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ABSTRACT

Recent studies of our group have shown that the oxidation of the
substituted anthraquinone skeleton is involved in the biotransformation of
mitoxantrone. In this report the importance of this process with regard to
the mode of action of the drug is investigated.

This communication describes a new high performance liquid chroma-

tography separation for mitoxantrone and its metabolites allowing the
direct coupling of high performance liquid chromatograph.v to mass spec-
trometry. Application of this technique to bile of mitoxantrone-treated
pigs reveals the formation of several metabolites in addition to the drug-

derived compounds found in urine. Seven biliary metabolites are identi
fied as thioether derivatives of mitoxantrone and its side chain oxidation
products. Independent synthesis and structural elucidation of 3 thioether
conjugates of the drug provides unequivocal evidence that the hydroqui-

none moiety of mitoxantrone is the site of reaction with glutathione.
Furthermore, the formation of the thioether conjugates in HepG2 hepa-

toma cells and in rat hepatocytes during cell incubations is demonstrated.
Inhibition of cytochrome P-450 with metyrapone prevents the forma

tion of the thioether conjugates and leads to a complete loss of the cyto-

toxicity of mitoxantrone in HepG2 cells and rat hepatocytes up to con
centrations of 200 to 400 n\\ thereby indicating that mitoxantrone has a

negligible effect by itself. Rat hepatocytes were found to be more suscep
tible for the oxidation-induced cytotoxicity than HepG2 cells. These results

demonstrate that the acute cytotoxicity of mitoxantrone depends on prior
oxidation of its M-dihydroxy-5,8-diaminoanthraquinone moiety.

INTRODUCTION
Mitoxantrone1 (Novantrone) (Fig. 1, mitoxantrone /) is an antican-

cer agent that has shown antitumor activity equal or superior to that of
doxorubicin in a number of animal tumor systems and in the stem cell
assay (\-^). The drug is currently used for the treatment of breast
cancer, acute nonlymphocytic leukemia, and non-Hodgkin's lym-

phoma. Its potential for the treatment of various malignancies and its
pharmacokinetic behavior have been reviewed recently (5, 6).

Despite the intense interest in mitoxantrone, its mechanism of ac
tion is not completely understood. Early evidence suggested that
mitoxantrone interacts with DNA and inhibits DNA synthesis. How
ever, according to studies with several anthraquinones no correlation
could be established between intercalation observed with isolated
DNA and antitumor activity in vivo. This finding suggests that addi
tional mechanisms should be effective (7, 8). Aggregation and com
paction of chromatin via electrostatic interaction of the aminoalkyl-

amino side chains to the anionic exterior of the DNA helix (9) and
drug-induced stabilization of the topoisomerase II-DNA cleavable

complex preventing religation of the DNA strands have been proposed
to contribute to the pharmacological effect of the drug. A persistent
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and perhaps progressive ability of mitoxantrone to trap topoisomerase
II on cellular DNA was observed and may explain the long-term

depression of DNA synthesis, arrest of cells in the G2 phase of the cell
cycle, and cell death (10, 11). Membranous structures and the asso
ciated cytoskeleton have been suggested to be further targets of
mitoxantrone (12).

In contrast to doxorubicin, mitoxantrone is evidentially resistant to
reductive enzymatic activation (13-17) but is subject to facile oxida-

tive enzymatic action. First evidence for this reaction was provided by
Wolf et al. (18) who reported the cytochrome P-450-mediated forma

tion of glutathione conjugates of mitoxantrone during incubations
with rat hepatic microsomal fractions suggesting the formation of a
reactive intermediate. The structures of neither the proposed interme
diate nor the glutathione conjugates have been investigated. Oxidation
of mitoxantrone has found more attention since reports have been
published describing the horseradish peroxidase-catalyzed oxidation

of mitoxantrone with hydrogen peroxide under the formation of a
tetracyclic reaction product (19, 20). Later, the oxidation product, a
naphthoquinoxaline derivative (Fig. 2, 2), could be identified as a new
urinary metabolite of mitoxantrone after its discovery in the urine of
different mitoxantrone-treated species including humans (21).

Metabolite 2 is generated by intramolecular cyclization of a highly
reactive electrophilic quinonediimine intermediate resulting from the
oxidation of the phenylenediamine substructure. The capability of
mitoxantrone activated by treatment with horseradish peroxidase to
react with glutathione has been interpreted by the same reactive in
termediate (21). However, as discussed later, the oxidation of mitox
antrone can yield two distinct electrophilic species interconnected by
a tautomerie equilibrium. Thus, in the reaction with glutathione, DNA,
and other nucleophilic intracellular targets, the site of substitution at
the anthraquinone skeleton has not necessarily to be the same as in the
formation of metabolite 2. Independent from the actual structure of the
products formed, the horseradish peroxidase-catalyzed reaction of
mitoxantrone with potential intracellular nucleophiles (22-24) points

to a further mechanism responsible for the cytotoxicity of the drug.
Furthermore, a one-electron oxidation of mitoxantrone or the com-

proportionation of oxidized and nonoxidized mitoxantrone may lead
to the generation of free radical cations with unknown importance for
the cellular biochemistry. Duthie and Grant (25) have provided evi
dence that the cytotoxicity of mitoxantrone depends on the cyto
chrome P-450-mediated metabolism of the drug since the inhibition of

this group of enzymes with metyrapone led to a complete loss of the
drug-dependent inhibition of cell growth in human HepG2 cell incu

bations.
The aim of this study was to investigate the intracellular activation

of mitoxantrone in cultured rat hepatocytes, in human HepG2 hepa-

toma cells, and in an animal model. The results may contribute to
define the relevance of the oxidative metabolism to the cytotoxicity of
mitoxantrone.

MATERIALS AND METHODS

Reagents and Material

Reagents were purchased from Aldrich (Steinheim, Germany) or Sigma
(Deisenhofen, Germany) and were used without further purification. Acetoni-

5135

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/21/5135/2452232/cr0530215135.pdf by guest on 19 M

ay 2023



CYTOCHROME P-450-MEDIATED OXIDATION OF MITOXANTRONE

OH O HN

Fig. I. Structure of mitoxantrone (7).

true and methanol (HPLC grade) were purchased from Merck (Darmstadt,
Germany), dimethylformamide from Aldrich. Water was deionized and filtered
with a Milli-Q water purification system. Centrifugation was achieved with a

5415C centrifuge (Eppendorf, Hamburg, Germany). Mitoxantrone was deliv
ered in ampoules containing 2 mg/ml Novantrone from Lederle (Wolfratshau-
sen, Germany). [3'-i:lC]- and [4'-'1C)mitoxantrone used in the animal experi

ments was synthesized in our laboratory (26). Reference compounds of the
thioether derivatives were synthesized according to the procedure described
previously (21). Their chemical structures were elucidated by means of mass
spectrometry and nuclear magnetic resonance techniques.4

Incubations with Rat Hepatocytes

Male Sprague-Dawley rats (220-280 g) were purchased from Interfauna

(Tuttlingen, Germany). All animals received a standard diet (Alma H 1003;
Botzenhardt, Kempten, Germany) and water ad libitum. Isolated hepatocytes
were prepared by collagenase perfusion according to the method of Seglen
(27). Modification of the isolation procedure reported by Gebhardt et al. (28)
was applied. Viability of the cells, assessed by Trypan blue exclusion, was
85%. Isolated hepatocytes were resuspended in Williams E medium supple
mented with i-glutamine (2 HIM), penicillin (50 units/ml), streptomycin (50

/ag/ml), dexamethasone (0.1 /UM),and newborn calf serum (Sebio, Walchsing,
Germany) at a density of 1.25 x IO6 cells/ml. Cells were plated in collagen-

coated six-well plastic dishes with 35 mm diameter (Greiner, NÃ¼rtingen,
Germany). Each well was inoculated with 1.25 X IO6 cells. At the end of

a 2-h exposure period of incubation in an atmosphere of 5% CO2-95% air at
37Â°Cduring which cells attached to the plastic dishes, the medium and dead

cells were removed. The hepatocytes were covered with 1 ml incubation
medium containing the drug. The incubation medium consisted of an aqueous
solution of 137 HIM NaCl, 5.5 mM KC1, 1,2 HIM MgSO4-7H2O; 0.79
HIMNa2HPO4-2H2O, 0.1 mm KH2PO4, 10 mm 4-(2-hydroxyethyl)-l-pipera-

zineethanesulfonic acid, and 5 mM glucose (pH 7.4).
After the incubation period the cells were scraped from the plastic dishes

and transferred into a 2-ml plastic cup (Eppendorf). Additionally, the wells

were washed with 100 Â¡j.1l Nascorbic acid solution to ensure complete transfer
of the cells and to prevent further oxidation. This suspension was sonicated
(Sonifier B-12; Branson Sonic. Danbury, CT) for lysis of the cells and then

centrifuged at 14,000 X g to remove cell debris. The supernatant liquid was
transferred into a new cup and weighted allowing subsequent calculation of the
amount of drug and metabolites. An aliquot of 200 jtl was injected into HPLC
for quantitation of the drug-related material. Incubations with metyrapone were

performed after pretreatment of the cells with a 1 HIMsolution of metyrapone
in the incubation medium for 30 min. After this time the medium was changed
to 1 ml incubation medium containing 1 RIMmetyrapone and 50 JXMmitoxan
trone. These incubations were terminated after 19 h. All experiments were
performed in triplicate and were also done in hepatocyte-free medium to check

the stability of mitoxantrone under the incubation conditions.

Incubations with Human HepG2 Hepatoma Cells

HepG2 cells were grown (29) in monolayer in Dulbecco's modified Eagle's

medium (ICN Biochemicals, Meckenheim, Germany) supplemented with peni
cillin (50 units/ml), streptomycin (50 /xg/ml), and 10% fetal calf serum in a
humidified atmosphere of 5% CO2-95% air at 37Â°Cand passaged as described

(29). Mitoxantrone was added in a concentration range between 10 and 100
/IM. The sample preparation procedure was similar to that described for rat
hepatocytes.

Cytotoxicity Assays

The Cytotoxicity of mitoxantrone was determined using leakage of LDH
according to a modification (30) of the procedure described in Ref. 31. Briefly,
hepatocytes or HepG2 cells were cultured in 24-well plates (Costar) for 2 and

24 h, respectively. Thereafter, 200 /xl fresh medium containing mitoxantrone
in various concentrations ranging from 5 to 400 /IM were added to each well.
In addition, one-half of the cultures were treated simultaneously with metyra

pone (1 mM). After 4 and 9 h LDH activity in the medium was measured. The
total activity of LDH in the cells was also determined. At the end of the in
cubations with mitoxantrone hepatocyte viability was judged by staining with
trypan blue.

In Vivo Experiments

The experiments were performed in GÃ¶ttinger minipigs as described previ
ously (21, 32). Bile was collected for 5 h after application of the 13C-labeled
drug and was stored at -20Â°C. Extraction of bile (1ml) was performed on 1 ml

C|S-BondElut disposable solid phase columns (ict, Frankfurt, Germany). The
columns were washed with 5 ml 0.1 Mhydrochloric acid. Mitoxantrone-related

components were eluted with mcthanol:0.l M hydrochloric acid (2:3, v/v).
Methanol was removed by evaporation under reduced pressure and the result
ing aqueous solution was used for Chromatographie analysis.

High Performance Liquid Chromatography

The Chromatographie system consisted of a ternary SP 8800 HPLC pump
(Spectra-Physics, Darmstadt, Germany), a Gilson sample injector M231 with

a sample loop volume of 2 ml, and a Gilson dilutor model 401 equipped with
a 5-ml syringe (Abimed, Langenfeld, Germany). Multi-spectral detection was
carried out with a SpectraFocus fast-scanning LC spectrophotometer in the

high speed scanning mode with a step width of 5 nm and a spectral range of
370-800 nm (Spectra-Physics). Experience showed that the wavelength repro-

ducibility of the HPLC detector is within a limit of Â±1 nm. Acquired data were
processed by a SpectraFocus software (Spectra-Physics). Solvents were de
gassed on-line by SCM 400 vacuum degasser (Spectra-Physics). Separations
were performed on Supersher 60 RP-select B (4 /Â¿m)HPLC cartridges (250 X
4 mm; LiChroCart system; Merck) protected with a LiChrospher 60 RP-select

B guard column (5 firn; 4x4 mm; Merck).

Chromatographie Conditions

The solvent system consisted of 10 mM aqueous ammonium trifluoroacetate
[adjusted to pH 2.2 by addition of 500 /Â¿I/litertrifluoroacetic acid (solvent A)],
acetonitrile (solvent B), and dimethylformamide (solvent C).

Hepatocytes and HepG2 Cells. The starting composition was 78% solvent
A: 12% solvent B:10% solvent C (v/v). After 7 min the portion of acetonitrile
was ramped linearly to 55% within 10 min and maintained at this composition
for an additional 7 min. The next run was started after 20 min of equilibration.
The flow rate was maintained at 1 ml/min (solvent system 1).

Biliary Extracts. Analysis of biliary extracts was performed using espe
cially optimized gradient conditions. The gradient started at a composition of
82% solvent A:8% solvent B:10% solvent C (v/v). The portion of acetonitrile
was ramped linearly to 12% within 10 min followed by a further increase of the
acetonitrile portion to 40% solvent B for an additional 15 min. Late eluting
components were eluted with 55% solvent B during a time period of 10 min.
The flow rate was maintained at 1 ml/min (solvent system 2).

Quantitative Analysis. Quantitation was performed by running the spec
trophotometer in the high-speed scanning mode. The spectral range used was
370-800 nm. This range was scanned with a step width of 5 nm. Quantitation

OH

4 Details of the synthesis and spectroscopic characterization of the reference com

pounds arc prepared for publication.

MH

Fig. 2. Chemical structure of the naphthoquinoxaline metabolite of mitoxantrone (2).
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Fig. 3. HPLC chromatogram (solvent system I) of rat hepatocyte incubations. Cells
were lysed in the incubation medium and centrifuged at I4.IHK) X g; the supernatant fluid
was injected. A.U.F.S., absorbancc units full scale.

of mitoxantrone was performed by integration of the HPLC chromatograms at
a wavelength of 6ft() nm. Since the step width of the spectrophotometcr was 5
nm, metabolites with other light absorption maxima were quantitated at a
wavelength nearest to their most intense light absorption maxima and ex
pressed in molar equivalents of mitoxantrone. Standards were prepared by
dilution of Novantrone in 10 HIMaqueous ammonium trifluoroacetate (pH 2.2).
The standard curves were found to be linear in the range between 11 and
22,000 ng (correlation coefficient, 0.9999).

Mass Spectrometry

Mass spectrometric analyses were carried out using lonSpray ionization on
an API III triple quadrupole mass spectrometer (Sciex, Thornhill, Ontario,
Canada) on-line coupled to the HPLC system. The HPLC solvent flow was
split up by the use of a Milli-Mite needle valve (Series 1300; Hoke, Frankfurt,

Germany) into a capillary flow of about 5 /xl/min. To avoid a large dead
volume, the valve was used to control the flow through one outlet of a stainless
steel tee union placed directly after the outlet of the spectrophotometer. The
third outlet was coupled via a fused-silica capillary (100 /j.m inner diameter, 30

cm long) to the mass spectrometer. This arrangement allowed the detection of
a compound with a time delay of only 1-2 s between the registration of the

light absorption of the compound and the detection of the quasimolecular ions
of the same compound in the mass spectrometer. The operating parameters for
the measurements were as follows: lonSpray voltage, 4800 V; orifice voltage,
70 V. Mass spectral data were acquired and processed with a Sciex MacSpec
data system.

RESULTS

The HPLC analyses described in the present report are the first
assays allowing the Chromatographie separation of all metabolites
formed by oxidation of the substituted anthraquinone skeleton of
mitoxantrone. The separation conditions are, after adaptation of the
portion of organic modifiers, also applicable to samples containing
structurally related compounds like anthrapyrazole derivatives (data
not shown). An important advantage of the analysis is its compatibility
with the most frequently used on-line coupling methods to mass
spectrometry. Thermospray ionization, continuous-flow fast atom

bombardment, and lonSpray ionization are directly applicable since a
volatile buffer is used.

Incubation with Rat Hepatocytes. Due to the blue color of the
drug it was possible to observe the distribution of the drug in the
cultured cells. In accordance with reports using rat, rabbit, and human
hepatocytes a rapid uptake of mitoxantrone into the cells occurred (33,
34). The microscopic observation of the cells showed compartmen-
talization of the drug into small blue-dyed vesicles.

HPLC analyses of the cell extracts obtained after lysis in the mi
toxantrone containing incubation medium showed the presence of
several metabolites of the drug (Figs. 3 and 4). Identification of the
components as drug-related material was achieved by acquisition of
UV-VIS spectra of the peaks during the HPLC analysis. The UV-VIS

spectra of component 3 and of mitoxantrone are shown in Fig. 5. The
data related to the various components are summarized in Table 1.
The two metabolites resulting from side chain oxidation of mitoxan
trone, the di- and monocarboxylic acid derivatives 7, 8 (Fig. 6), pro

duced by rabbit and human hepatocytes were not formed in rat
hepatocytes (21, 33).

Metabolites 3, 4, and 5 were identified as the glutathione, cystein-

ylglycine, and cysteine derivatives of mitoxantrone, respectively (Fig.
9). Substitution of mitoxantrone took place at position 2 of the an
thraquinone moiety of the molecule. The assignments were derived
from the coelution of independently synthesized reference com
pounds4 added to the sample. Fig. 4 demonstrates the coelution of

2-(L-cysteine-S-yl)mitoxantrone 5 with the metabolite formed in rat

hepatocytes. Furthermore, the reference compounds and the cell lysate
components showed identical UV-VIS spectra and finally, HPLC-MS

coupling allowed the elucidation of the molecular mass of compound
3, a further convincing confirmation for the proposed chemical struc
ture of the glutathione derivative of mitoxantrone (Figs. 7 and 8). The
structure of metabolite 6 is proposed on the basis of its molecular mass
obtained unequivocally by HPLC-MS coupling. Additionally, the UV-

VIS data of metabolite 6 supported its identification as a thioether
conjugate of mitoxantrone. The biotransformation pathway leading to
the formation of the metabolites and the chemical structures of the
metabolites 3-6 are shown in Fig. 9.

The time-dependent formation of the thioether metabolites and of

the naphthoquinoxaline derivative 2 during the incubation is shown in
Figs. 10 and 11. Quantitation was performed after cell lysis in the
incubation medium and subsequent centrifugation to remove cell de
bris. The recovery for mitoxantrone was determined to 59.9 Â±3.3%
(SD) at the beginning of the incubations. Efforts to augment the
recovery by further extraction of the precipitated cell debris by addi
tion of acetonitrile:0.1 M hydrochloric acid (50:50, v/v) led to about
30% additional recovery of mitoxantrone. However, the portion of
metabolites in these fractions was very small indicating a minor non
specific adsorption of the metabolites to cellular proteins. The de
crease of the concentration of mitoxantrone corresponded well with
the formation of the metabolites. Assuming similar molar extinction
coefficients of the metabolites and of mitoxantrone the quantitation
results indicate that up to 5.8% of the applicated drug have been
activated by oxidation and have been detoxified by glutathione con-

0.0150

0.0116

g
II
4

0.0082

|2 0.0048

ID
4!

0.0014

-0.0020
000 2.00 4.00 6.00

Time (min)
8.00 10.00

Fig. 4. HPLC chromatogram of the cell lysate after 24 h incubation ( ) and
superposition of the chromatogram of the same sample spiked with synthesized
2-(L-cysteine-S-yl)mitoxantrone 5 ( ). A.U.F.S, absorbance units full scale.
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Fig. 5. Typical UV-VIS spectrum of metabolite 3 (â€”

/20

-) and of mitoxantronc 1

enee during a 4-h incubation period (Fig. 14), while at 400 /MMap

proximately 50% of the hepatocytes were killed. After 9 h of incuba
tion an increasing number of hepatocytes were affected. About 20% of
the hepatocytes were already killed at a concentration of 25 /UM,but at
10 jam values were still not significantly different from controls.

In the presence of 50 /MMmetyrapone the hepatocytes were com
pletely protected within the 4-h incubation period and only an insig

nificantly small increase was found for the higher concentrations of
mitoxantrone after 9 h of exposure (Fig. 14). These results indicate
that the cytotoxicity of mitoxantrone is dependent upon metabolism
by cytochrome P-450 isoenzymes. It should be noted that the presence

of metyrapone also lowered the small LDH leakage of control cul
tures.

Incubation of Human HepG2 Hepatoma Cells. After 24 h incu
bation with mitoxantrone the cell lysates of HepG2 cells contained
only 2-(L-cysteine-5-yl)mitoxantrone 5. In contrast to rat hepatocytes

the thioether metabolites 3 and 4 were not detectable.

Table 1 Assignments and UV-VIS Â¡lalaof the metabolites delected in rat hcpalocytes

Compound/:3456Retention time(min)15.618.28.77.25.610.8Amax(nm)661631674674672673Amax(nm)610583619619619620Amax(nm)560545570570571)570

R,=R2= COOH, R3= H l

R,= CH2OH, R2= COOH, R3= H 8

R,=R2= CHjOH, R3= glucuronic acid 3

Fig. 6. Chemical structures of ihe momx'arboxylic acid, dicarboxylic acid, and gluc-

uronic acid metabolites of mitoxantrone.

jugation or intramolecular cyclization. A consumption of about 20%
of the mitoxantrone used within 19 h of incubation may indicate a
higher rate of oxidation as represented by the occurrence of the
oxidation-related metabolites. The reaction of intracellularly formed

quinone or quinonediimine intermediates with further intracellular
nucleophilic components may be the reason for the difference.

Our study of the concentration-dependent formation of the thioether

metabolites in rat hepatocytes showed an almost linear decrease up to
concentrations of 150 P.M.At concentrations above 150 /MMno for
mation of metabolites could be detected. This relationship indicates
that increasing concentrations of mitoxantrone lead to an increasing
cytotoxicity during the incubation resulting in a decreased formation
of metabolites (Fig. 12).

The addition of metyrapone, an inhibitor of cytochrome P-450

isoenzymes, to the cell incubations allowed establishment of the role
of these oxidases in the formation of the metabolites 2-6. The pres

ence of 1 mw metyrapone led to a 95% decrease of the formation of
these oxidation-related metabolites (Fig. 13).

Direct determination of the cytotoxic effect of mitoxantrone on rat
hepatocytes revealed that concentrations below 50 JLLMhad no influ-
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= 445151\I'

- -~A^-^/-0
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Fig. 7. HPLC chromatogram of rat hepatocyte cell lysate after incubation with mitox
antrone (top) and reconstructed ion chromatograms for the quasimnlecular masses of
2-(i.-glutathione-S-yl)mitoxantronc 3 ([M + H]'*'. m/z 750) and of mitoxantrone / (JM +
H]Â®,m/z 445).

100

75

50

25

864

750
10,737

m/z
800 900 1000

Fig. 8. lonSpray mass spectrum of the peak at 7.7 min. The peak at ml: 750 represents
Ihe quasimolecular mass of 3 ([M + H]e), while m/z 864 is assigned as a cluster ion of
the composition [M -t- H + CF.,COOH]e.
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Fig. 9. Metabolie pathway of mitoxantrone in cultured rat hepatocytes.

304

5 10
Time (h)

Fig. 10. Consumption of mitoxantrone (D), formation of 2 (A), and thioether metabo
lites 3-6 (A) during incubation of rat hepatocytes with 50 /Â¿Mmitoxantrone. Results are

expressed as means Â±SD (bars) of 3 independent experiments.

Determination of the cytotoxic effect of mitoxantrone on HepG2
cells revealed that these cells were less sensitive to this compound and
its metabolites. Even during a 9-h incubation period a significant

cytotoxic effect leading to the killing of about 20% of the cells was
found only at concentrations above 200 JUM(Fig. 15). As with rat

hepatocytes no cytotoxicity was observed in the presence of metyra-

pone. A small leakage of LDH was observed at concentrations of 400
JAMonly.

In Vivo Experiments with Minipigs. Biliary excretion of 2 mini-

pigs treated with mitoxantrone was investigated for detection of analo
gous metabolites of mitoxantrone. Fig. 16 shows the HPLC chromato-

gram of an extract of pig bile demonstrating the presence of the same
thioether derivatives described previously in rat hepatocytes. Addi
tionally, 4 metabolites, 2, 7, and 8 and the glucuronic acid derivative
9, already detected in pig urine were excreted in the bile. The forma
tion of these metabolites in pigs was reported by Blanz et ai. (21, 32).
The molecular masses of components 10-12 elucidated by HPLC-MS
coupling and the UV-VIS data are summarized in Table 2. The me
tabolites are proposed to be the L-cysteine-5-yl (10), L-cysteinylgly-
cine-S-yl (11) and i.-glutathione-S-yl conjugate (12) of the monocar-

boxylic acid metabolite of mitoxantrone. The chemical structures of
components 10-12 are shown in Fig. 17. Two isomers of each of the
metabolites 10-12 can be formed because metabolite 8 possesses an

unsymmetrical molecular structure. Since the oxidation of the side
chain does not affect the chemical property of the anthraquinone
substructure it seems to be very likely that both isomers will be
formed.

i

o,

Fig. 11. Time-dependent formation of mitoxantrone metabolites in incubations of rat

hepatocytes with mitoxantrone (50 Â¡Ã•M).Metabolite 2 (A), 3 (â€¢).4 (X), 5 (â€¢),6 (D).
Results are expressed as means Â±SD (bars) of three independent experiments.

50 100 150

Concentration of mitoxantrone (\M)

200

Fig. 12. Concentration-dependent formation of 2-(glutathione-.V-yl)mi(oxantrone 3 in

cultured rat hepatocytes after incubation with mitoxantrone.
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DISCUSSION

The HPLC analysis especially developed allows the separation of
all metabolites occurring during metabolism of the drug in rats. The
addition of 10% dimethylformamide to the solvent system improves
the peak shape of late eluting components significantly. With respect
to the suitability of the analysis for direct coupling of the HPLC
system to a mass spectrometer a volatile buffer salt was used.
HPLC-MS coupling was performed with lonSpray ionization which is

known to predominantly produce protonated molecular ions allowing
the determination of the molecular masses of the metabolites.

Recent investigation of the biotransformation of mitoxantrone led
to the discovery of the urinary metabolite 2 (21) generated by oxida
tion of the l,4-dihydroxy-5,8-bis-alkylamino-anthraquinone moiety of

mitoxantrone to an electrophilic intermediate followed by intramo
lecular nucleophilic attack of the secondary amino function in the side
chain (19-21, 35). However, in the presence of glutathione the inter-
molecular nucleophilic addition of the thiol group competes effec-

2

Fig. 13. Effect of metyrapone (1 HIM)on the formation of oxidation-related metabolites
of mitoxantrone (50 ^LM)in incubations of rat hepatocytes (n = 3). A, incubations in the
presence of I mM metyrapone; B. controls without metyrapone. Quantitation was per
formed l1) h after addition of mitoxantrone. Results arc expressed as means Â±SD (bars)

of three independent experiments.
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Fig. 14. Leakage of LDH from hepatocytes into the culture medium after exposure to
various concentrations of mitoxantrone in the absence (â€¢,â€¢¿�)or presence (O, D) of
metyrapone. Hepatocytes cultured for 2 h in medium containing 10% newborn calf serum
were washed extensively with saline and exposed to various concentrations in fresh
serum-free culture medium. Metyrapone (I mM) was added simultaneously to one-half of
the cultures. After 4 h (O, â€¢¿�)and 9 h (D, â€¢¿�)of incubation LDH activity was measured
in the culture medium as described in "Materials and Methods." Total LDH activity

present in the hepatocytes was also determined. Point*, means Â±SD (bars) of 4 deter
minations of a representative culture.
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Fig. 15. Leakage of LDH from HepG2 cells into the culture medium after exposure to
various concentrations of mitoxantrone in the absence (â€¢,â€¢¿�)or presence (O, d) of
metyrapone. HepG2 cells were subcultured for 24 h, washed extensively with saline, and
exposed to various concentrations in fresh serum-free culture medium. Metyrapone (l IHM)
was added simultaneously to one-half of the cultures. After 4 h (â€¢,O) and 9 h (â€¢,D) of
incubation LDH activity was measured in the culture medium as described in "Materials
and Methods." The total LDH activity present in the hepatocytes was also determined.

Points, means Â±SD (bars) of 3 determinations of a representative culture.
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Fig. 16. HPLC chromatogram (solvent system-2) of an extract of 100 /Â¿Ibile of a pig
treated with 5.2 mg/kg [4'-'3C]mitoxantrone. Identified metabolites are labeled.

Table 2 HPLC-MS and UV-VIS data of >3C-labeled metabolites 10-12

Compound/O

1112Retention

time(min)13:09

15:05
16:85Amax

(nm)671

674
674Molecular

mass(Da)565

636765

lively under formation of the thioether conjugates of mitoxantrone.
This clearly demonstrates the propensity of oxidatively activated mi
toxantrone to bind covalently to thiol groups of peptides. Furthermore,
similar reaction sequences could explain the covalent binding at still
undefined nucleophilic targets in isolated calf thymus DNA (23) and
the cross-links observed with plasmid-DNA (36). The horseradish
peroxidase-catalyzed oxidation was used for the synthesis of a mono-

and diglutathione derivative of mitoxantrone (21) and was also used
for the synthesis of the reference compounds of metabolites 3, 4, and
5 in the present report.

Rat liver cells are best suited to investigate the oxidation process
involving the anthraquinone chromophore of mitoxantrone since the
biotransformation of mitoxantrone is known to exhibit wide interspe-

cies variability (21, 33, 34). While human, pig and rabbit liver cells
favor the oxidation of the hydroxymethylene groups of the side chains
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OH O HN
COOH

Fig. 17. Proposed chemical structures of the thioether conjugates 10-12 of metabolite
8. R = i-cystcine-5-yl-, L-cysteinylglycine-S-yl-, or i.-glutathione-S-yl- in the case of 10,

II and 12. respectively.

(Fig. 6), biotransformation in rat hepatocytes takes place at the an-

thraquinone moiety of the drug and leads to the formation of metabo
lite 2 and to substantial amounts of polar metabolites with unknown
chemical structures (21, 34). The absence of the side chain oxidation
products 7 and 8 and consequently of secondary products from 7 and
8 formed by subsequent oxidation of the l,4-dihydroxy-5,8-bis-alkyl-
amino-anthraquinone moiety yields less complex product mixtures.

The expected glutathione derivative and its degradation products
have been detected unequivocally in rat hepatocytes, human HepG2
hepatoma cells and in the bile of pigs after treatment with mitoxan-

trone. Pig bile additionally contains the side chain oxidation products
7 and 8 which are also subject to the chromophorc oxidation leading
to further thioether conjugates. The structures of compounds 10-12
are proposed on the basis of HPLC-MS investigations which allow the

unequivocal determination of the molecular masses of these compo
nents. Thus far, ten metabolites of the drug have been identified in pig
bile. The structures of additional mitoxantrone-related components are

still unknown.
On the basis of conventional NMR spectra it was originally as

sumed that the glutathione residue enters the anthraquinone skeleton
at C-6 (21) during the oxidation process. A reinvestigation applying
the two-dimensional 'H-13C-heteronuclear multiple-bond connectiv

ity NMR technique now revealed that the S-atom of glutathione is
bound to C-2 leading to the revised structure 3. Thus, whereas the
intramolecular attack of the nucleophilic side chain N-atom on the
oxidized mitoxantrone takes place at position C-6 leading to com

pound 2, the corresponding reaction with external nucleophiles occurs
at the dihydroxy-substituted six-membered ring. This provides clear

indication that two different electrophilic species, A and fl, are in
volved as shown in Fig. 9. Both intermediates can be interconnected
by a tautomerie equilibrium (Fig. 18). In the tautomerA the intramo
lecular Michael addition of the side chain nitrogen is favored (neigh
boring group effect) over the attack of external nucleophiles. In con
trast no such competitive situation exists for the tautomcr B making
this intermediate a likely candidate for the intermolecular reaction
with nucleophilic compounds.

Although the results of the enzyme-catalyzed oxidation strongly

suggest that covulcnt binding may represent a further mode of action
of mitoxantrone and may contribute to its cytotoxicity, the intracellu-

lar oxidation of the chromophore has not been the subject of any
investigation. Our results provide clear evidence that the anthraqui

none moiety of mitoxantrone is oxidized in living animals, in liver
cells, and in a human carcinoma cell line. The oxidation of mitoxan
trone occurs as an enzyme-catalyzed process since the addition of
metyrapone, a well established inhibitor of cytochrome P-450 iso-

enzymes (37), nearly prevents the oxidative biotransformation of the
substituted anthraquinone system.

As is obvious from our cytotoxicity studies in rat hepatocytes and
HepG2 cells oxidative biotransformation seems to be responsible for
the cytotoxic potential of mitoxantrone. The complete loss of cyto
toxicity up to concentrations of 200 to 400 Â¿XMin the presence of
metyrapone indicated that mitoxantrone has a negligible effect by
itself. The lower cytochrome P-450 content of HepG2 cells compared

to rat hepatocytes may explain the differences in the sensitivity of
these two cell types. Our results are corroborated by the findings of
Duthie and Grant (25, 38) who also observed a complete loss of
cytotoxicity after inhibition of cytochrome P-450 in HepG2 cells,

although these authors noted cytotoxic effects at a much lower con
centration which might be due to different culture conditions. Taken
together, however, these results clearly demonstrate that the cytotox
icity of mitoxantrone on hepatocytes and HepG2 cells depends on
prior oxidation of the chromophore.

Hepatic toxicity of mitoxantrone is already mentioned in the litera
ture. Transient elevations of hepatic enzyme or bilirubin levels (39)
and a fulminant liver failure (40) are reported but it remains unclear
whether mitoxantrone or multiple factors including the combination
therapy with different anticancer drugs are responsible for the hepatic
side effects observed. The inherent hepatotoxicity of mitoxantrone in
mice was recently the subject of an investigation (41). The drug
induced a decrease of 39% in liver glutathione content 4 days after i.p.
injection of a single dose of 15 mg/kg thereby supporting our results
and revealed morphological damage such as cellular necrosis and
hydropic vacuolization.

Although evidence is presented in this report that oxidative activa
tion is the reason for the cytotoxicity of mitoxantrone in hepatocytes
it remains to be investigated whether this mechanism is also respon
sible for the antiproliferative effect of the drug in cells at pharmaco
logically relevant concentrations (0.1-1.0 JAM).Concentration depen

dent compartmentalization and the variable capability of oxidative
biotransformation of different cell lines may influence the contribu
tion of the oxidative activation to the pharmacological effect. These
therapeutically important aspects will be the subject of further inves
tigations in our laboratory.

Ametantrone is a structurally related anticancer drug lacking the
1,4-dihydroxy substituents at the chromophore. Its reduced cytotox

icity compared to mitoxantrone may indicate that the formation of
tautomer B may contribute significantly to the cytotoxic action of the
drug. Substitution of the alkylamino groups at the chromophore by
oxygen results in a loss of the cytotoxicity of mitoxantrone (42).
Although this effect may be attributed to a change of the lipophilicity
of the compound it may point to the requirement of the phenylenedi-

aminc substructure for the oxidation of the chromophore.

Fig. IS. Tautomeri/ation of oxidi/ed mitoxan-
tronc (R = CH:CH,NHCH2CH2OH).

o

H' "R O O. H" "R
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Glutathione conjugation may represent a pathway for resistance to
mitoxantrone at least in certain cell lines as was published recently by
Peters and Roelofs (43) who have shown that resistance to mitoxan
trone in Caco-2 human colon adenocarcinoma cells is related to in
creased activity in both class TTand class a glutathione S-transferases

whereas the p 170 glycoprotein level was only slightly higher. The
development of glutathione-dependent resistance provides further evi

dence that the oxidative activation may be a relevant mode of action.
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