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ABSTRACT Doxorubicin (former generic name, adriamy-
cin), a highly effective anticancer drug, produces cardiotoxicity,
which limits its therapeutic potential. The mechanism of this
cardiotoxicity has remained elusive. Our data suggest that this
toxicity could involve doxorubicinol, the primary circulating
metabolite of doxorubicin. Doxorubicinol was markedly more
potent than doxorubicin at compromising both systolic and
diastolic cardiac function. Similarly, doxorubicinol was much
more potent than doxorubicin at inhibiting the calcium pump of
sarcoplasmic reticulum [ATP phosphohydrolase (Ca2+-trans-
porting), EC 3.6.1.38], the Na+ /K+ pump of sarcolemma
[ATP phosphohydrolase (Na+/K+-transporting), EC 3.6.1.-
37], and the FoF, proton pump of mitochondria [ATP phos-
phohydrolase (H+-transporting, EC 3.6.1.34]. Our rmding that
this highly toxic metabolite was produced by cardiac tissue
exposed to doxorubicin suggests that doxorubicinol could accu-
mulate in the heart and contribute significantly to the chronic
cumulative cardiotoxicity of doxorubicin therapy. Our obser-
vation that doxorubicin was more potent than doxorubicinol in
inhibiting tumor cell growth in vitro suggests that the cardiotox-
icity of doxorubicin is dissociable from its anticancer activity.

Doxorubicin (former generic name, adriamycin), a highly effec-
tive anticancer drug, produces cardiotoxicity, which limits its
therapeutic potential (1). Significant and persistent cardiac
dysfunction develops in >60% of patients receiving maximal
acceptable cumulative dosages of doxorubicin (430-600
mg/m2) (1). The mechanism of this cardiotoxicity has remained
elusive. According to a popular hypothesis, doxorubicin im-
pairs cardiac function by generating oxygen free radicals that
bind to and disrupt membrane proteins and phospholipids (2).
However, from a practical viewpoint, this hypothesis has been
disappointing because free radical scavengers and antioxidants
have failed to prevent the cumulative doxorubicin cardiotoxi-
city (3, 4). The present study suggests another hypothesis based
on a comparison ofthe effects (toxicities) ofdoxorubicin and its
major metabolite, doxorubicinol (5-7). Our study demonstrates
that doxorubicinol is more toxic to the heart than doxorubicin
and points to doxorubicinol as a potential culprit in doxorubicin-
induced cardiotoxicity.

MATERIALS AND METHODS
Preparation of Doxorubicinol. Doxorubicinol was synthe-

sized from doxorubicin (Sigma; Adria Laboratories, Colum-
bus, OH) according to the technique of Takahashi and
Bachur (5). Identity and purity of doxorubicinol were con-
firmed by mass spectroscopy and HPLC as described (8).

Isolated Papillary Muscle Preparation. Right ventricular
papillary muscles from New Zealand White rabbits (2.5-3.5
kg) were placed in a muscle bath containing Krebs-
bicarbonate buffer (pH 7.4; 30°C) continuously bubbled with
95% 02/5% CO2 as described (9). Each muscle was affixed
to a force transducer and electrically stimulated to contract
isometrically 30 times per minute at its optimum length (Lmax)
to develop maximal tension. The maximal rate of force
development per mm2 of muscle tissue (dS/dt) and the force
exerted by the muscle at rest per mm2 of muscle tissue
(resting stress) were determined from high-speed oscillo-
graphic tracings and used as indices of systolic and diastolic
myocardial function, respectively. Doxorubicin or doxoru-
bicinol was added to the muscle bath in cumulative fashion at
45-min intervals.

Isolated Organelle and Ion-Pump Preparation. Cardiac
muscle sarcoplasmic reticulum (SR) was prepared as de-
scribed by Chamberlain et al. (10); enriched sarcolemma (SL)
was prepared according to Frank et al. (11); bovine heart
submitochondrial vesicles were prepared as described by
Fleischer et al. (12); skeletal muscle light sarcoplasmic
reticulum was prepared by a modification of Meissner et al.
(13). Calcium-dependent ATPase [ATP phosphohydrolase
(Ca2'-transporting), EC 3.6.1.38] activity referable to the
calcium pump of SR-enriched membrane fractions prepared
from canine cardiac and rabbit skeletal muscle was deter-
mined at 37°C in imidazole buffer (20 mM; pH 7.4 at 25°C)
(10). Ouabain-inhibited Na + /K + ATPase [ATP phosphohy-
drolase (Na+/K+-transporting), EC 3.6.1.37] activity in
sarcolemma-enriched membrane fractions from rabbit car-
diac muscle was determined at 37°C in imidazole buffer (30
mM; pH 7.5 at 25°C) (14). Mg2+-dependent ATPase activity
referable to FoF1 reversible proton pump [ATP phosphohy-
drolase (H +-transporting), EC 3.6.1.34] in submitochondrial
vesicles prepared from bovine heart mitochondria was de-
termined at 25°C in Tris-HCl buffer (65 mM, pH 7.5, at 25°C)
(15). Calcium loading of membrane vesicles enriched in
sarcoplasmic reticulum was determined at 25°C in a medium
containing 100 mM potassium phosphate (pH 7.0), 7 mM
NaCl, 50 ,uM CaC12, 1 mM MgCI2, 0.2 mM antipyrylazo III,
and -=50 ,ug of protein per ml (10). Inorganic phosphate
determinations were made according to Baginski et al. (16)
and protein determinations were assessed by the method of
Lowry et al. (17).

Tissue Incubation with Doxorubicin or Doxorubicinol. Small
(-100-mg) strips of atrial or ventricular cardiac tissues were

Abbreviations: dS/dt, maximal rate of systolic force development
per mm' of muscle tissue per unit time; SR, sarcoplasmic reticulum
preparation; SL, enriched sarcolemma preparation.
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incubated with either doxorubicin or doxorubicinol at 300C
in Krebs-bicarbonate buffer bubbled with 95% 02/5% CO2.
Cardiac tissues were exposed to doxorubicin (100 ,ug/ml) for
either 45 or 180 min before removal for analysis of doxoru-
bicin and doxorubicinol tissue concentrations. In other ex-
periments, tissues were incubated with doxorubicinol for 45
min and then assayed for doxorubicinol.

Tissue Assay for Doxorubicin and Doxorubicinol. After
incubation with doxorubicin or doxorubicinol, cardiac tis-
sues (-100 mg) were removed from the muscle baths, rinsed
with normal saline, blotted dry, and weighed. Daunomycin (1
,.g/ml) wag added as an internal standard immediately before
homogenization. Tissues were homogenized with a Polytron
(Brinkman) for 30 sec in 4 ml of ice-cold normal saline.
Homogenates were saturated with NH4SO4 before adding 4
ml of a 1:1 (vol/vol) mixture of chloroform/isopropanol (8).
Next, the preparations were mixed using a Vortex mixer and
centrifuged in a Beckman (model J-6B) at 1000 x g for 10
min. The organic phase from each preparation was removed,
and the organic solvents were evaporated under N2 at room
temperature. The residue was resuspended in 250 jg of
methanol and then was analyzed with a Waters HPLC system

(equipped with M45 and 6000A pumps, a model 680 auto-
mated gradient controller, a WISP 710B automatic injector,
and a Kratos Spectroflow 980 fluorescence detector; Applied
Biosystem, Ramsey, NY). A Waters 4 1LM phenyl Radial-Pak
reversed-phase column was used to separate doxorubicin and
doxorubicinol. The mobile phase was formic acid buffer (16
mM; pH 4.0) and acetonitrile (72:28 vol/vol), which was
changed at 6.5 min to 66:35 and returned to 72:28 at 11.5 min.
Doxorubicin and doxorubicinol were quantified using fluo-
rescence detection (470 nm excitation and 550 nm emission
wavelengths). Concentrations of doxorubicin and doxorubi-
cinol (expressed as doxorubicin equivalents) were deter-
mined from doxorubicin standard curves.
In Vitro Cytotoxicity Studies. The cytotoxicities of doxo-

rubicin and doxorubicinol were evaluated in three pancreatic
adenocarcinoma cell lines. Cell lines were from human
(PANC-1) and hamster origin (PD PaCa and WD PaCa).
PANC-1 cells (18) were obtained from the American Type
Culture Collection, and the hamster cells were obtained
through Scarpelli and Rao (19). Cells were adapted to tissue
culture in our laboratory and maintained in culture using
complete medium (RPMI 1640), supplemented with 10%
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FIG. 1. Logarithmic concentration-response curve for doxorubicin and the primary metabolite doxorubicinol on contractility (dS/dt; A) and
muscle stiffness (resting stress; B) expressed as the percentage of baseline predrug values in isolated heart muscle. Data are mean SEM for
five observations. Doxorubicin responses (both dS/dt and resting stress) were significantly different (P < 0.01) from doxorubicinol responses
at 90 AM as assessed by unpaired t test. Baseline predrug control values of dS/dt and resting stress did not differ significantly between the two
groups. Baseline values (mean ± SEM) for the doxorubicin group were 7.62 ± 2.40 g per sec/mm2 (dS/dt) and 0.232 + 0.034 g/mm2 (resting
stress). Baseline values for the doxorubicinol group were 10.58 ± 2.03 g per sec/mm2 (dS/dt) and 0.202 ± 0.013 g/mm2 (resting stress).
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heat-inactivated fetal bovine serum, glutamine, penicillin,
and streptomycin (GIBCO) as described (20). Cells were
harvested in late-logarithmic or early stationary-phase
growth. Then they were washed and suspended in complete
medium at a concentration of 1 x 106 cells per ml of medium
(20). Cell suspensions were incubated for 1 hr at various
concentrations of doxorubicin (0.1 kLM-100 AuM) or doxoru-
bicinol (1 ttM-100 MtM). After the 1-hr incubation period,
cells were washed twice with Hanks' balanced salt solution
to remove doxorubicin or doxorubicinol. Cells were then
resuspended for 7-14 days in complete medium containing
0.9% methylcellulose and 15% fetal bovine serum at 370C in
a humidified 95% air/5% CO2 atmosphere. At the end of the
7- to 14-day growth period, the number of tumor colonies
were counted. The number of colonies formed (a colony was
defined as >50 cells) at each concentration of doxorubicin or
doxorubicinol was compared with the number of colonies
formed without doxorubicin or doxorubicinol (control
groups). These comparisons were used to determine the
concentration of doxorubicin or doxorubicinol required to
inhibit colony formation by 50% (IC50).

RESULTS

Doxorubicinol was nearly 30 times more potent than doxo-
rubicin at depressing contractility (dS/dt), a measure of
systolic function of isolated rabbit papillary muscles (Fig.
lA). Doxorubicinol, at 90 uM (50 4g/ml), decreased con-
tractility by 69 + 5% (mean + SEM) of the basal pre-
doxorubicinol value. In contrast, this same concentration of
doxorubicin did not affect contractility. Doxorubicin, at 350
,4M (200 Ag/ml), depressed contractility by 11 ± 5% of basal
values; the highest concentration of doxorubicin studied (700
tuM or 400 tkg/ml) decreased basal contractility by only 29 ±

10%. Thus, doxorubicinol is more potent than the parent
compound at depressing systolic myocardial function in
isolated heart muscle.
Impairment of diastolic myocardial function is another

hallmark of the cardiotoxicity seen with doxorubicin therapy
(3). In our isolated papillary muscle model, however, doxo-
rubicin had little effect on myocardial resting stress (a
measure of muscle stiffness and an index of diastolic myo-
cardial function) even at a concentration of 700 ALM. On the
other hand, doxorubicinol, at a concentration lower by a
factor of eight, increased resting stress to 395 ± 76% of basal
values (Fig. 1B: P < 0.0001). Thus, doxorubicinol, rather
than doxorubicin, depressed the diastolic function (i.e.,
increased resting stress) of isolated papillary muscles.

Because diastolic function is determined in part by sarco-
plasmic calcium concentrations during rest (diastole) (21), the
mechanism of the impaired diastolic function could involve
perturbations of membranes that regulate sarcoplasmic cal-
cium concentrations. Therefore, studies were conducted to
evaluate effects of doxorubicin or doxorubicinol on calcium
pump activity, defined as both rate of calcium loading and
Ca2+ stimulated ATPase activity of sarcoplasmic reticulum
vesicles. Doxorubicin, which failed to appreciably alter
diastolic function, was not a potent inhibitor of calcium pump
activity. In contrast, doxorubicinol, at a concentration that
profoundly decreased diastolic function, almost totally abol-
ished calcium pump activity (Table 1).
Because doxorubicinol was such a potent inhibitor of the

calcium pump of cardiac sarcoplasmic reticulum, we evalu-
ated its effects on ATPases of other ion pumps. Again, there
were dramatic differences between doxorubicin and doxoru-
bicinol. For example, doxorubicinol (90 ,M) completely
inhibited bovine cardiac mitochondrial Mg2 +-ATPase activ-
ity referable to the FoF1 reversible proton pump, the proton
pump responsible for ATP synthesis via oxidative phosphor-
ylation (22). Doxorubicin at 700 ,m had no effect on the
ATPase of this proton pump. The ability of doxorubicinol to
inhibit the ATPases of other ion pumps was not limited to
cardiac tissue (which could partially explain other tissue
toxicities associated with doxorubicin therapy). For exam-
ple, doxorubicinol inhibited the Ca2 +-stimulated ATPase
activity of skeletal muscle sarcoplasmic reticulum and abol-
ished the Na+/K+-ATPase activities of sarcolemma from
canine and rabbit heart preparations (Table 1). Doxorubicin
had little or no effect on these activities even at 700 AuM (Table
1).

Further experiments were conducted to measure cardiac
tissue concentrations of doxorubicin and doxorubicinol be-
cause tissue concentrations may better predict cardiotoxicity
than muscle bath concentrations. The tissue concentration of
doxorubicin was 310 ± 111 ,ug/g of wet weight at a muscle
bath concentration of 100 Ag/ml (175 AM), whereas the tissue
concentration of doxorubicinol was 15 ± 2 gg/g of wet
weight at a muscle bath concentration of 50 pug/ml (90 AM)
(Table 2). Thus, the ratio of tissue concentration to muscle
bath concentration was 10-fold greater for doxorubicin than
for doxorubicinol (i.e., for doxorubicin the ratio was 310/100
= 3.1; for doxorubicinol the ratio was 15/50 = 0.3). When
viewed in this context, doxorubicinol was ten times more
potent as a cardiotoxin than determined using muscle bath
concentrations (see Fig. 1).
How do tissue concentrations ofdoxorubicinol in our study

compare with cardiac tissue concentrations from animals

Table 1. Effects of doxorubicin and doxorubicinol on ion pump activities

Activity
Doxorubicin, Doxorubicinol,

Ion pump Property assayed Source Species Control 700 kLM 90 ,uM
ATP-dependent Ca2"

Ca2+ loading* Cardiac SR Canine 0.13 ± 0.01 (3) 0.10 ± 0.01 (3)t ND (2)t
Skeletal SR Rabbit 1.48 ± 0.15 (3) 1.09 ± 0.11 (3)t ND (2)t

Ca2+ Ca2+-stimulated ATPaset Cardiac SR Canine 2.47 ± 0.09 (2) 1.44 ± 0.03 (2)t 0.07 ± 0.04 (2)t
Skeletal SR Rabbit 6.60 ± 0.48 (4) 3.01 ± 0.26 (2)t 0.22 ± 0.10 (2)t

Na+/K+ Ouabain-inhibitable ATPase§ Cardiac SL Canine 21.82 ± 6.41 (4) 20.81 ± 7.10 (2) 1.56 ± 1.19 (4)t
Cardiac SL Rabbit 0.92 ± 0.07 (2) 0.82 ± 0.03 (2) ND (4)t

FoF, proton Mg2+-stimulated ATPaset Cardiac mitochondria Bovine 0.686 ± 0.062 (6) 0.761 ± 0.22 (2) ND (4)t
Effects of doxorubicin and doxorubicinol on calcium loading of sarcoplasmic reticulum and ATPase activities of ion pumps. Numbers in

parentheses after each activity represent the number of separate observations (done in duplicate) used to determine mean values. All activities
are expressed as mean ± SEM. ND, no detectable activity at concentrations greater than 45 IM.
*jmol of Ca2+ per mg of protein per min.
tSignificant differences from control activity at P < 0.05 assessed by one-way analysis of variance and Dunnett's procedure.
timol of Pi per mg of protein per min. Pi, inorganic phosphate.
§,umol of Pi per mg of protein per hr.
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Table 2. Relation between doxorubicin and doxorubicinol
cardiac tissue concentrations and myocardial function

Doxorubicin Doxorubicinol
Bath conc. 100 ,g/ml 50 jLg/ml
Cardiac conc. 310 ± 111 ,Ig/g 15 ± 2 ,ug/g

of wet wt. of wet wt.
dS/dt, % basal value 95 ± 5% 31 ± 5%
Resting stress, % basal value 80 ± 3% 395 ± 76%

Cardiac tissue concentrations, cardiac contractility (dS/dt), and
resting stress were determined 45 min after adding doxorubicin (175
1.M) or doxorubicinol (90 /LM) to muscle baths. dS/dt and resting
stress are expressed as percentages of basal predrug values. Basal
values of dSldt (7.62 ± 2.40 g per sec per mm2 for doxorubicin and
10.58 ± 2.03 g per sec per mm2 for doxorubicinol) and resting stress
(0.232 ± 0.034 g per mm2 for doxorubicin and 0.202 ± 0.013 g/mm2
for doxorubicinol) did not differ between the two groups. Data are
mean ± SEM. n = 5 and 6 for cardiac tissue concentrations of
doxorubicin and doxorubicinol, respectively.

injected with doxorubicin? There are no reports that relate
cardiac doxorubicinol concentrations to alterations in cardiac
function. Tissue concentrations of doxorubicinol have been
measured in rats after a single injection of doxorubicin at 6
mg/kg (23), but this dose was not associated with acute
cardiac dysfunction (24). The doxorubicin and doxorubicinol
tissue concentrations in our study were greater than those
reported in the above-mentioned study (23). Note that the
relatively high cardiac tissue concentration of doxorubicin in
our study (310 ± 111 Ag/g of wet weight) failed to produce
significant alterations in systolic (dS/dt) or diastolic (resting
stress) function (Table 2). In contrast, a relatively low cardiac
tissue concentration of doxorubicinol (15 ± 2 ,ug/g of wet
weight) was associated with a 69% reduction in dS/dt and
395% increase in resting stress (Table 2).

Doxorubicinol accumulates in cardiac tissue in a time-
dependent fashion after parenteral administration of doxo-
rubicin (6, 7). Because intramyocardial metabolism of doxo-
rubicin to doxorubicinol could explain this accumulation, we
designed experiments to determine whether the heart can
convert doxorubicin to doxorubicinol. Cardiac tissue was
exposed to doxorubicin (175 ttM) for 45 or 180 min (Fig. 2).
Exposure to doxorubicin generated substantial quantities of
doxorubicinol within 45 min (0.91 ± 0.5 ,ug/g of wet weight).
The concentration of doxorubicinol was significantly higher
(5.8 ± 2.5 ug/g of wet weight) when muscles were exposed
to doxorubicin for 180 min. These observations suggest that
intracardiac conversion of doxorubicin to doxorubicinol may
be an important mechanism responsible for cardiac accumu-
lation of doxorubicinol.
Because doxorubicinol was more potent than doxorubicin

in inhibiting contractile function, studies were conducted to
determine the potency ratios of doxorubicin and doxorubi-
cinol as cytotoxic agents to cancer cells. Cytotoxicities of
doxorubicin and doxorubicinol were compared in three
cancer cell lines. As shown in Table 3, to decrease colony
formation by 50% (IC50) always required a greater concen-
tration of doxorubicinol than of doxorubicin. Thus, in our
system, doxorubicin was 5 to 28 times more potent than
doxorubicinol as an antitumor agent.

DISCUSSION
Doxorubicin and other anthracyclines with a C-13 carbonyl
functional group are metabolized to the C-13 alcohols (25).
Before this study, little was known about the relationship of
these C-13 alcohol metabolites and the cardiotoxicity of
anthracyclines. The present data suggest that doxorubicinol,
the C-13 alcohol metabolite of doxorubicin, could play an
important role in the cardiotoxicity seen with doxorubicin
therapy. For example, doxorubicinol was much more potent
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FIG. 2. Cardiac tissue concentrations of doxorubicin (A) and
doxorubicinol (B) after 45 and 180 min of exposure to doxorubicin
(175 tiM). Data are mean ± SEM expressed as ,ug of doxorubicin or
doxorubicinol per gram of wet weight of cardiac tissue.

than doxorubicin as an inhibitor of both systolic and diastolic
cardiac function (Fig. 1). Furthermore, this metabolite was a
more potent inhibitor than doxorubicin of three ion pumps
(Table 1). Moreover, doxorubicinol abolished the calcium-
loading activity of cardiac sarcoplasmic reticulum vesicles,
whereas doxorubicin had little effect on this activity (Table
1).
The present study suggests a hypothesis that will require

further investigation. This hypothesis centers on the obser-
vation that doxorubicin accumulates in cardiac tissue in a
time- and dose-dependent fashion (6, 7, 23). Consistent with
this idea, the present study demonstrated that the heart can
convert doxorubicin to doxorubicinol (Fig. 2). When intra-
cellular levels of doxorubicinol reach toxic limits, inhibition
of ion pumps (Table 1) would cause cardiac dysfunction.
Such a hypothesis could explain the chronic cumulative
nature of doxorubicin cardiotoxicity.

In contrast to relative potencies as cardiotoxic agents,
doxorubicin was more potent than doxorubicinol at inhibiting
cancer cell growth in vitro (Table 3). Thus, our data suggest
a potential approach for enhancing the safety and efficacy of
doxorubicin therapy. Inhibition of the aldoketo reductases
that catalyze the C-13 carbonyl reduction of doxorubicin to
doxorubicinol would result in more doxorubicin to kill cancer
cells but less doxorubicinol to compromise cardiac function.
Clearly, studies are necessary to determine the effects of
aldoketo reductase inhibitors on the antineoplastic activity
and the cardiotoxicity of doxorubicin therapy.

In summary, doxorubicinol, the primary circulating me-
tabolite of doxorubicin, profoundly compromised both sys-
tolic and diastolic function of isolated rabbit papillary mus-
cles. Relatively low (compared with doxorubicin) muscle

Table 3. Cytotoxicity of doxorubicin and doxorubicinol in
tumor cells

Doxorubicin, Doxorubicinol, DMF,
Cell line IC50 in ,uM IC.5 in ,uM IC50soI/IC50 in
PANC-1 1.4 ± 0.2 35.4 ± 4.7 25
PD PaCa 1.6 ± 0.2 44.5 ± 0.5 28
WD PaCa 9.8 ± 1.5 49.5 ± 1.1 5

Cytotoxicity of doxorubicin or doxorubicinol in three pancreatic
adenocarcinoma cell lines. Cell lines were from human (PANC-1) and
hamster origin (PD PaCa and WD PaCa). IC50 is the concentration of
doxorubicin or doxorubicinol required to inhibit the number of
colonies formed in each cell line by 50% compared with untreated
control cells. The results using doxorubicin were mean ± SEM of
seven experiments; those for doxorubicinol were mean ± SEM of
four experiments. DMF (dose-modifying factor) is the ratio of IC50
for doxorubicinol to the IC50 for doxorubicin. The IC50 values for
doxorubicin and doxorubicinol differed significantly (P < 0.05) for
each cell line.
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bath and cardiac tissue concentrations of doxorubicinol
nearly abolished calcium loading and inhibited by >90% the
ATPase activities of sarcoplasmic reticulum, mitochondria,
and sarcolemma. Conversely, doxorubicin, at concentrations
as high as 700 uM, had little effect on systolic or diastolic
function and did not substantially inhibit calcium loading by
sarcoplasmic reticulum vesicles or ATPase activities of the
three ion pumps. Also, the heart can metabolize doxorubicin
to doxorubicinol, which could result in the intramyocardial
accumulation of this highly toxic metabolite. Thus, doxoru-
bicinol may be important in the chronic cumulative cardiac
toxicity associated with doxorubicin chemotherapy.
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