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ABSTRACT

Rats were given Â¡.p.injections of Adriamycin (4 mg/kg body weight)
for 6 consecutive days. Electron spin resonance spectrometry with spin
labeling and a trapping technique was applied to heart mitochondria
obtained from treated and control animals, in order to examine the
physical response of heart mitochondria! membrane affected by
Adriamycin.

The Adriamycin treatment resulted in a decrease of membrane fluidity
(and an increase in order parameter S), with concomitant dysfunction of
respiratory responses. The generation of hydroxyl radicals from mito
chondria was enhanced in the Adriamycin-treated group. In addition,
Superoxide dismutase activity in the mitochondria! matrix was found to
decrease. The heart mitochondria of Adriamycin-treated animals con
tained a large amount of lipid peroxide. These results suggest that the
enhancement of hydroxyl radical formation in mitochondria affected by
Adriamycin is one of the factors involved in Adriamycin-induced
cardiotoxicity.

INTRODUCTION

Adriamycin, an anthracycline aminoglycoside, is one of the
most potent antitumor drugs known in the clinical field. The
antitumor effect is thought to involve intercalation of Adria
mycin with the DNA molecule and free radical-induced dam
ages to DNA strands (1). However, the therapeutic application
of the drug is severely restricted by its dose-dependent cardi
otoxicity (2). There are numerous reports suggesting that Adri
amycin cardiotoxicity is mediated by oxygen radicals that lead
to the lipid peroxidation of membranes and to cell injury (3-
5).

Most of the energy in the myocardium is generated through
the mitochondria! respiration system, which consumes a large
amount of oxygen. Mitochondrial damage is of major impor
tance in the management of a depression of cardiac function.
The sequence of pathological changes of mitochondria has been
determined biochemically (6). Heart mitochondria of experi
mental animals treated with Adriamycin suffer remarkable res
piratory dysfunction and lipid peroxidation. In addition, heart
mitochondria were found to be much more sensitive to Adria
mycin than mitochondria of the liver and kidney (7). In the
present study, ESR: spin labeling and a trapping technique have

been applied to monitor the generation of oxygen radicals in
heart mitochondria. The possible mechanism of mitochondrial
damage derived from the Adriamycin treatment was examined.

MATERIALS AND METHODS

A short-term animal experiment was conducted with male Wistar
rats with body weights of about 200 g. Rats received i.p. injections of
Adriamycin (4 mg/kg body weight/day) for 6 consecutive days. On the
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7th day after the original injections, the animals were killed by decapi
tation. Mitochondria were isolated from myocardial tissue by the pro
cedure of differential centrifugation as modified in our group for heart
mitochondrial studies (8, 9).

Spin Labeling. To determine the dynamic membrane responses of
mitochondria, an ESR spin labeling technique was applied (10) by the
method we developed for mitochondrial membrane ( 11). A spin labeling
agent, 5-DSA was purchased from Aldrich Chemical Company. The
spin labeling agent was stored in a freezer at -80Â°Cas a stock solution

at a concentration of 0.1 mg/ml in ethanol. Before spin labeling, 100
fi\ (10 jig spin label) of the stock solution were placed in a test tube and
dried to a thin film under a flow of nitrogen. The mitochondrial
suspension (5 mg protein) containing 220 mM mannitol. 70 mM su
crose, and 5 m\i 3-(/V-morpholino)propanesulfonic acid (pH 7.4) was
placed in the test tube with 5-DSA (10 Mg)to make a total volume of 1
ml and was incubated for 10 min at 37Â°Cwith gentle shaking to

incorporate the spin label into the mitochondria! membrane.
The mitochondria were washed with the above buffer solution to

remove the free spin labels. The pellet was kept in ice-cold water to
prevent a spin reduction until ESR analysis was performed. ESR spectra
were recorded at 60 min after the adequate incorporation of the labeling
agent into mitochondria, because no decay of the ESR intensity was
observed until after 60 min (11). The ESR spectra of spin-labeled
mitochondria were measured at 37Â°Cwith a JEOL X-band spectrom

eter (model JES-FE3X: microwave power, 4 mW; field modulation,
100 kHz; modulation amplitude. 2.0 G). From the ESR spectrum of 5-
DSA embedded in the mitochondrial membrane, the outer (27]) and
inner (27"Â±)hyperfine splitting were measured in gauss, and the order

parameter (S) was calculated according to the formula of Gaffney (12):

71 - C

Tu + + 2C
x 1.723

where

C = 1.4 - 0.053(7],- TÂ±)

Spin Trapping. The experiment was designed to detect oxygen free
radical generation from mitochondria in the process of succinate oxi
dation via the respiratory chain. The spin trap of highly purified DMPO
was obtained from Labotec K (Tokyo, Japan). The spin trap was kept
in darkness throughout the study to prevent photolytic degradation of
the DMPO. The spin trap DMPO indicated no free radical impurity at
the concentration used, as shown in Fig. 2A, Therefore, the DMPO
was used directly without any further purification.

In accordance with our previous papers (13. 14), the reaction medium
consisted of 15 /il of DMPO (0.314 mmol), 31 n\ of 10 mM diethyl-
enetriaminepentaacetic acid in 100 mM phosphate buffer (pH 7.8), and
2 n\ of 20 m.\i antimycin A in ethanol solution. The reaction mixture
was kept at 25Â°C.One hundred M' of mitochondria (1 mg protein)

suspended in 100 mM phosphate buffer (pH 7.8) were added to the
reaction medium. The total volume of the reaction mixture was made
up to 170 M!with 100 mM phosphate buffer. The reaction mixture was
then incubated at 25Â°Cfor 1 min. Thirty p\ of 4 mM succinate were

added to initiate the electron transport system. The reaction medium
was vortexed immediately and quickly taken into a 160-^1 ESR quartz
flat cell equipped with a screw knob (ES-LC12; JEOL, Ltd., Tokyo,
Japan). The ESR fiat cell was placed in the cavity of the spectrometer,
and ESR spectrum recording was started 1 min after the addition of
succinate to the reaction medium. The ESR spectra were recorded on
a JEOL X-band spectrometer (model JES-3X) at 100-kHz magnetic
field modulation. The magnetic field was set at 3350 Â±50 G; microwave
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power, 8 mW; amplitude, 2 x 10'; modulation amplitude, 1.0 G;

response, 0.1 s; sweep time, 2 min (50 G/min).
SOD Assay. The ESR determination for SOD activity is based upon

a method for determining O2 (13). The mitochondrial suspension to
be assayed was added to a reaction medium containing O2~ generated

by the hypoxanthine-xanthine oxidase system. An equilibrated amount
of O2 is consumed quantitatively by SOD in mitochondria. The resid
ual amount of O2 is trapped with DMPO spin trapping, and the ESR
spectra of the DMPO-O2" spin adducts (DMPO-OOH) were analyzed.

The reaction medium consisted of 50 M'of 2 HIMhypoxanthine-0.1 M
phosphate-buffer (pH 7.8), 15 ^1 of DMPO, 35 >i\ of 10 mM diethyl-

enetriaminepentaacetic acid in phosphate buffer, and 50 n\ of mito
chondrial suspension (approximately 20 Mg protein in phosphate
buffer). Fifty n\ of xanthine oxidase (0.2 unit/ml) were added (total
volume, 200 M'). and the reaction medium was immediately vortexed.
The mixed medium was then quickly transferred to a 160-^1 ESR flat
quartz cell with a screw knob. The ESR flat cell was placed in the ESR
cavity, and the recording of the ESR spectrum was started 1 min after
xanthine oxidase was added to the reaction mixture. From the calibra
tion curve prepared using SOD enzyme (Boehringer), the SOD activity
in mitochondria was expressed as units of SOD activity/mg protein.

Lipid Peroxide. The lipid peroxide content in mitochondria was
determined using the thiobarbituric acid-acetic acid reaction and was
expressed as nmol malondialdehyde/mg protein (15).

Respiratory Function. Mitochondrial respiration was measured at
30Â°Cwith an oxygen monitor using a Clark-type microelectrode (9).

The respiratory medium contained 80 mivi KC1, 50 ITIM3-(jV-morpho-
lino)propanesulfonic acid (pH 7.4), 5 IHMpotassium phosphate, 0.1%
bovine serum albumin, and 1 mM ethyleneglycol bis(0-aminoethyl
ether)-/V,Ar,A",jV'-tetraacetic acid in a total volume of 3 ml. Respiratory

substrate was used at a final concentration of 20 HIMsuccinate (plus 5
vg rotenone/mg protein). Mitochondria ( 1.5 mg protein) and 100 nmol
of ADP were added to initiate phosphorylating oxygen consumption
(state 3). Because the RCR reflects the degree of coupling of respiration
with ATP production, the RCR was calculated by dividing the rate of
oxygen consumption in the presence of ADP by that in the absence of
ADP. Protein content of mitochondria was determined using the biuret
reaction (16).

Statistical Analysis. The significance was tested by the unpaired
Student t test. The criterion of significance was P < 0.05. Results are
expressed as mean Â±SE.

RESULTS

The ESR spectra of spin labels embedded in the mitochon
drial membranes isolated from rat hearts indicated a typical
anisotropic motion (10, 11). The order parameter S was calcu
lated from the outer and inner hyperfine splittings. The 5 values
for 5-DSA were significantly increased in the mitochondria
obtained from animals treated with Adriamycin, as shown in
Table 1. The order parameter values are known to reflect the

Table 1 Membrane responses of mitochondria obtained from control and
Adriamycin-treated rats

Oxygen consumption in states 3 and 4 was expressed as nanoatoms of oxygen/
mg protein. Lipid peroxide content was expressed as nmol of malondialdehyde/
mg protein.

Adriamycin-treated
Control group group

Order parameter S (5-doxyl- 0.593 Â±0.005 (6) 0.606 Â±0.003 (6)Â°

stearic acid)

Oxygen consumption (5)
State 3
State 4
ADP/O

RCRLipid

peroxide content224

Â±66
44 Â±12
1.6 Â±0.1
5.0 Â±0.30.95

Â±0.08 (5)205

Â±24
68 Â±16
1.3 Â±0.1Â°
3.0 Â±0.5Â°1.92

Â±0.14 (5)"

1P < 0.05 versus control.

membrane fluidity and other dynamic physical states of the
lipid bilayer of the membrane (10). Thus it is clear that Adria
mycin induced a decrease of membrane fluidity in the
mitochondria.

The relationship of the dynamic physical state to the respi
ratory responses of mitochondria has been established in our
laboratory (9), because the respiratory electron transport system
is embedded in the mitochondrial membrane. The oxygen con
sumption of mitochondria was determined with succinate as a
substrate. As shown in Table 1, the RCR and ADP:O ratio of
mitochondria isolated from the Adriamycin-treated animals
were smaller than the values from the control group.

To obtain morphological evidence, transmission electron mi
croscopic analysis was carried out on the mitochondria isolated
from the Adriamycin-treated animals. These mitochondria were
larger and more irregular in shape than those from the control
animals (Fig. 1). The mitochondrial cristae were oriented irreg
ularly, and the intracristal spaces were substantially enlarged.
Thus, we confirmed morphologically that the mitochondrial
membranes were affected by short-term Adriamycin treatment.

Fig. 2 shows the ESR spectrum of the DMPO spin adduct
obtained from the succinate-respiring mitochondria. The ESR
spectrum of the spin adduct appeared, somewhat indefinitely,
in the succinate-respiring mitochondria as shown in Fig. 2A,
along with that of the reference signal of Mn2+ (MnO) which

was installed in the ESR cavity. However, the ESR spectrum
was enhanced in the presence of antimycin A, which is an
electron transfer inhibitor at site II (Fig. 2B). The ESR spec
trum was assigned as the DMPO-OH adduct, by a 1:2:2:1
quartet with hyperfine splitting (a.\ = a/,15.0 G) (17). In addi
tion, the presence of hydroxyl radical scavengers such as ethanol
inhibited the formation of DMPO-OH adduct with concomi
tant formation of carbon-centered radicals (Fig. 2C), demon
strating the generation of hydroxyl radicals. In mitochondria
prepared from Adriamycin-treated animals, the ESR spectrum
of the DMPO-OH adduct appeared clearly and was enhanced
significantly in the control sample, even in the non-antimycin
A group (Fig. 3/4). A remarkable enhancement of signal peaks
was detected after adding antimycin A, as shown in Fig. 3B. It
was suggested that the generation of hydroxyl radicals was
enhanced in mitochondria obtained from Adriamycin-treated
animals.

Hydroxyl radicals are known to be the most reactive active
oxygen species and can be produced from O? ^ia the Harber-
Weiss reaction or Fenton reaction. Under normal conditions,
O2~ is dismissed by SOD located in the mitochondrial matrix

(0.82 Â±0.16 unit/mg protein). However, SOD activity in mi
tochondria was found to decrease markedly in the Adriamycin-
treated group (0.48 Â±0.13 unit). It was suggested that the
myocardium damage is a result of the increase in hydroxyl
radical generation and the decrease of SOD activity.

Hydroxyl radicals are known to initiate the free radical-
mediated chain reactions which result in conversion of the
membrane unsaturated fatty acids to lipid peroxide (18). As
indicated in Table 1, heart mitochondria of Adriamycin-treated
animals contained a large amount of lipid peroxide, as com
pared with those of the control group. Furthermore, the lipid
peroxide formed in mitochondria plays a deleterious role in the
development of membrane damage.

DISCUSSION

Treatment with Adriamycin resulted in a decrease of mem
brane fluidity and a dysfunction of respiratory response in heart
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Fig. l. A, transmission electron micrograph of heart mitochondria from a control rat; B, transmission electron micrograph of heart mitochondria from a rat treated
with Adriamycin (4 mg/kg body weight) Â¡.p.for 6 consecutive days.

accompanied by a decrease in membrane fluidily ( 19). Sugiyama
et al. (20) have reponed that Ihe incubalion of Ehrlich asciles
lumor cells wilh Adriamycin resulls in an increase in lipid
peroxide coment and a decrease in membrane fluidity. There
fore, it was suggesled that the Adriamycin trealment induces
the dysfunction of the respiratory chain and thai this was
accompanied by an increase in the membrane rigidity in heart
mitochondria.

When the mitochondrial membrane is damaged, leakage of
electrons from the electron transport system will be enhanced
followed by the generalion of aclive oxygen species. Therefore,
Ihe characterizalion of aclive oxygen species generated from
mitochondrial membrane was analyzed by ESR spectrum with
hyperfine splitting. The ESR spectrum of DMPO-spin adduct
was assigned as Ihe hydroxyl radical adduci. In general, Ihe
DMPO-OH adduci can be formed by Ihe Irapping of a hydroxyl
radical or by Ihe breakdown of DMPO-OOH, which is formed

.by the reaction of a Superoxide radical with DMPO (21). ToFig. 2. ESR spectra obtained from heart mitochondriaprepared from control . . .
rats./!, ESR spectra of the reaction mixture containing mitochondria, succinate. resolve this problem, 3 further experiment USing ethanol was
and DMPO. The indefinite ESR spectrum of the spin adduct, accompanied by undertaken. Wilh elhanol, ihe formalion of DMPO-OH adduct
signals appearing at both sides of the ESR spectrum which correspond to Mn2*

(MnO) installed in the ESR cavity as a reference. B, same sample as in A except
for the addition of antimycin A. The ESR spectrum is enhanced and shows the
DMPO-OH radical adduct. C. same sample as in B except for the addition of
10% ethanol. Ampgain. 2000: centerfield. 3350 G; sweepwidth. 50 G; modwidth,
1.0 G; micropower. 8 MW.

mitochondria. Shin et al. (9) have reported that a significant
correlation between the decrease of membrane fluidity and
dysfunction of respiratory function (decreased RCR) exists in
mitochondria obtained from myocardium in ischemie arrest.
From these results, il was suggesled that the respiratory re
sponses of mitochondria are influenced by the change of mem
brane fluidity caused by Adriamycin in the same manner as in
ischemie arrest.

Changes of membrane fluidity in the plasma membrane were
also observed in an in vitro experiment. The isolated heart
mitochondria were incubated with Adriamycin. The Adriamy
cin treatmenl resulted in a decrease in respiralory responses.

Fig. 3. ESR spectra obtained from heart mitochondria prepared from Adria-
mycin-treated rats. The ESR spectra in A and B are obviously assigned as the
DMPO-OH adduct. A. mitochondrial respiratory chain activated with succinate;
B, mitochondrial respiratory chain activated with succinate in the presence of
antimycin A. Ampgain. 2000: centerfield. 3350 G: sweepwidth. 50 G; modwidth.
1.0 G: micropower. 8 MW.
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is known to be insignificant, and the resonance amplitude due
to DMPO-OH is unaffected. When hydroxyl radicals are pro
duced in the reaction, competition reactions occur between the
ethanol and hydroxyl radicals (21, 22). As shown in Fig. 2C,
the DMPO-hydroxyethyl radical adduci appeared in the pres

ence of 10% ethanol, accompanied by the disappearance of the
DMPO-OH adduct. From these results, it was confirmed that
the DMPO-OH adduct was derived from the reaction of DMPO
and hydroxyl radicals generated from mitochondria. The gen
eration of -OH was found to be higher in the mitochondria
obtained from Adriamycin-treated animals than in the control
animals.

The â€¢OH are known to be a biologically active oxygen species
which produces membrane damage and other cellular oxygen
toxicity (23). In fact, the lipid peroxide content of heart mito
chondria was found to increase in the Adriamycin-treated ani
mals. In the present study, we were able to demonstrate using
the ESR technique that the mitochondria! membrane was dam
aged by Adriamycin treatment and that the generation of hy
droxyl radicals from the mitochondria was enhanced. In addi
tion, SOD activity in the mitochondrial matrix was found to
decrease. The decrease of SOD activity yields the harmful effect
of increased active oxygen species.

In conclusion, the enhancement of hydroxyl radical genera
tion from heart mitochondria may explain the process of Adri-
amycin-induced cardiotoxicity.
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