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ABSTRACT. We reported previously that doxorubicin, an anticancer agent that has an anthracycline structure, alters Ca®* releasing and
uptake mechanisms in the sarcoplasmic reticulum of myocardial cells. These effects of doxorubicin are apparently related to its car-
diotoxicity. Mitoxantrone is a similar anticancer agent with an anthracenedion structure that has been shown to be significantly less car-
diotoxic. In the present study, the effects of mitoxantrone on the functions of the sarcoplasmic reticulum were examined in isolated
muscle preparations obtained from the guinea-pig heart. In electrically-stimulated left atrial muscle preparations, incubation in vitro for
4 hr with 30 or 100 uM mitoxantrone significantly prolonged the time to the peak of twitch tension, markedly increased the developed
tension observed at lower stimulation frequencies, thereby attenuating the slope of positive force-frequency relationships, and increased
the postrest contraction observed after a 60-sec quiescent period. In myocytes isolated from ventricular muscles, 30 UM mitoxantrone
increased the peak and the size of intracellular Ca®* concentrations ([Ca?*]i), and prolonged the time to peak [Ca**}i. In skinned muscle
fiber preparations obtained from the left ventricular muscle, 30 uM mitoxantrone significantly increased the caffeine-induced contraction
without affecting the Ca?* sensitivity of contractile proteins. These results suggest that mitoxantrone enhances Ca?* release from the sar-
coplasmic reticulum in isolated atrial muscle preparations obtained from the guinea-pig heart. Apparent enhancement of the sarcoplasmic
reticulum functions, in contrast to anthracyclines that has been shown to suppress these functions, seems to explain the relative lack of
marked cardiotoxicity of mitoxantrone.

KEY WORDs: caffeine-induced contraction, Ca?* release and uptake by sarcoplasmic reticulum, inotropic effects, intracellular Ca®* concen-

tration, mitoxantrone.

Anthracyclines are efficacious anti-tumor agents; how-
ever, their clinical usefulness is limited by serious car-
diotoxic effects. Mitoxantrone, an anthracenedion
derivative, has been synthesized in an attempt to develop an
agent that has a reliable anticancer activity without the com-
promising cardiotoxic effects [9, 35].

Human as well as animal studies demonstrated that the
cardiotoxic effects of mitoxantrone are significantly less
severe at clinically equivalent anticancer doses compared to
those observed with anthracyclines [2, 9, 11, 13, 20, 22, 33].

We reported previously [7] that in vivo treatment of rats
with doxorubicin results in a prolongation of the time to the
peak of twitch tension, a reduction of the developed tension
observed at lower stimulation frequencies and an attenua-
tion of the postrest contraction (contraction that is evoked
by the first stimulus after a brief quiescent period) observed
in electrically-stimulated heart muscle preparations
obtained from the drug-treated animals. These changes
developed slowly with time after intravenous injections of
doxorubicin. The results show that doxorubicin causes an

* CorrRESPONDENCE TO: TeMMA, K., Laboratory of Toxicology,
School of Veterinary Medicine, Kitasato University, 35-1,
Higashi 23-bancho, Towada-shi, Aomori 034-8628, Japan.
e-mail: temma@vmas.kitasato-u.ac.jp .

**PRESENT ADDRESS: CHUGUN, A., Department of Pharmacology,
School of Medicine, Juntendo University, Tokyo 113-8421,
Japan.

J. Vet. Med. Sci. 70(3): 255264, 2008

irreversible myocardial dysfunction. The impairment of the
Ca?* handling mechanism of the sarcoplasmic reticulum is
apparently the cause of myocardial dysfunction and hence
the doxorubicin-induced late (chronic) cardiotoxicity.

It has been reported that the time to the peak of twitch ten-
sion depends primarily on the rate of Ca?*-uptake by the sar-
coplasmic reticulum [5], whereas the size of muscle
contractions observed at lower stimulation frequencies [1,
17,21, 24, 25, 277] or the postrest contraction [4, 27] depends
on the Ca?* release from the sarcoplasmic reticulum. Con-
sistent with these concepts, we observed that doxorubicin-
treatment of the rat results in a significant reduction of the
caffeine-induced contraction in skinned muscle fiber prepa-
rations, although Ca?* sensitivity was unchanged [7].

Similar changes, namely the prolongation of the time to
the peak of twitch tension and the reduction of postrest con-
traction were observed in heart muscle preparations isolated
from non-drug-treated rats or guinea pigs, and exposed a rel-
atively long period to doxorubicin in vitro [10, 18, 29].
These results indicate that cardiac dysfunctions produced by
doxorubicin in vitro resemble those induced by the treat-
ment of animals in vivo.

In the present study, the effects of mitoxantrone on the
Ca?* releasing mechanism of the sarcoplasmic reticulum
were examined from changes in the force-frequency rela-
tionships and the postrest contractions using isolated
guinea-pig heart preparations exposed in vitro to mitox-
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antrone for a relatively long period (4 hr). In addition, the
effects of mitoxantrone on the Ca?*-sensitivity of the con-
tractile proteins and on the Ca®*-releasing mechanism of the
sarcoplasmic reticulum were examined using skinned fiber
preparations. Further, in order to directly examine whether
mitoxantrone increase intracellular Ca®>" concentrations
([Ca**i), the [Ca®*]i were estimated in fura-2 loaded ven-
tricular myocytes.

MATERIALS AND METHODS

Animals: Male Hartly guinea pigs obtained from Japan
SLC Inc., Hamamatsu, Japan, were used. The animals were
housed 3 per cage and maintained in a room with a constant
temperature (at 25 + 1°C), humidity (60 = 10%) and lighting
conditions (the lights were on between 8 a.m and 8 p.m), and
were fed a standard laboratory chow.

All protocols in this study were approved by the Institu-
tional Animal Care and Use Committee at Kitasato Univer-
sity and in accordance with the Guide for the Use of
Laboratory Animals issued by the United State Department
of Health and Human Services.

Cell membrane-intact atrial muscle preparations: Male
Hartly guinea pigs (350-450 g) were anesthetized with pen-
tobarbital sodium (50 mg/kg, intraperitoneal injection). The
hearts were rapidly removed and perfused with a modified
Krebs-Henseleit bicarbonate buffer solution (NaCl, 118
mM; NaHCO,, 27.2 mM; KCl, 4.8 mM; KH,PO,, 1.0 mM;
CaCl,, 1.2 mM; MgSO,, 1.2 mM; glucose, 11.1 mM)
through the aorta using a Langendortf apparatus for 5 min to
remove visible blood. The buffer solution was saturated
with a 95% O,/5% CO, gas mixture and maintained at 30°C
(pH 7.4). After all visible blood was removed from the
heart, strips of the left atrial muscle were excised, and verti-
cally suspended in a chamber containing 20 m/ of the above
oxygenated buffer solution. The atrial muscle preparations
were electrically stimulated at 2 Hz with square-wave pulses
of 3-msec duration at a voltage approximately 30% above
the threshold. A pair of platinum electrodes was used for
electrical-field stimulation. Isometric force of contraction
was continuously recorded using a force displacement trans-
ducer (TB-651: Nihon Kohden, Tokyo, Japan) and a pen
recorder (WI621G: Nihon Kohden, Tokyo, Japan) with the
resting tension adjusted to 1.0 g [7, 29]. After a 90- to 120-
min equilibration period with 2-Hz stimulation, the stimula-
tor was turned off for 60 sec. The first contraction, observed
when the 2-Hz electrical stimulation was resumed, was
recorded as the postrest contraction, and the force-frequency
relationship was examined 20 min later. Subsequently,
mitoxantrone or 20 ul of double distilled water for the vehi-
cle was added to a 20-m!/ incubation solution when the
developed tension observed at 2-Hz stimulation was stabi-
lized about 10 min later. The postrest contraction was
examined again following 4-hr incubation with mitox-
antrone, and the force-frequency relationship was examined
20 min later. The effects of doxorubicin on the force of con-
traction were observed at 2-Hz stimulation by adding 100

UM doxorubicin (final concentration) to the incubation
medium after a 90- to 120-min equilibration period.

Measurements of [Ca?*]i concentrations

Single cell isolations: Myocytes were isolated from ven-
tricular muscle of guinea-pig hearts using collagenase (0.66
mg/ml) as described previously [30, 31]. The myocytes
were loaded with fura-2 by incubating at 37°C for 30 min in
a HEPES buffer solution containing 1.5 uM fura-2/AM and
bovine serum albumin (20 mg/m/). The myocytes were
washed 3 times to remove extracellular fura-2/AM, and
stored at room temperature (18-23°C) under a continuous
stream of 100% O, until use.

Recording of [Ca®*]i: The methods used to record and
analyze [Ca®*]i in fura-2 loaded myocytes were almost the
same as those previously described [32, 33]. In this study, a
CCD camera with the picture elements vertically reduced to
one fourth (slit-scan video camera; C-2400-77, Hamamatsu
Photonics, Hamamatsu, Japan). This camera is capable of
recording fluorescence images at 4-msec intervals. Myo-
cytes were placed in an open chamber with a thin quartz-
glass bottom (0.2 m!/ in volume) on the stage of an inverted
epifluorescence microscope (Nikon TMD, Nihon Kogaku,
Tokyo, Japan), and were superfused at a flow rate of 0.1 ml/
min with a modified Krebs-Henseleit bicarbonate buffer
solution (described above) with 2.5 mM sodium pyruvate.
Myocytes were electrically stimulated at 1.5 Hz at 30°C by
means of a pair of platinum electrodes for electrical field
stimulation.

The ratio of fluorescence intensities observed at 340 and
380 nm excitation (340/380 nm) in an entire myocyte was
analyzed using an Argus-50 system (Hamamatsu Photonics,
Hamamatsu, Japan) after subtracting the background. In
this recording system, 30 uM mitoxantrone did not change
the fluorescence ratio.

The [Ca®*]i in myocytes was estimated from the calibra-
tion curves for Ca** concentration constructed using a Ca**-
EGTA buffer solution containing 22 nM to 2.36 uM CaZ*
(pCa 7.66 t0 5.63) plus 10 uM fura-2 pentapotassium salt, as
described earlier [30, 31].

Skinned fiber preparations

Skinned fiber preparations for caffeine-induced contrac-
tion studies: Skinned fibers were prepared from the left ven-
tricular muscle of the guinea-pig heart using the method
described by Chugun et al. [7]. Briefly, muscle fibers (2-3
mm long, 100-200 um wide) were dissected from the left
ventricular muscle. One end of the muscle fiber was fixed
to a tungsten rod (diameter 300 um) and the other end was
attached to an L-shaped tungsten bar connected to an iso-
metric transducer (TB-651T: Nihon Khoden, Tokyo, Japan).
The muscle fiber preparations were set horizontally in a
100-ul incubation chamber which was placed on the stage of
an inverted microscope (IX 70: Olympus, Tokyo, Japan),
and were incubated with a low concentration of saponin (50
ug/ml) for 30 min at 24°C in the relaxing solution contain-
ing 20 mM 3-(N-morpholino)-2-hydroxypropanesulfonic
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acid (MOPS), 2 mM (b-aminoethyl-ether)-N, N, N’, N’-tet-
raacetic acid (EGTA), 4.3 mM Na,ATP and 5 mM Mg-
methanesulfonate. This procedure completely disrupts cell
membranes without altering membrane functions of the sar-
coplasmic reticulum or the mitochondria [7, 16].

After the skinning procedure, skinned fiber preparations
were incubated in the presence or absence of 30 M mitox-
antrone for 15 min in the relaxing solution containing 20
mM MOPS, 2 mM EGTA, 4.3 mM Na,ATP, 5 mM Mg-
methanesulfonate, and incubated in a Ca?*-EGTA buffer
solution containing 20 mM MOPS, 10 mM EGTA, 4.3 mM
Na,ATP, 5 mM Mg-methanesulfonate and 6.0 mM Ca®*
(pCa 6.19; free Ca?*, 0.65 uM) for 2.5 min to load the sarco-
plasmic reticulum with Ca?*. Then the muscle fiber prepa-
rations were exposed to 20 mM caffeine in a low-EGTA
relaxing solution (EGTA concentration was 0.05 mM
instead of 2 mM) to observe the caffeine-induced contrac-
tion. The caffeine-induced contraction was examined in the
presence or absence of mitoxantrone. The magnitude of the
caffeine-induced contraction was expressed as a percentage
of the maximum tension observed with Ca®* concentration
at pCa 4.37.

Skinned fiber preparations for Ca** concentration-force
relationship studies: In these studies, we used muscle fiber
preparations in which membrane functions of the sarcoplas-
mic reticulum and mitochondria were completely disrupted.
Muscle fibers dissected from left ventricular muscles were
set horizontally in a 100 ! chamber placed on the stage of
an inverted microscope as described above, and incubated
for 30 min in the relaxing solution containing a high concen-
tration of saponin (1 mg/ml/). This treatment completely
abolished the effect of 20 mM caffeine to induce a contrac-
tion [6, 7, 30] showing the loss of functions of the sarcoplas-
mic reticulum. The preparations were exposed to a series of
Ca* EGTA buffer solutions having Ca?* concentrations
ranging from pCa of 7.32 to 4.37 (free Ca?*, 47.7 nM to 42.1
UM) to generate the control Ca?* concentration-response
curves. After 60 min incubation in the absence or presence
of mitoxantrone, the Ca** concentration-response curves
were obtained again. Values are shown as the percentage of
maximum contraction observed at Ca®* concentration at pCa
of 4.37.

In these skinned fiber studies, buffer solutions were
adjusted to pH 7.0 and the ionic strength of 0.17 (at 24°C)
using KOH and K*-methanesulfonate.

The free calcium concentrations were determined using
the method described by Bers [3].

Chemicals and statistical analyses: Mitoxantrone, colla-
genase and fura-2 AM were purchased from Sigma Chemi-
cal Company (St. Louis, MO, U.S.A.), Roche Diagnostics
Co. (Indianapolis, IN, U.S.A.) and Dojindo (Kumamono,
Japan), respectively. All other chemicals used were of
reagent grade. The data were analyzed by one way analysis
of variance (ANOVA) followed by Tukey’s or Dunnett’s
multiple comparison test. When appropriate, Student’s
paired f-test or unpaired r-test was used. The criterion for
statistical significance is a P value of less than 0.05. All val-

ues are expressed as the mean = S.E.
RESULTS

Force of contraction and the time to peak twitch tension
in cell membrane-intact atrial muscle preparations: After
90 to 120 min equilibration period at 2-Hz stimulation, the
postrest contraction was examined first, and the force-fre-
quency relationship was observed 20 min later. Subse-
quently, mitoxantrone or double distilled water was added.
The postrest contraction was examined again 4 hr after the
addition of mitoxantrone or the vehicle. The force-fre-
quency relationship was examined 20 min after the postrest
contraction study.

Developed tension observed with 2-Hz stimulation at the
end of the equilibration period (initial developed tension)
was 9.98 £0.63 mN (n=21), and time to peak twitch tension
was 91.4 £3.31 msec (n=21, Fig. 1 A and Table 1). In the
drug-free solution, the developed tension gradually
decreased with time, and reached 46.6 £ 7.5 % (n=5) of the
initial value at the end of the 4-hr experimental period (Fig.
1 B and Table 1). The addition of 30 or 100 uM mitox-
antrone (final concentration) increased the developed ten-
sion gradually. The developed tension was 10.4 £ 6.4%
(n=5) or 23.1 + 4.4% (n=7), respectively, above the initial
value at 4 hr after the addition of 30 or 100 uM mitox-
antrone (Fig. 1B and Table 1). Therefore, the developed
tension was 63.8 % and 76.5% higher in the presence of 30
and 100 uM mitoxantrone, respectively, compared to those
observed in the drug-free solution.

In these atrial muscle preparations, either 30 or 100 uM
mitoxantrone prolonged the time to the peak of twitch ten-
sion in a concentration dependent manner (Figs. 1A and 1C,
and Table 1).

Doxorubicin, 100 uM, also increased the developed ten-
sion and the time to peak twitch tension (Figs. 1B and 1C,
Table 1). The increase in the developed tension was
smaller, whereas the prolongation of the time to peak twitch
tension was significantly greater, compared to those
observed with 100 M mitoxantrone (Table 1).

Control values for the postrest contraction was 19.6 £ 1.4
mN (n=6). Mitoxantrone, at 30 or 100 uM, significantly
increased the size of the postrest contraction (Figs. 2A and
2B).

Cumulative increases in the stimulation frequency from
0.5 to 3 Hz at approximately 2.5-min intervals markedly
increased the developed tension in control preparations (Fig.
3, control and Fig. 4A). Thus, the left atrial muscle prepara-
tions of guinea-pig hearts show a typical positive force-fre-
quency relationship (positive staircase phenomenon) under
the present experimental conditions.

The force-frequency relationship was reproducible 260
min later, although the developed tension observed at each
stimulation frequency was approximately 33 to 74% of the
corresponding values observed at the first trial (Fig. 4B,
control). Under these conditions, 30 or 100 uM mitox-
antrone caused a significant increase in developed tension
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Fig. 1. Positive inotropic effects and prolongation of the time to peak twitch tension caused by mitoxantrone in iso-
lated left atrial muscle preparations. Atrial muscle preparations were incubated at 30°C with 2-Hz electrical field
stimulation for 90 to 120 min. Subsequently, mitoxantrone, either 30 or 100 uM, or 20 p! of double distilled water
for control was added to the incubation solution. A, typical tracings of an increase in twitch tension and a prolon-
gation of the time to peak twitch tension caused by 100 uM mitoxantrone. B and C, summarized results for the
positive inotropic effects and the prolongation of the time to peak twitch tension by mitoxantrone. Values are
expressed as percentage of the initial values observed at the end of the equilibration period. @, control; O, 30 uM
mitoxantrone; Y,100 M mitoxantrone; V7, 100 uM doxorubicin. Each point represents the mean of 4 to 7 exper-
iments and vertical lines indicate the standard error of the mean.

Table 1.  Effects of mitoxantrone or doxorubicin on the developed tension and the time to the
peak of twitch tension observed in isolated left atrial muscle preparations of the guinea-pig

heart
Developed tension Time to peak tension
Initial value 9.98 £ 0.63 mN (21) 91.4 +3.32 msec (21)
(100%) (100%)
After 4 hr
Control 46.6 +7.5 % (5)9 93.74+2.5 % (5)¥
Mitoxantrone, 30 M 110.4 + 6.4 % (5)>D 105.4 2.7 % (5)>
Mitoxantrone, 100 uM 123.1 +4.4 % (7)»? 112.3+ 1.9 % (7)~D
Doxorubicin, 100 uM 742+ 4.7 % (4)2>9 134.2 £2.1 % (4)%59

See legend to Fig. 1. After an equilibration period, left atrial muscle preparations obtained from the
guinea-pig heart were incubated for 4 hr in the absence or the presence of mitoxantrone or
doxorubicin.

The numbers in parentheses indicate the number of experiments.

a) Values represent the percentage of initial values (mean + SE).

Significantly different b) from the control value , or ¢) from the corresponding value observed in the
presence of 100 uM mitoxantrone (Tukey. P<0.05).

observed at all frequencies (Fig. 4B). The increase was  uM mitoxantrone, the increase in developed tension elicited
greater at slower stimulation frequencies compared with by 0.5- or 1-Hz stimulation was remarkable (Fig. 3, mitox-
those observed at higher frequencies. In the presence of 100 antrone, 100 M and 4B).
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Effects of mitoxantrone on postrest contraction in isolated left atrial muscle preparations. After a 90 to

120 min equilibration period at 2-Hz stimulation, postrest contraction was examined following a 60-sec quies-
cent period (first trial). Subsequently, mitoxantrone, either 30 or 100 1M, or 20 u! of double disitilled water for
control was added to the incubation medium, and the postrest contraction was examined again 4 hr later. A,
typical tracings of the increase in postrest contraction by 100 M mitoxantrone (Control, upper panel; 100 uM,
Mitoxantrone, lower panel). A dotted line at the lower panel indicates a level of control postrest contraction. B,
summarized results for the increase in the postrest contraction by 30 or 100 M mitoxantrone. The values are
expressed as percentage of values observed at the first trial. Each bar represents the mean of 6 experiments. *
Significantly different from the control values (Dunnett, P<0.05).
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Fig. 3. Typical tracings of the force-frequency relationship
observed in isolated left atrial preparations. After a 90 to 120
min equilibration period at 2-Hz stimulation, the postrest contra-
tion was examined first, and force-frequency relationships were
examined 20 min after the postrest contraction study at stimula-
tion frequencies ranging from 0.5 Hz to 3 Hz (Control). Subse-
quently, 100 uM mitoxantrone (final concentration) was added
to the incubation medium, and the force-frequency relationships
were examined again 260 min later (Mitoxantrone, 100 mM).
The stimulation frequency was increased stepwise at approxi-
mately 2.5 min intervals.

Thus, mitoxantrone significantly increased the developed
tension observed at lower stimulation frequencies attenuat-
ing the slope of the force-frequency relationship.

[Ca?*]i in single cells: Whether mitoxantrone increases
the [Ca?*]i, was studied in fura-2 loaded ventricular myo-
cytes.

Under the present conditions (1.5 Hz, 30°C), diastolic
[Ca®*]i was 204 + 64 nM (n=8, Table 2). The [Ca?*]i rapidly
increased responding to an electrical stimulation, and
reached a peak at 81.9 £ 5.0 msec (n=8) after the electrical
stimulation (Fig. 5 and Table 2). The peak [Ca**]i was 686
+ 142 nM. These values did not change during a 45-min
experimental period. Mitoxantrone, 30 uM, caused an
increase in the peak [CaZ*li, initially (Fig. 5, 25 min), and
then caused a prolongation of the time to peak [Ca®*]i (Fig.
5, 45 min) in addition to the increase in peak [Ca**]i. The
size of [Ca*"]i (peak [Ca?*]i minus diastolic [Ca%]i) at the
25 min incubation with 30 M mitoxantrone was greater
than that of the control value. The diastolic [Ca?*]i has a
tendency to slightly increase with time although changes
were statistically not significant (Table 2).

Caffeine-induced contractions in skinned fiber prepara-
tions: Effects of mitoxantrone on the Ca®* releasing mecha-
nism of the sarcoplasmic reticulum were examined from the
caffeine-induced contraction using skinned fiber prepara-
tions prepared with a low concentration of saponin. In these
preparations, cell membranes were disrupted, but membrane
functions of the sarcoplasmic reticulum and mitochondria
were intact. The caffeine-induced contraction was transient
reaching the peak within 3 sec (Fig. 6A, and see also Chu-
gun et al. [7]). Because 20 mM caffeine produced the max-
imum contraction in skinned fiber preparations under the
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Fig. 4.  Effects of mitoxantrone on force-frequency relationships in isolated left atrial muscle preparations. See legend to

Fig. 3. After an equilibration period, the first postrest contraction study was performed and the force-frequency relation-
ship was examined 20 min later (first trial). Subsequently, 30 (O) or 100 (W) 4M mitoxantrone, or 20 4/ double distilled
water for control (@) was added to the incubation medium. The force-frequency relationships were was examined again
260 min later (2nd trial). A, the force-frequency relationship data observed at the 2nd trial in the presence of 30 or 100 uM
mitoxantrone. B, values of the 2nd trial are expressed as the percentage of the values observed at the first trial. Each value
at A and B represents the mean of 4 to 6 experiments. * Significantly different from the control values (Dunnett, P<0.05).

Table 2.  Effects of mitoxantrone on [Ca®*]i in myocytes isolated from ventricular muscles
Time of mitoxantrone  Diastolic Peak Size Time to
exposure (min) [Ca**]i (nM) [Ca?*]i (mM) [Ca®i (%) peak (msec)

0 204 £ 64 686 + 142 100 81.9+5.0
25 21275 790 + 1659 123 £ 99 822443
45 241£53 783 £ 1439 112+5 138.1 £ 12.09

After myocytes were equilibrated at 30°C for 30 min at 1.5 Hz stimulation, fluorescent images
were taken at time zero (immediately before the addition of mitoxantrone), 25 min and 45 min
later from the addition of 30 uM mitoxantrone.

Values are the mean * SE. of 8 experiments.

a) Significantly different from the values observed at time zero (Paired z-test, P<0.05).

present conditions (data not shown), the contraction induced
by 20 mM caffeine is considered to represent the maximum
Ca?* storage capacity corresponding to the maximal Ca?*
release.

The caffeine-induced contraction observed in a drug-free
solution was 0.039 £ 0.002 mN (n=5). This value was 24.2
+ 0.9% of the maximum contraction (0.163 + 0.017 mN,
n=5) induced by a Ca?>*-EGTA buffer solution at pCa of
4.37. The exposure to 30 M mitoxantrone for 15 min sig-
nificantly increased the maximum contraction induced by
caffeine (Fig. 6B) without affecting the maximum contrac-
tion caused by pCa of 4.37.

Thus, mitoxantrone enhances caffeine-induced contrac-
tions without affecting the maximal contraction produced
by a high concentration of Ca** in skinned fiber preparations
in which cytoplasmic membranes are disrupted.

Concentration-response curves for Ca?* in skinned fiber
preparations: The effect of mitoxantrone on the Ca®* sensi-
tivity of contractile proteins was examined using skinned
fiber preparations that were exposed to a high concentration
of saponin to disrupt functions of the sarcoplasmic reticu-

lum and mitochondrial membranes as well as those of cell
membranes. In these preparations, 20 mM caffeine failed to
cause a contraction, indicating that the functions of Ca®*
uptake and storage mechanisms of the sarcoplasmic reticu-
lum were completely destroyed and hence Ca?* of the sarco-
plasmic reticulum was totally drained [6, 7, 30].
Concentrations of Ca** ranging from pCa 7.32 to 4.37 (free
Ca®, 47.7 nM to 42.1 uM) caused typical sigmoidal-shaped
concentration-response curves (Fig. 7). The EDs, value
(pCa) observed with control preparations was 6.10 = 0.03
(n=13, Table 3). Under these conditions, 20 mM caffeine, a
positive control, shifted the concentration-response curve
for Ca®* to the left. Mitoxantrone, however, failed to alter
the EDsg value at either 30 or 100 uM.

These results show that Ca?* sensitivity of the contractile
proteins is not altered by mitoxantrone.

DISCUSSION

One prominent action of mitoxantrone observed in the
present study is the prolongation of the time to the peak of
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Fig.5. Effects of mitoxantrone on the time-course of [Ca?*]i

in myocytes isolated from ventricular muscles. Myocytes
obtained from ventricular muscles were loaded with Fura-2,
and equilibrated for 30 min at 30°C at 1.5 Hz electrical stim-
ulation. Subsequently, mitoxantrone (30 uM) was added to
the incubation solution. Fluorescent images were taken at
time zero (O, immediately before the addition of mitox-
antrone), 25 (/) and 45 ((J) min later from the addition of
mitoxantrone. The values for [Ca?*]i were ploted against
time after electrical stimulation. Each points represents mean
of 8 experiments and vertical lines indicate the standard error
of the mean.

twitch tension, or the delay of muscle relaxation, observed
at 2-Hz stimulation. These results confirm the observation
by Wang e al. [37] in isolated ventricular papillary muscles
preparations and in ventricular myocytes.

Bers [5] proposed that the rate of extrusion of intracellu-
lar Ca®* via the Na*- Ca?* exchange system plays an impor-
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Effects of mitoxantrone or caffeine on Ca?* concentration-
contraction curves observed in skinned fiber preparations. The
muscle fiber preparations were isolated from left ventricular
muscles, and exposed to a high concentration of saponin (1 mg/
m/). Ca®" concentration-response curves were generated after the
skinned fiber preparations were incubated for 60 min in the
absence or presence of mitoxantrone. For the positive control,
the skinned fiber preparations were incubated in the presence of
20 mM caffeine instead of mitoxantrone for 60 min. Values are
expressed as the percentage of the maximum contraction
observed with Ca?* concentrations at pCa 4.37. Each point repre-
sents the mean of 3 to 13 experiments. The vertical line indicates
the standard error of the mean.

tant role in the rate of muscle relaxation. Inhibition of this
exchange system, and an ensuing delay in the Ca®* extrusion
from the cells, causes the prolongation of action potential
duration, prolongation of the time to the peak of twitch ten-
sion, and an increase in developed tension [5]. Wang et al.
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Effects of mitoxantrone on caffeine-induced contraction in skinned fiber preparations. The muscle

fiber preparations were isolated from left ventricular muscles, and exposed to saponin (50 g/mi) for 30
min to disrupt sarcolemmal cell membranes. A, typical tracings of caffeine-induced contraction. 1: relax-
ing solution , 2: Ca>* EGTA buffer solution containing 6.0 mM Ca*" (pCa 6.19), 3: low EGTA relaxing
solution, 4: low EGTA relaxing solution containing 20 mM caffeine. B, summarized results for the effects
of 30 mM mitoxantrone on the caffeine-induced contraction. Values are expressed as the percentage of the
maximum contraction observed with Ca?* concentrations at pCa 4.37. Each bar represents the mean of 5
or 6 experiments. * Significantly different from the control values (Unpaired #-test, P<0.05).
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Table 3.
for Ca?* concentration-response curves observed in skinned
fiber preparations treated with a high concentration of sapo-
nin

Effects of mitoxantrone or caffeine on EDsy values

EDs, value (pCa)®

Control

Mitoxantrone, 30 uM
Mitoxantrone, 100 uM
Caffeine, 20 mM

6.10 £ 0.03 (13)
6.120.03 (4)
6.10 £ 0.04 (4)
6.25 £ 0.02 (3)®

The numbers in parentheses indicate the number of experiments.

a) EDs values are calculated by using SigmaPlot software version
8.0 (Systat Software, Point Richmond, CA, U.S.A.).

b) Significantly different from the values observed in control prep-
arations (Control vs caffeine, unpaired #-test, P<0.05).

[37] reported these three effects of mitoxantrone observed in
single cells, and in isolated heart muscle preparations. Con-
sistent with the hypothesis, 30 uM mitoxantrone increased
the time to peak [Ca**]i and slightly elevated the diastolic
[Ca**]i in the present study observed in fura-2 loaded myo-
cytes.

Mitoxantrone, however, produced stronger increases in
developed tension at lower stimulation frequencies in the
present study, whereas a known inhibitor of the Na*— Ca?*
exchange system, SEA0400, has been shown to produce a
stronger increase in developed tension at higher stimulation
frequencies in isolated ventricular muscle preparations
obtained from mouse hearts [26]. These effects are
expected because an inhibition of the Na*-Ca?* exchange
system would elevate intracellular Ca>* concentrations more
at higher stimulation frequencies when greater amounts of
Ca?* enter the cells through the slow Ca?* channels [5, 34].
Therefore, an inhibition of the Na*— Ca®* exchange system
is unlikely to be the main mechanism responsible for the
delay of muscle relaxation and the positive inotropic effects
observed with mitoxantrone.

Another mechanism to remove intracellular Ca** during
the daistolic phase is Ca®* uptake by the sarcoplasmic retic-
ulum. In fact, Ca?* removal by the Ca?* uptake mechanism
accounts for approximately 70% of the total removal [5].
Thus, such a mechanism is thought to be the most important
one, and the inhibition of the rate of Ca®* uptake is inferred
to be the greatest cause of the delay in muscle relaxation [5].
A decrease in Ca* uptake is likely to prolong the time to the
peak and also to increase diastolic {Ca®*]i similar to an inhi-
bition of the Na™—Ca?* exchange system that decreases Ca®*
extrusion. The prolongation caused by doxorubicin has
been shown to be mediated by the impairment of this Ca**
uptake mechanism [14, 29, 31, 32]. Therefore, it would
appear most likely that the prolongation of the time to peak
twitch tension is caused by a decrease in the rate of Ca®
uptake by the sarcoplasmic reticulum.

Prolongation of the time to the peak of twitch tension
caused by 100 uM mitoxantrone was significantly smaller
than that produced by 100 uM doxorubicin. Moreover, we
observed in earlier studies that doxorubicin causes a marked

elevation of the diastolic [Ca®*]i [30, 31], but in the present
study the elevation of [Ca®*]i by mitoxantrone was only
modest. Similarly, Wang et al. [37] failed to notice any
changes in the level of diastolic [Ca**]i caused by mitox-
antrone although they observed a significant increase in
peak [Ca?*]i, in myocytes isolated from guinea-pig ventric-
ular muscles. Therefore, it appears that the effect of mitox-
antrone to inhibit Ca** uptake by the sarcoplasmic reticulum
is moderate.

Postrest contractions have been reported to be totally
dependent on the amount of Ca?* released from the sarco-
plasmic reticulum through Ca®* release channels [4, 23, 27].
Myocardial contractions observed at lower stimulation fre-
quencies also depend primarily on the Ca* release from the
sarcoplasmic reticulum, whereas contractions observed at
higher frequencies depend more on Ca?* entry through the
cell membrane [1, 4, 17, 21, 24, 25]. The positive inotropic
effect of mitoxantrone was greater when preparations were
stimulated at lower frequencies. Moreover, the postrest
contraction was significantly enhanced by mitoxantrone.
These effects of mitoxantrone are opposite to those of ryan-
odine that significantly decreases developed tension at
lower stimulation frequencies and markedly suppresses the
postrest contraction observed in isolated guinea-pig heart
muscle preparations [24, 27, 28]. Furthermore, mitox-
antrone enhanced caffeine-induced transient contractions in
skinned muscle fiber preparations without affecting the Ca’*
sensitivity of the contractile proteins. These results support
the hypothesis that mitoxantrone increases Ca’* release
through Ca** release channels in the sarcoplasmic reticulum.

Holmberg and Williams [12] reported that mitoxantrone
increases open probability of Ca* release channels in artifi-
cial lipid bilayer membrane preparations. Increased proba-
bility of Ca?* release channel openings, if it occurs in the
present preparations, can explain increases in Ca?* release
through Ca?* release channels in the sarcoplasmic reticulum.
This hypothesis may be argued to be inconsistent with the
observed prolongation of the time to the peak of [Ca®*]i and
of twitch tention. The primary determinant of the time to the
peak of twitch tension, however, is the rate of Ca*" uptake
by the sarcoplasmic reticulum [5]. The relationship
between enhanced open probability of Ca?* release channels
and the time to the peak of twitch tension or [Ca®*]i is pres-
ently unknown.

Alternatively, enhanced Ca®* loading of the sarcoplasmic
reticulum may account for the increases in Ca®* release
through Ca?* release channels. Enhanced Ca®* loading of
the sarcoplasmic reticulum can explain the augmentation of
caffeine-induced contractions, postrest contractions and the
peak [Ca®]i. Wang et al. [37] has proposed that the prolon-
gation of transmembrane action potential duration by mitox-
antrone enhances Ca>* influx, causing the increase in Ca®*
content of the sarcoplasmic reticulum in cell membrane-
intact atrial muscle preparations and in isolated myocytes.

The effect of mitoxantrone observed in the present study
were opposite to those of doxorubicin observed in left arte-
rial muscle preparations isolated from doxorubicin-treated
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rats, or in atrial muscle preparations exposed relatively long
time to doxorubicin in vifro. In contrast to mitoxantrone,
doxorubicin decreased postrest contractions (in vitro expo-
sure), developed tension observed at lower stimulation fre-
quencies and also caffeine-induced contractions (in vivo
treatment) [7, 10, 18, 29].

It seems both mitoxantrone and doxorubicin delay the
Ca?* uptake by the sarcoplasmic reticulum. However, dox-
orubicin inhibits and mitoxantrone stimulates the Ca?*
release through the Ca?* release channels in the sarcoplas-
mic reticulum. This latter action of mitoxantrone must be
the major mechanism for its positive inotropic effects. The
action of doxorubicin on the Ca?* release channels of the
sacroplasmic reticulum is biphasic. Initially, it stimulates
the Ca?* release channels. Subsequently, doxorubicin inhib-
its the Ca®* release channels. These two actions have been
reported to be mediated by two separate processes [19].
Mitoxantrone has either a very weak or no action on the pro-
cess that leads to inhibition of the Ca?* release channels.

In patients, the cardiotoxicity caused by mitoxantrone is
significantly less severe than that observed with doxorubi-
cin {2, 9, 11, 22]. Therefore, the differences in actions, or
the lack of an inhibitory action of mitoxantrone on the Ca?*
release channels in the sarcoplasmic reticulum, can explain
the relative lack of the clinical cardiotoxicity of mitox-
antrone.

In conclusion, mitoxantrone enhanced the magnitude of
the postrest contraction, increased the developed tension
especially at lower stimulation frequencies, and prolonged
the time to the peak of twitch contractions. In ventricular
myocytes, mitoxantrone increased the peak [Ca?*]i and pro-
longed the time to peak [Ca®*]i. In skinned fiber prepara-
tions, mitoxantrone enhanced caffeine-induced transient
contractions without affecting the Ca* sensitivity. These
results show that mitoxantrone enhances Ca®* release
through the ryanodine-sensitive Ca?* release channels in the
sarcoplasmic reticulum. In addition, mitoxantrone seems to
alter Ca** uptake by the mechanism common with doxorubi-
cin.
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