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Abstract—Transport of radiolabeled mitoxantrone, a new antineoplastic agent, was studied using
cultured mouse L1210 leukemia cells. The initial velocity of influx remained linear for about 90 sec and
was 110 pmoles/10° cells measured at 60 sec. The steady-state accumulation of about 480 pmoles/10°
cells was not reached until 30 min. The unidirectional drug influx was linear from Q0 to 1000 uM
extracellular drug concentration. The initial uptake was relatively temperature independent between
37° and 27°, but accumulation at steady state was 17% lower at 27°. None of six metabolic inhibitors
had an appreciable effect on initial uptake. Efflux was initially exponential with a half-life of 2.8 min;
this efflux and the residual drug concentration plateau were not affected by KCN or verapamil. Under
steady-state conditions, about 86% of the cell-associated label was contained in parent drug and the
remainder in an unidentified metabolite. These studies indicate that the mechanism of mitoxantrone
uptake is passive diffusion. The efflux is not energy requiring, but there is considerable tight binding of

the drug to cellular structures.

Mitoxantrone (1,4-dihydroxy-5,8-bis[(2-((2-hydrox-
yethyl)amino)ethyl)amino] 9,10-anthracenedione;
dihydroxyanthracenedione) is a synthetic [1, 2] anti-
cancer drug which binds to DNA and RNA [3] and
interferes with nucleic acid synthesis [2]. DNA topo-
isomerase II has been implicated in the mechanism
of action [4]. Mitoxantrone was of particular early
interest because it showed differences in activity
in a broad spectrum of animal tumor models as
compared to doxorubicin [5]. It is currently under-
going clinical trials especially in advanced breast
cancer, malignant lymphoma and acute leukemia.

There is limited information available regarding
its cellular pharmacology. It is taken up by human
colon carcinoma cells in vitro, and uptake is not
affected by dinitrophenol or by the calcium channel
blocker verapamil [6]. A resistant subline has less
drug retention as compared to a sensitive line, and
this is not due to differences in efflux {6]. Another
study reported the uptake of mitoxantrone by mouse
L-cells using spectrophotometry [7]. Uptake was a
function of time (earliest time point of 5 min) up to
about 20 min where it plateaued, and it was a func-
tion of concentration between 5 and 20 uM. When
the cells were permeabilized with 0.1% Triton X-
100, the uptake increased by about 60%. They con-
cluded that cellular uptake is a major factor which
determines biological activity of this drug.

No detailed investigation of the mechanism of
cellular drug uptake has been reported. Because of
the potential clinical importance of the drug, we
undertook a study to determine the basic mechanism
of drug transport.
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MATERIALS AND METHODS

L1210 murine leukemia cells were grown and
maintained in suspension culture at 37° in medium
consisting of RPMI 1640 (Grand Island Biological
Co., Grand Island, NY), 5% fetal bovine serum
(Hazleton Research Products, Denver, PA) and
gentamicin sulfate (40 ug/ml) in 2 humid atmosphere
of 5% CO0;:95% air. These cells were originally
obtained from Dr. David Vistica of the National
Institutes of Health. Cells were harvested during
exponential growth phase and were resuspended in
balanced salt solution (BSS; 132 mM NaCl, 16 mM
Na,PO,, 5 mM KCl, 1 mM MgSQOy,, 5.6 mM glucose,
pH 7.4) for transport studies.

[*C]Mitoxantrone was supplied by Dr. B. M.
Silber, American Cyanamid Co., Pearl River, NY.
It was received as a powder (40 Ci/mole) and was
constituted with distilled water and frozen at —70°
in aliquots until use. Purity after thawing and just
prior to use was 99% as determined in our laboratory
using high performance liquid chromatography
(HPLC) [8].

Transport studies were performed by modification
of techniques previously described from our labora-
tory [9, 10]. Studies were carried out in small vessels
containing 1 x 10%cells in 0.5 ml BSS. After tem-
perature equilibration, [!*C]mitoxantrone was
added. In some experiments unlabeled drug was
added to adjust the concentration. At the ter-
mination of incubation, the cell suspension was trans-
ferred to small tapered centrifuge tubes at 0° con-
taining 0.25 ml n-butyl phthalate—corn oil (2.75:1,
v:v) layered beneath 0.3 ml BSS. Rapid separation
of the cells from incubation medium was
accomplished by centrifugation immediately at
15,600 g for 30 sec in an Eppendorf 5412 centrifuge.
The supernatant fraction was then aspirated, and the
tip of the 1.5-ml tapered microfuge tube containing
the cell pellet was severed and placed in a scin-
tillation vial containing 0.5 ml Soluene-350 (Packard
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Instruments Co., Downers Grove, IL). Neutralizer
scintillation mixture (Research Products Interna-
tional, Elk Grove Village, IL) was added, and radio-
activity was determined using a Beckman LS3133T
scintillation spectrometer. Drug uptake at each con-
centration was corrected for rapid association with
the plasma membrane which was estimated by meas-
uring cell association of [**C]mitoxantrone at 0° in a
time interval of less than 3 sec.

The effects of six metabolic inhibitors on drug
uptake were studied by incubating the cells with the
inhibitor for 10 min at 37° prior to the addition of
[**C]mitoxantrone. These uptake studies with inhibi-
tors were performed in phosphate-buffered saline
without glucose.

Efflux studies were performed using 11210 cells
preloaded with ['*C]mitoxantrone (4 M, 30 min,
37°), which were then rapidly chilled and washed at
0°. They were resuspended in BSS at 37° to initiate
efflux. Aliquots removed prior to efflux were used
to estimate initial intracellular drug concentration.

The determination of intracellular metabolites was
done by incubating cells with ['*C]mitoxantrone for
30min at a 4 uM concentration of drug. The cells
were then rapidly chilled at 0°, washed with ice-cold
BSS, and disrupted in one of three ways: (a) osmotic
lysis by adding water at 0° for 20 min; (b) adding ice-
cold n-butanol to extract mitoxantrone bound to
DNA [11]; (c) adding ice-cold 10% trichloroacetic
acid. We then analyzed the supernatant fractions by
HPLC to determine the percentage of mitoxantrone
and metabolites. HPLC analysis was performed
using a modification of reported methods [8]. The
apparatus consisted of a Beckman model 110B deliv-
ery module, a 420 controller and a 210A sample
injection valve. A Vydac TP 10 micron reverse phase
column (particle size 40 um; 25 cm X 4.6 mm i.d.)
preceded by an Uptight (Upchurch Scientific Co.,
Oak Harbor, WA) guard column packed with pel-
licular C,g was used for analysis. Samples containing
[*C]mitoxantrone were spiked with cold drug and
were then eluted isocratically with acetonitrile-0.2 M
ammonium acetate (25:75), pH 4.0, at a flow rate of
1 ml/min. Drug elution was detected on a Beckman
163 Variable Wavelength Detector at 658 nm and
recorded on a 3390A Hewlett-Packard integrator.
Fractions were collected, and radioactivity was deter-
mined. In all studies, results were evaluated using a
two-tailed t-test and were considered significant at
P <0.05.

RESULTS

Time course of mitoxantrone uptake. A time course
of uptake of 4 uM [1*C]mitoxantrone by L1210 cells
in vitro is shown in Fig. 1. After initial rapid binding,
the early uptake was approximately linear for 90 sec
(inset). Accordingly, later kinetic experiments were
conducted using time intervals of 60 sec so that only
unidirectional drug influx was measured. The initial
velocity of influx measured at 60 sec was 110 pmoles/
108 cells. The slope of the linear regression analysis
was 56.35 pmoles/10° cells per min. Uptake entered
a steady-state phase of intracellular accumulation
of about 480 pmoles/10° cells which began at about
30 min and persisted to at least 120 min.
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Fig. 1. Time course of mitoxantrone uptake by L1210 cells
at 37°. Cells were incubated with 4 uM ['*C]mitoxantrone
in balanced salt solution. At the termination of incubation,
the cells were rapidly separated by centrifuging through an
oil layer, and radioactivity of the cell pellet was determined.
Each point represents the mean of six experiments. The
inset shows uptake at multiple time points prior to 90 sec.
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Fig. 2. Relationship of influx and extracellular con-
centration of mitoxantrone. Cells were incubated at various
concentrations using a 60-sec initial uptake time. Each
point is the mean of five experiments and is corrected
for rapid binding. The equation for the linear regression
analysis is Y = 32.2X + 22.2 (r = 0.999).

Rapid association of drug to cell membrane
occurred and was evident by extrapolation of the
time~course curve to the y-axis (Fig. 1, inset). This
calculation yielded a value of 50 pmoles/10° cells.
The temperature-independent rapid binding can also
be estimated by determining uptake at 0° at as short
a time point as technically feasible. Such a deter-
mination yielded a value of 44 pmoles/10)° cells
which is similar to the calculated value. In all kinetic
experiments, a 0° rapid value was determined exper-
imentally at each concentration and subtracted from
the total uptake in order to estimate intracellular
uptake.

Kinetic analysis of mitoxantrone influx. The 60-sec
unidirectional influx of mitoxantrone was measured
over a concentration range of 1-44 uM (Fig.2). There
is approximate linearity (r = 0.996) in this range,
which encompasses the pharmacologic clinical
plasma concentrations [12], estimated tissue con-
centrations [13], and concentration in effusions after
intraperitoneal injection [12]. The line passes



Mitoxantrone transport by leukemia cells 859

350 -

300 -
250 |-
200 |-
150 |

pmole/108 cells

100 a37c

a27c

50 ®0c
0 1 L Il [ Fl -

0 10 20 30 40 50 60

Time (min}
Fig. 3. Effect of temperature on mitoxantrone uptake.
L1210 cells were incubated with 4 yM mitoxantrone at
various temperatures. Points are the mean of triplicate
determinations in a representative experiment.

through the origin, suggesting that there is no unde-
tected high-affinity system that is saturated at the
lowest concentrations used.

Uptake was determined over a wider concen-
tration range (1, 10, 100, 250, 500, 800, 1000 uM) in
selected studies. For these observations a time of
20 sec was selected in order to measure unidirectional
drug influx at these higher concentrations. Studies
were performed at both 37° and 0°, the latter to
slow uptake and maximize any chance of observing
saturation kinetics. At both temperatures, mitox-
antrone uptake was a linear function of concentration
up to the highest concentration studied (1 mM).

Temperature sensitivity of mitoxantrone influx.
Rate of unidirectional influx at 60 sec was not tem-
perature sensitive between 37° and 27°. In contrast,
when drug accumulation at steady state was
examined, there was appreciably less intracellular
mitoxantrone at lower temperatures (Fig. 3). This
could be due to less binding to intracellular structures
at 27° and 0° as compared to 37°.

Effects of metabolic inhibitors on mitoxantrone
uptake. The effects of metabolic inhibitors on mitox-
antrone influx by L1210 cells are shown in Table 1.
Cells were preincubated with the inhibitor for 10 min
prior to the addition of labeled drug. No inhibitor
had an appreciable effect on drug uptake.

Efflux of exchangeable mitoxantrone. We next
examined the rate of efflux of mitoxantrone from
L1210 cells that were preloaded with drug. Initial
efflux was rapid at 37° and was approximately
exponential for the first 60 sec (apparent first-order
rate constant = 4.1 X 1073-sec™!) with a half-life of
2.82 min (Fig. 4). It then decreased rapidly, and only
30% had effluxed during the first 5 min; there was a
subsequent plateau at about 50% retention. After
30 min the efflux becomes negligible, indicating that
a major component of intracellular drug was tightly
bound. This irreversible binding roughly correlated
with retention of 43% radioactive label in the pre-
cipitate after 10% trichloroacetic acid treatment.
The rate of efflux and plateau were not affected by
16 uM verapamil (Fig. 4) or 0.1mM KCN (48%
retained at 60 min). At 0° there was slow efflux; only
about 17% of the drug had effluxed at 60 min (Fig.
4).

Table 1. Effects of metabolic inhibitors on [**C]mitox-
antrone influx by L1210 cells in vitro

Concentration of Percentage of

inhibitor control
Inhibitor (mM) (%)

Tunicamycin 0.012 1329
Antimycin A 0.01 101+9
Verapamil 0.016 9% = 6
Todoacetic acid 1.00 95+7
KCN 0.10 934
NaF 10.00 87*6

Cells were preincubated with inhibitor in glucose-free
medium for 10 min at 37°, and then 5 M [**C]mitoxantrone
was added and the 60-sec uptake was determined. Values
are expressed as a percentage of influx in the absence of
inhibitor and are the mean of three to six determinations.
All are corrected for rapid binding. The absolute values
for uptake in the controls ranged from 120 to 200 pmoles/
10° cells/min in this series of inhibitor experiments.
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Fig. 4. Efflux of mitoxantrone. L1210 cells were incubated
with 4 uM [*C]mitoxantrone for 30 min at 37°. Cells were
then chilled to 0° and washed. Efflux was measured by
determining residual radioactivity after various times at 37°
or 0°. For some studies, efflux was measured at 37° in the
presence of 16 uM verapamil.

Intracellular metabolism of mitoxantrone. 11210
cells were preloaded with ['*C]mitoxantrone and
washed at 0°. The cells were treated with one of the
following to release drug: cold distilled water, 10%
trichloroacetic acid or n-butanol for 20 min. The
soluble fractions containing released drug were
obtained by centrifugation (1000 g for 15 min) and
contained 37% (water), 57% (trichloroacetic acid)
or 71% (n-butanol) of the recovered radioactivity
respectively. Each supernatant fraction was spiked
with cold mitoxantrone and analyzed by HPLC.
Regardless of the treatment used to release drug
from the cells, the majority of the radioactivity co-
eluted with mitoxantrone at 3.8 min (n-butanol 84%,
trichloroacetic acid, 87%, water 85%). In each there
was a second labeled compound detected at about
10 min. It contained 13-16% of the radioactivity and
likely represented a mitoxantrone metabolite.

DISCUSSION

Unidirectional influx of mitoxantrone was rela-
tively slow, reaching steady-state conditions after
about 30 min. The process by which the drug entered
the 11210 cells was nonsaturable when analyzed over
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the pharmacologic range of drug concentration (1-
1000 uM) used in this study. This suggests that the
mechanism of uptake was passive diffusion; the find-
ings that transport was not impeded by a wide choice
of metabolic inhibitors and was only partially tem-
perature dependent are consistent with diffusion.
Other anticancer drugs such as nitrosoureas [14],
chlorambucil [15], busulfan [16], procarbazine [17],
hexamethylmelamine [18] and hydroxyurea [19]
enter by such a mechanism.

An alternative argument could be made that the
uptake of the mitoxantrone was by facilitated diffu-
sion. The drug binds to cellular components within
the cell, and this may facilitate diffusion across the
membrane. In fact, concentration studies below the
K,, of such a process would give results suggestive
of passive diffusion. We believe that the data best fit
passive diffusion for the following reasons: (1) The
uptake of drug as a function of concentration
remained linear over a broad concentration range up
to 1 mM. This concentration was 500-fold greater
than that achieved in the plasma of humans after
intravenous injection and 10- to 20-fold greater than
that in peritoneal fluid after intracavitary injection
of mitoxantrone [12]. (2) The temperature depen-
dence of the uptake of mitoxantrone was limited as
compared to other drugs which are taken up by
facilitated diffusion such as cytosine arabinoside and
5-fluorouracil [20, 21] and more like that of drugs
transported by passive diffusion such as procar-
bazine, busulfan, chlorambucil or hydroxyurea
[15-17,19].

Although we did not determine intracellular drug
concentration directly, we can estimate the amount
of drug available to cytosol. With an intracellular
water of 0.247 ul/10% L1210 cells [22], it can be
calculated from our results that intracellular mitox-
antrone concentration is 3.8 uM at steady state in
medium containing 4 uM drug. This cell to medium
drug concentration ratio of near unity is compatible
with influx by passive diffusion. If this estimation is
correct, it also suggests that there is no appreciable
electrochemical gradient for exchangeable drug
across the cell membrane. However, it should be
noted that the calculation does not take into account
the fact that a portion of the mitoxantrone was not
in true aqueous solution.

Efflux of exchangeable drug was rapid for about
60 sec, but then the rate quickly decreased and about
half of the intracellular drug remained within the cell
even after 60 min. The lack of effect of KCN and
verapamil suggests that the mechanism of efflux is
not energy requiring. An appreciable proportion of
cellular [*C]mitoxantrone was trichloroacetic acid,
water or n-butanol insoluble so it may be bound to
cellular structures. The exact nature of the binding
of mitoxantrone is not known. It is fairly tight as
suggested by failure to solubilize all of the radio-
activity after precipitation of nucleic acids and pro-
teins by trichloroacetic acid. The non-exchangeable
drug is likely non-covalently bound to DNA or other

macromolecules. In this regard, Taylor et al. [23]
have demonstrated that aminoanthraquinones bind
to two distinct low molecular weight macromolecular
lipids of L1210 cells. The cell-associated drug may
be binding to one or both such macromolecules. Two
binding sites with different affinities may relate to
the partial retention demonstrated in efflux studies
or the temperature-dependent uptake.
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