactive Intermediate Formation
Despite the documented lack of mitoxantrone-dependent oxygen radical
formation in biological systems, several investigators have reported the existence
of a mitoxantrone radical ESR signal generated under anaerobic conditions in
liver homogenates and microsomes (Nguyen and Gutierrez, 1990; Basra et al.,
1985; Sinha et al., 1983). The electron spin resonance (ESR) signal is similar to
that which appears rapidly following anthracyc1ine treatment. However, the
mitoxantrone signal requires twenty minutes to become prominent. Previous
investigators have attributed the delay in radical formation to the documented low
rate of mitoxantrone reduction by cellular enzymes. Alternatively, there may be
initial formation of a mitoxantrone hydro quinone followed by slow decomposition
to the semiquinone radical (Basra et al., 1985; Sinha et al., 1983). Recently this
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signal has been attributed to oxidase enzyme activity present in hepatic
microsomes and homogenates (Nguyen and Gutierrez, 1990).
Oxidation of mitoxantrone, as opposed to chemical reduction, has been most
thoroughly described by Lown and co-workers in a series of publications on the
chemistry of mitoxantrone oxidation in vitro (Reszka et al., 1989; Kolodziejczyk et
al., 1988). They have demonstrated that mitoxantrone can be readily oxidized in
vitro using horseradish peroxidase in the presence of hydrogen peroxide. In this
reaction, the drug undergoes a structural rearrangement to yield a cyclic
mitoxantrone metabolite (Figure 16). The reaction proceeds via formation of a
free radical species which has been identified by electron paramagnetic resonance
(EPR) spectroscopy as an unstable cation radical. While formation of this
metabolite has not been confirmed in vivo, EPR signals reported for mitoxantrone
in microsomal systems are similar to those observed in the horseradish
peroxidase/hydrogen peroxide system. These reactions may contribute to
mitoxantrone-induced cardiotoxicity.
The present study has spectrophotometrically verified evidence for
mitoxantrone oxidation to a reactive intermediate. In addition, it has been shown
that a HRP/H202 activation system results in a five-fold increase in the amount of
mitoxantrone (or metabolite) covalently bound to microsomal protein in vitro.
However, despite reports of mitoxantrone radical ESR signals in drug-treated
microsomes, We were unable to detect elevated levels of covalently bound drug to
rat liver microsomal proteins in the presence or absence of an NADPH
regenerating system. On the other hand, low levels of such covalently bound drug
could be below the detection limits of the assay.
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The measurements of covalently bound drug in cultured heart cells was
technically difficult because of the adherent chemical nature of mitoxantrone. The
present results suggest that heart cell homogenates may be capable of catalyzing
mitoxantrone bioactivation since more drug was covalently bound in mitoxantronetreated homogenates incubated at 370 C than at 40 C (Figure 18).
Other investigators have demonstrated that metabolism of mitoxantrone is
required for toxicity in cultured cells (Duthie and Grant, 1989b; Wolf et aI., 1986).
The mitoxantrone-induced cytostatic effect on Hep G2 hepatoma cells in culture
was completely reversed in the presence of metyrapone, an inhibitor of
cytochrome P450-dependent metabolism (Duthie and Grant, 1989b). This
suggests that in this particular system, metabolism of mitoxantrone is required for
expression of toxicity. Similarly, Wolf et al. (1986) found that mixed function
oxidase enzymes derived from liver tissue could metabolize mitoxantrone to an
intermediate that was subsequently conjugated with glutathione in vitro.
If mitoxantrone is oxidized in heart cells to a reactive intermediate, it would

follow that glutathione might play an important protective role in preventing
cellular toxicity. While a potentially protective role for GSH has been noted in
one system (Desai and Sridhar, 1989), our results indicate that an extended
lowering of cellular thiols by BSO to less than 20% of control levels did not alter
mitoxantrone cardiotoxicity.
One explanation for this finding is that the mitochondrial heart cell glutathione
pool in BSO-treated cells may still be sufficient to provide for detoxification of
mitoxantrone and reactive intermediates. In this regard, it should be emphasized
that BSO does not alter the redox status of the glutathione remaining in the
mitochondria, and its effects are restricted to the cytosolic GSH pool (Romero and
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Sies, 1984). Conversely, other studies have been unable to document myocardial
protection with sulfhydryl-rich agents (Kimler and Cheng, 1984b). Furthermore,
depletion of glutathione or inhibition of glutathione reductase does not result in
increased toxicity of mitoxantrone in tumor cells in vitro (Kimler and Cheng,
1984b; Duthie and Grant, 1989b).
In conclusion, the purpose of these experiments was to investigate the
possibility of mitoxantrone oxidation to a reactive intermediate as a cause of
cardiotoxicity in cultured heart cells. The results indicate that mitoxantrone can
become covalently bound to cellular proteins under certain conditions, and that
heart cell homogenates show evidence of covalent drug binding. However, these
studies were unable to establish a protective role for glutathione in the
development of mitoxantrone cardiotoxicity. Nevertheless, these results do not
rule out the possibility that mitoxantrone cardiotoxicity is caused by a
metabolically activated form of mitoxantrone.

Metal Binding
Effects of Chelating Agents
The success of a clinical trial wherein the EDTA analog ICRF-187 was used to
block doxorubicin cardiotoxicity led us to consider the possibility that this
compound might alter mitoxantrone cardiotoxicity as well. Surprisingly, in this in
vitro system, ICRF-187 was far more effective in protecting against the cellular
damage produced by mitoxantrone than that produced by doxorubicin (Table 6).
Thus, ICRF-187 increased heart cell protein and ATP levels, and had a positive
effect on the cell morphology of mitoxantrone-treated cells (Figure 20).
Importantly, this effect was time- and concentration-dependent (Figure 19).
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Heart cells treated with ICRF-187 for a short duration (3-6 hours) in combination
with mitoxantrone showed no sign,'!. of cardioprotection (data not shown). To make
certain that intracellular ICRF-187 levels were sufficiently elevated during, as well
as after mitoxantrone treatment, a continuous exposure to ICRF-187 was utilized
beginning 3 hours prior to mitoxantrone treatment and continuing for an
additional 72 hours. ICRF-187 uptake and retention throughout the 72 hour
continuous exposure was not measured, and whether the drug is intact, hydrolyzed
and/ or degraded is unknown. However, Dawson (1975) has shown that the
racemic mixture containing ICRF-187, Razoxane (or ICRF-159), is taken up
rapidly from culture medium into tumor cells. Conclusions from this prior study
indicated that ICRF-159 entered cells by diffusion since (1) the drug concentration
in the medium was equal to that in the cell water following exposure to a range of
drug concentrations, (2) resuspension of cells in fresh medium following exposure
resulted in a rapid efflux of drug from the cells and (3) uptake was not inhibited in
the presence of high concentrations of structurally related compound.s. It was also
concluded that the intracellular rates of ring hydrolysis are comparable to
extracellular rates. While these results are of interest, extrapolation of these data
to describe the behavior of ICRF-187 in vitro must be done carefully as the water
solubility of ICRF-159 is significantly less than that of ICRF-187 (Herman et al.,
1982).
Nevertheless, Doroshow et al. (1990) have shown that ICRF-187 (50!-'g/ml) is
readily taken up from the medium by cultured myocytes and hydrolyzed to its ringopened, and theoretically active form at 1 and 3 hours of exposure. Furthermore,
it has also been shown that solutions of ICRF-187 left for up to a month at room

temperature still retain chelating activity. These results suggest that chemical
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degradation of ICRF-187 does not occur rapidly. Therefore, myocytes exposed to
ICRF-187 continuously for three days (the conditions of the present experiments),
are likely to contain significant intracellular levels of the ICRF-187 throughout the
mitoxantrone exposure period.
ICRF-187 protection from doxorubicin cardiotoxicity has been documented in
several in vitro systems including isolated perfused heart (Rajagopalan et al.,
1988), heart microsomes (Vile and Winterbourn, 1990) and cultured myocytes
(Doroshow et al., 1990). 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 redox activity, and thus lower doxorubicin cardiotoxicity.
Doroshow et al. (1990) has shown that ICRF-187 protects against acute (1
hour) doxorubicin toxicity in cultured myocytes in a concentration-dependent
manner. This effect extended over an ICRF:doxorubicin molar ratio range of 1:1
to 10:1. Heart cell viability was increased in these cells from 50% to 94% of
control in doxorubicin and doxorubicin + ICRF-187-treated cells respectively.
Interestingly, ICRF-198, the ring-opened form of ICRF-187, was protective only at
a 10: 1 molar excess.
A dose-response relationship for ICRF-187 protection against mitoxantrone
toxicity was observed in the present studies as well (Fig 19). Furthermore, the
addition of pre-hydrolyzed ICRF-187 (ICRF-198) to mitoxantrone-treated heart
cells provided the same degree of protection as ICRF-187 (data not shown).
While it is generally agreed that ICRF-198 is too polar to enter cells, a report by
Livingston et al. (1972) suggests that uptake of hydrolyzed Razoxane or ICRF-159
into tumor cells simply occurs more slowly than with the unhydrolyzed parent
compound. In this study, the drug concentration in tumor cells treated with the
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ring-opened compound was actually greater at 24 hours than the concentration
found in ICRF-159 treated cells (Livingston et al., 1972). In the present
experiments, ICRF-187 is in the heart cell medium for 72 hours. Therefore; any
ICRF-198 formed extracellularly may slowly permeate the cells. This would
provide an explanation for its effectiveness in protecting cells from mitoxantrone
toxicity. Alternatively, it is possible that some component of the protective effect
of ICRF-187 against mitoxantrone may take place extracellularly as well.
These results suggest that the protective effect of ICRF-187 is not due to
altered intracellular levels or availability of mitoxantrone in the heart cells.
Furthermore, ICRF-187 protection is also not due to lowered intracellular calcium
by chelation since the addition of calcium-specific chelating agents did not delay
mitoxantrone toxicity or alter the dose-response curve in the myocytes. Elevation
of cytoplasmic calcium levels is a nearly universal phenomenon in cell injury from
cytotoxic agents, and is thought to playa central role in the final mechanism of cell
death (Orrenius, 1985). Lowering intracellular calcium in toxicant-treated cells in
vitro has been effective in delaying or preventing cell death in other systems
(Thomas and Reed, 1988). In the present experiments, it is possible that
intracellular levels of the Ca2 + chela tors quin 2-AM and BAPTA were not
retained long enough for protection to occur. Nevertheless, ICRF-198 is known to
be a weak chelator of calcium and thus is not likely to lower intracellular calcium
levels substantially in any case (EI-Hage et al., 1986; Huang et al., 1982).
As previously stated, ICRF-187 protection against doxorubicin cardiotoxicity is

thought to involve the metal chelating activity of the ring-opened ICRF-187. In
the case of doxorubicin cardiotoxicity, free radical formation is dependent on iron
for catalysis (Vile and Winterbourn, 1988; Morehouse and Aust, 1984). In some
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cases, reactions involve iron-doxorubicin complexes, but most often the iron
concentration required is very low and drug complexation is not required. Free
iron, iron released from ferritin and iron bound to low molecular weight chelators
can all help catalyze the deleterious effects of doxorubicin in heart tissue (Vile and
Winterbourn, 1988). Thus, a possible role for metals in mitoxantrone cardiotoxicity
was established in these studies as ICRF-187 protected heart cells against both
mitoxantrone and the oxidized mitoxantrone metabolite, but not against the
mitoxantrone analog ametantrone. Both mitoxantrone and the cyclic metabolite
contain vicinal quinone-hydroquinone moieties which provide a favorable
environment for electrostatic interaction with transition metal cations (Coble and
Holtzclaw, 1974). In contrast, ametantrone lacks the hydroxyl groups necessary for
such interactions and its toxicity was unaltered by ICRF-187 (Tarasiuk et al., 1990;
Kharasch and Novak, 1985).
Spectroscopy
Information on the metal binding characteristics of mitoxantrone is scarce.
However, since ICRF-198 is known to bind a number of divalent cations with high
affinity (Huang et al., 1982; EI-Hage et al., 1986) the hypothesis that a
mitoxantrone metal interaction might be involved in cardiotoxicity was considered.

It has been reported previously that mitoxantrone chelates iron weakly, whereas
ametantrone does not interact with iron at all (Kharasch and Novak, 1985). The
results of the present studies have shown that the 607 nm absorbance peak of
mitoxantrone is lowered in an iron concentration-dependent manner, although the
interaction appears to be somewhat reversible and the degree of spectral change
relatively small (Figure 22). It is interesting however that in the first 30 seconds
after iron addition, the absorbance of mitoxantrone is dramatically lowered

115

(Figure 23). This indicates that some type of transient complex is formed.
However, the pharmacological implications of this phenomenon are unknown.
Of equal importance perhaps, is the ability of mitoxantrone to form strong
complexes with copper ions. This is an intriguing finding which has been reported
previously in abstract form (Pierpont and Rawan, 1985). These investigators
showed that two copper ions are bound per molecule of mitoxantrone. The
present studies have documented the stability of the mitoxantrone-copper
complex, the recovery of free mitoxantrone using stronger chelating agents and the
time-dependent degradation of the complex (Figures 25, 26 and 27). Because of
the time-dependent spectral changes in the product that is recovered following
addition of a strong chelating agent to the mitoxantrone-copper complex, it
appears that copper binding results in structural modification of the mitoxantrone
molecule. Thus, two days after chelate formation, no metal-free mitoxantrone is
regenerated following the addition of a strong chelating agent.
A qualitatively similar process has been observed to occur over time with the
complex formed by doxorubicin and iron (Gelvan et aI., 1990; Beraldo et aI., 1985;
Eliot et aI., 1984). Spontaneous degradation of the doxorubicin-iron complex to
chelates with altered iron binding affinity and lower in vivo toxicity occurred
rapidly after initial chelate formation (Gelvan et aI., 1990). This process appears
to be somewhat more accelerated in comparison to the changes observed in the
mitoxantrone-copper complex. For example, at 1 hour after doxorubicin-iron
complex formation, 30% of the chelated doxorubicin is unrecoverable using
deferroxamine and by 22 hours, addition of deferroxamine fails to regenerate the
metal-free doxorubicin spectrum to any extent (Gelvan et aI., 1990). It is not
known whether doxorubicin-copper complexes behave in a similar manner.
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Integration of Mechanisms
In contrast to the heart cells, ICRF-187 did not protect against mitoxantrone
toxicity in tumor cells (Table 5). This strongly suggests that the mechanism of
mitoxantrone antitumor activity may be different from that of cardiotoxicity.
Alternatively, it is also possible that mitoxantrone may have several distinct
mechanisms of cytotoxicity which might be expressed to varying degrees in the
different cell types. For example, mitoxantrone toxicity may depend on structural
and functional features such as (1) the metal-chelating ability of the drug which
may produce toxicity by an unknown mechanism, (2) the planar drug nucleus and
amino alkyl side chains which are thought to facilitate DNA interaction and/or (3)
the tendency of the aromatic nitrogen to oxidize and potentially produce a reactive
intermediate.
The effect of mitoxantrone on tumor cell DNA and thus on cell division is
obviously of central importance in mediating the antitumor activity of this drug.
Yet Dorr et al. (1988) have shown previously that cultured heart cells are entirely
resistant to the majority of other non-cardiotoxic, but exquisitely tumor cell-toxic
drugs. Thus, the chemical features of mitoxantrone which lend it its strong
antiproliferative activity in tumor cells may have negligible effects on heart cells.
In the same vein, mitoxantrone damage caused by cardiotoxic mechanism(s) may
not affect tumor cells. Heart and tumor cell biochemical differences such as
metabolic capacity, and cellular protection mechanisms could account for this type
of differential toxicity.
This hypothesis could also explain the lack of protective effect of ICRF-187 on
mitoxantrone-treated tumor cells as well as the less than complete protection of
mitoxantrone-treated heart cells that was observed. In addition, ICRF-187 did not
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protect heart cells from ametantrone toxicity but was effective against
cardiotoxicity caused by the oxidized form of mitoxantrone. Our studies and those
of others suggest that ametantrone does not bind metals strongly (Tarasiuk et aI.,
1990; Kharasch and Novak, 1985), whereas, the chelating ability of oxidized cyclic
mitoxantrone is unknown. Nevertheless, oxidized cyclic mitoxantrone does
possess the structural features required for tight metal binding and ametantrone
does not. These data suggest that drug-dependent metal chelation may playa role
in mitoxantrone-induced cardiotoxicity.
In terms of the general mechanism(s) of mitoxantrone cardiotoxicity, it is
interesting to note that both ametantrone and oxidized cyclic mitoxantrone are less
toxic to tumor cells than mitoxantrone by approximately two orders of magnitude
(Lown et aI., 1985). This implies that both the amino alkyl side chains and the ring

hydroxyl groups are important for antitumor activity. Other investigators have
compared the biochemical effects of ametantrone with mitoxantrone in an attempt
to understand the antitumor mechanism of toxicity of mitoxantrone. It was
originally thought that no difference existed in the ability of either drug to
intercalate DNA with regard to base specificity and binding affinity. However, as
stated previously, mitoxantrone is roughly 100 times more potent an antitumor
agent than ametantrone. Kapuscinski et al. (1986) have since shown that
mitoxantrone condenses nucleic acids at 5-40 fold lower concentrations than
ametantrone with the primary effect on cellular RNA. More recently, it was
discovered that when mitoxantrone and ametantrone bind DNA, a different set of
nuclear proteins are released from chromatin (Bartkowiak et aI., 1989). These
authors suggest that each drug either has different chromatin binding sites, or drug
binding changes the affinity of different set of proteins for the chromatin. In any

118

case, it appears that these very close analogs may actually interact quite differently
with DNA
Similar to tumor cells, ametantrone and the mitoxantrone metabolite are
equally toxic and are both one order of magnitude less toxic than mitoxantrone in
cultured heart cells. Depending on the metal binding capacity of the metabolite,
the equivalent cardiotoxicity of ametantrone and the metabolite mayor may not
be consistent with the metal-dependent cardiotoxicity hypothesis. Furthermore, it
is difficult to interpret the lowered cardiotoxicity of the metabolite relative to
mitoxantrone in terms of reactive intermediate formation. If heart cells retain the
biochemical ability to oxidize mitoxantrone efficiently, the metabolite should
theoretically participate in a similar reaction (Kolodziejczyk et aI., 1988) and thus
produce equivalent toxicity.
A possible mechanism by which a mitoxantrone-metal complex could mediate
toxicity is through formation of a mitoxantrone-metal-oxygen (MTX-Me-02)
complex in a manner analogous to the antitumor agent bleomycin. The DNAdamage caused by bleomycin has been shown to be metal-dependent and involves
the formation of drug-metal-active oxygen complexes which can cause DNA strand
breaks (Petering et aI., 1990). The following reaction scheme illustrates one
mechanism by which this might occur for mitoxantrone.

MTX + Fe2 + <---->MTX-Fe2 + <----> MTX-Fe2 +-02<----> MTX-Fe3 +-02':

Complexes of this type including bleomycin and ADP-iron complexes are
known to act as oxidizing agents. Thus, it is proposed that a chemical interaction of
this nature could conceivably facilitate oxidation of mitoxantrone intracellularly to
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a reactive intermediate. The chemical oxidation of mitoxantrone has been
described in detail by Kolodziejczyk et al. (1988), and has been shown to occur by
the following mechanism:

(1).
(2)
(3)
MTX ----------- > MTX· + -------------- > MH2' + ------------- > MH2
HRP/H202
cyclization
reduction
In step 1 of the above reaction, one electron is removed from mitoxantrone by
a peroxidase-dependent reaction discussed earlier. Under the current hypothesis,
an activated MTX-Me-02 complex could act as an electron acceptor to initiate
the activation of another mitoxantrone molecule. The cation radical formed
following electron abstraction is very unstable and irreversibly forms a cyclic
oxidized form of mitoxantrone. The cyclic cation radical (MH2') is strongly
electrophillic and relatively long-lived, although it is subject to reduction to the
stable cyclic mitoxantrone metabolite.
The results of the present study are consistent with this proposed mechanism.
The results indicate that mitoxantrone forms metal-drug complexes with ferric
and cupric ions, and that a metal chelating agent (ICRF-187) can protect against
mitoxantrone toxicity in cultured heart cells. Formation of an ICRF-metal
complex could prevent metals such as iron or copper from engaging in redox
activity or interaction with oxygen and might account for the observed protective
effect. Furthermore, the present results and those of others indicate that
widespread oxygen free radical production does not occur in the presence of
mitoxantrone, which is also consistent with this proposed mechanism. Reactions
involving an activated mitoxantrone-Me-02 complex would depend on oxygen
radicals which are essentially adducts at an iron center, and would not diffuse
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from this site during the course of a reaction. If a MTX-Me-02 complex is formed
in cultured heart cells which in turn oxidizes other mitoxantrone molecules to
reactive intermediates, it is likely that damage to numerous cellular targets would
be observed.
This hypothesis does not provide an explanation for the organ specific
myocardial toxicity that is observed following clinical mitoxantrone treatment.
However, the proposed mechanism does involve a potentially cytotoxic oxidative
process, and it is well known that heart tissue contains several deficient cellular
defense systems that are important for protection from oxidative injury. These
include lowered glutathione peroxidase, catalase, and superoxide dismutase
activities as well as low levels of myocardial glutathione (Thayer, 1977;
Doroshow et aI., 1980). In addition, drug disposition studies indicate that the
heart contains an unusually high level of drug that may be present for prolonged
periods of time (Alberts et aI., 1985a).
In conclusion, the present studies show that mitoxantrone produces
cardiotoxicity by mechanisms distinct from doxorubicin. It is difficult to distill the
most critical of these, but it appears that interaction of the mitoxantrone
hydro quinone moieties with metals mediates a substantial component of the heart
cell cytotoxicity caused by the drug. The fact that ICRF-187 does not protect
against tumor cell cytotoxicity or the heart cell toxicity produced by ametantrone
suggests that metal chelation by mitoxantrone may indeed mediate cardiac
toxicity by unique mechanisms which may involve covalent drug binding.
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APPENDIX
List of Abbreviations

AML

acute myelogenous leukemia

ATP

adenosine triphosphate

AVC

area under the curve

BSO

L-buthionine-S,R-sulfoximine

C

centigrade

CPM

counts per minute

CXT

concentration·time product

DMSO

dimethyl sulfoxide

DNA

deoxyribonucleic acid

DTNB

5,5'-dithiobis(2-nitrobenzoic acid)

ECG

electrocardiogram

EDTA

ethylenediaminetetraacetic acid

EPR

electron paramagnetic resonance

ESR

electron spin resonance

g

gravity

GSH

reduced glutathione

GSSG

oxidized glutathione

H2O

water

H20 2

hydrogen peroxide

HRP

horseradish peroxidase

IC50

50% inhibitory concentration

ICRF

Imperial Cancer Research Fund
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i.p.

intraperitoneal

kg

kilogram

LDH

lactate dehydrogenase

m

meter

M

molar

pCi

microcurie

MDA

malondialdehyde

mg

milligram
microgram

mitox

mitoxantrone

ml

milliliter

mm

millimeter

mM

millimolar
micromolar

mmol

millimole

pmol

micromole

mol

mole

MIT
N

3-( 4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide
normal

NaOH

sodium hydroxide

nCi

nanocurie

ng

nanogram

nm

nanometer

nM

nanomolar

nmol

nanomole

-------

---------

--------------------------

---
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PBS

phosphate buffered saline

pmol

picomole

RNA

ribonucleic acid

rpm

revolutions per minute

SD

standard deviation

SE

standard error

TBA

thiobarbituric acid

TCA

trichloroacetic acid

u

units

V

volts
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