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ABSTRACT

The dose-dependent cardiomyopathy and heart failure due to adriamycin have been shown to be due to increased
oxidative stress and loss of myocytes. We examined the incidence of myocardial apoptosis as well as changes in
the expression of apoptotic regulatory gene products in an established animal model of adriamycin cardiomy-
opathy. Rats were treated with adriamycin (cumulative dose, 15 mg/kg), and the hearts were examined for apop-
tosis as well as expression of Bax, caspase 3, and Bcl-2 at 0, 4, 10, 16, and 21 days after the treatment. A significant
increase in the incidence of apoptosis was seen at 4 days, followed by a decline at 10 and 16 days of posttreat-
ment. At 21 days, the number of apoptotic cells increased again and included cells of the conducting system. Ex-
pression of Bax corresponded to these biphasic changes, whereas the converse was true for the expression of Bcl-
2. The latter peaked at 10 days followed by a decline at 16 and 21 days. The Bax/Bcl-2 ratio also correlated with
the incidence of apoptosis. Expression of caspase 3 correlated with increased apoptosis, but only at early time
points. Probucol (cumulative dose, 120 mg/kg), a known antioxidant as well as promoter of endogenous antioxi-
dants, significantly reduced the incidence of apoptosis as well as expression of Bax. Adriamycin-induced hemo-
dynamic changes were also prevented by probucol. These data suggest that adriamycin-induced apoptosis is me-
diated by oxidative stress and may play a role in the development of heart failure. Antioxid. Redox Signal. 3, 135–145.
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INTRODUCTION

ADRIAMYCIN (DOXORUBICIN) is a highly active
antineoplastic drug used for the treatment

of a variety of human malignancies. However,
the usefulness of adriamycin is limited by the
fact that repetitive administration of the drug
causes cardiomyopathy and heart failure (19,
35, 37). Although adriamycin-induced cell in-
jury is multifactorial (10, 29, 36, 39, 40, 46), in-
creased oxidative stress has been shown to play
a major role in mediating the chronic car-
diotoxic side effects of adriamycin (25, 38).
Probucol, a lipid-lowering drug with antioxi-

dant properties, has been shown to prevent
adriamycin-induced cardiomyopathy as well
as associated subcellular changes (41).

Apoptosis, or programmed cell death, is a
highly conserved evolutionary event that is
crucial for normal development and cell ho-
meostasis. However, recent data suggest that
an inappropriate or untimely loss or ventricu-
lar myocytes may play a major role in the
pathogenesis of different cardiac disease states
(26, 28, 33, 34). Whether the cardiomyocyte
death associated with adriamycin-induced car-
diomyopathy in vivo is a result of apoptosis re-
mains to be determined. Earlier studies have
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reported the occurrence of apoptosis, due to
adriamycin administration in kidney, intestine,
and hair follicles as well as various cell lines (7,
49). In heart, adriamycin-induced apoptosis
was reported to be limited to interstitial den-
dritic cells and macrophages, but not to myo-
cytes (49). However, morphological features of
hearts from patients and animals with adri-
amycin-induced cardiomyopathy suggest that
myocyte cell death may be mediated at least in
part through an apoptotic process (38). Fur-
thermore, adriamycin-induced myocyte cell
death in cell culture has been demonstrated to
be mediated by a combination of apoptosis and
necrosis (18).

Using an established model of adriamycin-
induced cardiomyopathy and heart failure in
adult rats, we examined whether the myocyte
loss associated with adriamycin-induced car-
diomyopathy is a result of an increase in the
incidence of apoptosis. Expression of apopto-
sis regulatory gene products such as Bax, cas-
pase 3, and Bcl-2 was also examined. As probu-
col is known to prevent adriamycin-induced
cardiomyopathic changes, its effects on adri-
amycin-induced apoptosis in ventricular myo-
cytes were also examined.

MATERIALS AND METHODS

Animal model

Male Sprague–Dawley rats (body weight,
250 6 10 g) were maintained on normal rat
chow. Rats were divided into four groups: 
control (CONT), adriamycin-treated (ADR),
probucol-treated (PROB), and probucol 1 adri-
amycin-treated (PROB 1 ADR). Adriamycin
(doxorubicin hydrochloride) was administered
intraperitoneally in six equal injections (each
containing 2.5 mg/kg of body weight) to ani-
mals in the ADR and PROB 1 ADR groups
over a period of 2 weeks for a total cumulative
dose of 15 mg/kg of body weight as described
earlier (43). Probucol (cumulative dose, 120
mg/kg of body weight) was administered in-
traperitoneally to the PROB and PROB 1 ADR
groups in 12 equal injections (each treatment
containing 10 mg/kg) over a period of 4 weeks,
2 weeks before adriamycin administration and

2 weeks alternating with adriamycin injections.
Animals in the CONT group were injected with
the vehicle only (lactose, 75 mg/kg in saline)
on the same regimen as ADR. All studies were
approved by the Central Animal Care Com-
mittee of the University of Manitoba.

Hemodynamic studies

At the end of the 3-week posttreatment pe-
riod, animals from all of the groups were as-
sessed hemodynamically by a procedure de-
scribed before (44). In brief, animals were
anesthetized with sodium pentobarbital (50
mg/kg i.p.). A miniature pressure transducer
(Millar Micro-Tip) was inserted into the left
ventricle via the right carotid artery. Left ven-
tricle systolic pressure (LVSP), left ventricle
end-diastolic pressure (LVEDP), aortic systolic
pressure (ASP), and aortic diastolic pressure
(ADP) were recorded.

Apoptosis and immunohistochemistry

After the last injection, rats were killed by de-
capitation on days 0, 4, 10, 16, and 21 for the
ADR group and on day 21 for the CONT,
PROB, and PROB 1 ADR groups. Hearts were
removed and immediately fixed in buffered
formalin. The hearts were cut into blocks, em-
bedded in paraffin, and cut into tissue sections
of 5 mm for the study of apoptosis and im-
munohistochemical staining for Bax, caspase 3,
and Bcl-2. In each group and each time point,
three or four hearts were sectioned, stained,
and analyzed.

Apoptosis by conventional and confocal micro-
scopy. Tissue sections were deparaffinized in
xylene and rehydrated in descending concen-
trations of ethanol (100%, 90%, 70%, 50%, 30%,
and phosphate-buffered saline). Tissue sections
were treated with proteinase K (25 mg/ml in 10
mM Tris-HCl) for 30 min at 30°C, and washed
twice in phosphate-buffered saline. Slides were
then incubated in 0.3% H2O2 in methanol for
30 min at room temperature to inactivate en-
dogenous peroxidase activity. Tissue sections
were permeabilized with 0.1% Triton X-100 in
0.1% sodium citrate for 2 min on ice, and
processed for terminal deoxynucleotidyltrans-
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ferase-mediated nick end-labeling (TUNEL) 
assay.

In brief, sections were incubated for 1 h at
37°C in terminal deoxynucleotide transferase
buffer containing 140 mM sodium cacodylate,
1 mM cobalt chloride, 30 mM Tris-HCl, pH 7.2,
50 units of terminal deoxynucleotide trans-
ferase, and 1 nmol of fluorescein isothio-
cyanate-conjugated dUTP or rabbit anti-fluo-
rescein isothiocyanate conjugated to peroxide
using diaminobenzoic acid as substrate
(Boehringer Mannheim). To differentiate car-
diac myocytes from noncardiac cells, sections
were double-immunostained for the presence
of sarcomeric myosin with anti-sarcomeric
myosin antibody MF20 (provided by D. Bader,
Vanderbilt University) followed by 10 mg/ml
rhodamine-conjugated anti-mouse IgG. Fol-
lowing the terminal nucleotide transferase re-
action, sections were washed three times in
phosphate-buffered saline and mounted on
glass slides. Tissue sections were visualized un-
der bright field and confocal microscopy using
an Olympus IX 70 Research microscope
equipped with an Olympus Fluoview Laser
Scanning Module.

Quantitative analysis of apoptotic myocytes
was performed on four to six individual tissue
sections, using four to six adjacent fields from
the epicardial, myocardial, and endocardial re-
gions. The percentage of positive myocyte cells
was calculated counting positive nuclei per 500
myocyte nuclei counted. Cardiomyocytes were
also distinguished morphologically from non-
myocytes using phase-contrast microscopy as
well as by counterstaining of adjacent tissue
sections with hematoxylin. This approach is
similar to one adopted by others for quantita-
tion of apoptosis in human hearts (22). For sta-

tistical analysis of the data, group means were
compared by one-way analysis of variance.

Immunohistochemical staining for the detection
of Bax, caspase 3, and Bcl-2. Immunoperoxidase
staining was performed by using methods de-
scribed previously with some modifications
(23). In brief, tissue sections were deparaf-
finized, and endogenous peroxidase activity
was inactivated as described above. Antigen
unmasking was done by saponin treatment
(5–10 mg/ml in distilled water) for 30 min at
room temperature. Following washing, tissue
sections were blocked with 1% normal goat
serum to prevent nonspecific binding. Sections
were incubated with rabbit antibodies directed
toward rat Bax, caspase 3, and Bcl-2 followed
by goat anti-rabbit antibody conjugated to
horseradish peroxidase (1:500 dilution) in a 
humidified chamber at 37°C. The antibody
against the active subunit for caspase 3 was ob-
tained from Santa Cruz. Sections were washed
and incubated with diaminobenzidine sub-
strate for detection of Bax, caspase 3, and Bcl-
2 expression by light microscopy. A reddish
brown appearance in the cytoplasm of car-
diomyocyte counted as a positive myocyte.
Quantitative analysis of myocytes was per-
formed by counting the number of positive
cells as described above.

RESULTS

General observations and hemodynamics

Animals in the ADR group began to show
enlargement of the abdomen 1 week after the
last treatment. At 21 days, all animals in the
ADR group had a significant amount of peri-
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TABLE 1. EFFECTS OF PROBUCOL ON ADRIAMYCIN-INDUCED

HEMODYNAMIC CHANGES

Hemodynamic
parameters CONT ADR PROB PROB 1 ADR

LVEDP 4.2 6 1.5 29.5 6 3.6* 2.9 6 1.4 6.1 6 1.8
LVSP 111.5 6 3.2 83.2 6 4.1* 108.4 6 5.3 109.3 6 4.2
ADP 70.2 6 4.1 68.4 6 3.1 71.6 6 4.4 69.2 6 3.1
ASP 106.9 6 6.1 79.1 6 5.2* 107.6 6 3.6 103.5 6 5.2

Data are means 6 SEM of six or seven animals.
*p , 0.05 compared with all other groups.



FIG. 1. (A) Control heart with TUNEL and hematoxylin
staining. (B) Adriamycin, 4 days following treatment,
TUNEL and hematoxylin staining. (C) Adriamycin, 4
days following treatment, TUNEL staining and phase
contrast. Vacuolization of the cytoplasm, typical of adri-
amycin cardiomyopathy, can be seen in C. Arrows point
to apoptotic nuclei.

FIG. 2. TUNEL staining in 21-
day posttreatment group. (A) 
Adriamycin alone; subendocardial
localization of apoptotic nuclei. (B)
Adriamycin alone; same general
area in phase contrast. Purkinje cell
layer in the subendocardial region
as well as vacuolization in most of
the cardiomyocytes is also appar-
ent. (C) Adriamycin alone; TUNEL
with hematoxylin. (D) Adriamycin
plus probucol; TUNEL staining. Ar-
rows point to apoptotic nuclei.

FIG. 3. Adriamycin group, 21 days following treat-
ment. Confocal micrographs after tissue sections were
stained for TUNEL (green) and sarcomeric myosin (red)
are shown: (A) control; (B) myocardial region; and (C)
subendocardial localization of apoptotic nuclei.
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toneal fluid. By this time, ADR animals showed
dyspnea and appeared weaker and slow. All
these signs and ascites were absent in animals
in the PROB 1 ADR, PROB, and CONT
groups. Mortality in the ADR group at 21 days
was 40%, and there was no death seen in any
of the other three groups. At 21 days, whereas
LVEDP of the animals in the ADR group was
significantly elevated, LVSP and ASP were sig-
nificantly depressed (Table 1). These parame-
ters in PROB 1 ADR group animals were no
different from those in the CONT and PROB
groups (Table 1).

Analysis of apoptosis

Adriamycin treatment resulted in vacuoliza-
tion in the cytoplasm and myofibrillar drop
out, and the extent of these morphological
changes increased with the posttreatment du-
ration. Analysis of the hearts from the CONT
group displayed an infrequent number of
apoptotic events (0.08%) as indicated by
TUNEL assay (Fig. 1A). In contrast, however,
the hearts from the ADR group exhibited a sig-
nificantly higher number of apoptotic myo-
cytes at 4 days (Fig. 1B and C). The distribu-
tion of apoptotic cells in these hearts at 4 days
was uniform throughout the myocardium (Fig.
1B and C). At 10- and 16-day posttreatment du-
rations, the incidence of apoptosis was less than
that observed at 4 days. However, at 21 days,
the frequency of apoptotic cells increased (Fig.
2A–C). A similar distribution of the apoptotic
cardiomyocytes in the myocardial as well as en-
docardial regions was confirmed by confocal
microscopy using double staining (Fig. 3). In-
terestingly, at 21 days, some of the involved
myocytes were found localized in the suben-
docardial region (Figs. 2A and B and 3C). Mor-
phological assessment revealed that these 
myocytes were oblong, joined end to end, and
manifested the appearance of Purkinje cell
fiber. In addition, under phase contrast, car-
diomyocytes in the ADR group showed vac-
uolization typical of this drug (Figs. 1C and 2B).

Quantitative analysis of different tissue sec-
tions from 0-, 4-, 10-, 16-, and 21-day post-
treatment ADR groups was done, and a bipha-
sic response in the frequency of apoptosis was
apparent (Fig. 4A). At 4 days following treat-
ment, , 6% of cardiomyocytes displayed evi-

dence of apoptosis, which was decreased to
, 1.3% at 10 days. The DNA fragmented nuclei
observed in ADR group hearts rose to ,3% and
.5% at 16 and 21 days, respectively (Fig. 4A).
Hearts from PROB 1 ADR group animals were
analyzed at 21-day posttreatment duration,
and these data are shown in Fig. 2D and 4B.
There was a significant decrease in the number
of apoptotic nuclei in the PROB 1 ADR group
compared with the ADR group at 21 days (Fig.
4B).

Expression of Bax, Bcl-2, and caspase 
in myocytes

The immunohistochemical detection of Bax,
Bcl-2, and caspase 3 in the adriamycin car-
diomyopathy rat model was performed at 0, 4,
10, 16, and 21 days. Positive cardiomyocytes
with the appearance of reddish brown color in
the cytoplasm were counted. Figure 5 illus-
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FIG. 4. (A) Percentage of apoptotic cardiomyocytes in
the ADR group hearts at different time intervals (0, 4, 10,
16, and 21 days in the ADR group) after the last injection
of adriamycin. (B) Percentage of apoptotic myocytes at 21
days following treatment. *, **Significantly different (p ,
0.05) from the other three groups.
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trates that Bax labeling, which was found rarely
in control myocytes (Fig. 5A), was more fre-
quently distributed in the cytoplasm of the
ADR group (Fig. 5B). However, the expression
for Bax was significantly reduced in the
PROB 1 ADR group at 21 days (Fig. 5C).
Quantitative analysis of the number of myo-
cytes displaying positive staining for Bax re-
vealed a maximum reaction that peaked at 4
days for 9.2% followed by a sharp decline to
4.4% at 10 days with a gradual rise to 5.8% and
6.2%, respectively, at 16 and 21 days following
adriamycin treatment (Fig. 6). At 21-day post-
treatment duration, the number of cells stain-
ing positive for Bax was only , 2% in the

ADR 1 PROB group, which was significantly
less than that in the ADR group (Fig. 7).

The distribution pattern for Bcl-2 proteins
was also characteristic of posttreatment dura-
tions with adriamycin, and its expression in re-
lation to Bax and caspase 3 is shown (Fig. 6).
In the CONT hearts, ,1% of the myocytes were
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FIG. 5. Bax staining. (A) Control. (B) 21 days in the ADR
group. (C) 21 days in the PROB 1 ADR group.

FIG. 6. Percentage expression of Bcl-2-, Bax-, and cas-
pase-positive myocytes at different posttreatment dura-
tions in the ADR group hearts. *Significantly different
(p , 0.05) from 0 time point value.

FIG. 7. Effects of probucol on adriamycin-induced
changes in the expression of Bax, Bcl-2, and caspase at
21 days. *Significantly different (p , 0.05) from all other
groups.
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positively stained for Bcl-2 (Fig. 8A). The reac-
tion in ADR hearts peaked at 10 days (Fig. 8B)
followed by a decline at 16 and 21 days after
treatment (Fig. 8C). The expression of Bcl-2 at
21 days in the ADR group was not different
from that in the PROB 1 ADR group (Fig. 7).

A slight immunoreactive staining for caspase
3 protein was detected in ,1% of the myocytes
in the CONT group (Fig. 9A). In the ADR group
heart, the maximum staining for caspase 3 oc-
curred at 4 days after treatment (Fig. 9B) fol-
lowed by a decline at 10, 16, and 21 days after

treatment (Fig. 6). Some positive immunoreac-
tive cells were observed at 21 days in the ADR
group, but the reactivity was not different from
that in the PROB 1 ADR group (Fig. 7).

The ratio of Bax/Bcl-2 in ADR group hearts
showed a biphasic response and correlated
with the extent of apoptosis seen in these hearts
(Fig. 10).

DISCUSSION

The study of adriamycin-induced cardiomy-
opathy and heart failure by using rat as an an-
imal model was first reported in 1973 (8). The
treatment dose and schedule used in the pres-
ent study was established in our laboratory 
(48) and has been used by other groups (4, 24).
These rats at 3 weeks after the last injection
seem to mimic not only myocardial structural
changes, but also the functional refractoriness
of adriamycin-induced cardiomyopathy ob-
served in chronic stages in humans (19, 46).
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FIG. 8. Bcl-2 staining. (A) Control. (B) 10 days with
adriamycin. (C) 21 days with adriamycin.

FIG. 9. Caspase 3 staining. (A) Control. (B) 4 days with
adriamycin.
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Thus, the induction of cardiomyopathy in this
model is highly reproducible and is time-re-
lated. Heart failure in the present study was
confirmed by the presence of ascites, dyspnea,
a rise in LVEDP, and depression of LVSP and
ASP. It has also been established that the myo-
cardial cell damage is characterized by the di-
latation of the sarcoplasmic reticulum, loss of
myofibrils, and ultimately emptying and loss
of the myocytes (38, 41). These changes, typi-
cal for adriamycin cardiomyopathy, were also
observed in the present study.

It is important to note that morphological
features of adriamycin-induced cardiomyopa-
thy suggest that the process may be a regulated
event occurring in an orderly fashion. In a pre-
vious study on isolated adult rat cardiomyo-
cytes, we reported that adriamycin causes
apoptosis as evidenced by histochemical stud-
ies as well as DNA laddering (18). Apoptotic
cell death in isolated myocytes has also been
reported by others (13, 47). In isolated myo-
cytes, both TUNEL assay and Hoechst 33258
staining revealed a significantly increased
number of apoptotic nuclei and nucleosomal
fragmentation upon adriamycin treatment (18).
DNA laddering was also observed on agarose
gel electrophoresis in the cells treated with
adriamycin, whereas it was undetectable in

control cells (13, 18, 47). The present in vivo
study not only supports the previous findings,
but also demonstrates, for the first time, that
adriamycin-induced cardiomyopathy involves
myocyte cell death through an apoptotic
process. The extent of apoptosis in adriamycin
cardiomyopathy seems to vary with the post-
treatment duration. The first peak of apoptotic
myocytes was seen at 4 days, and distribution
of these cells was fairly uniform. The second
peak of apoptotic myocytes at 21 days follow-
ing treatment appears to be due to a higher in-
cidence of cell death in the subendocardial
cells. Judging from the location and morphol-
ogy of these myocytes in phase contrast, hema-
toxylin staining, and confocal microscopy, it is
likely that these may have been conducting
cells.

The high incidence of apoptosis (5–6%) seen
in the ADR group in this study cannot be con-
ducive for life. Indeed, dilation of the heart,
thinning of the ventricular wall, and high mor-
tality are seen in patients (19, 37) as well as ex-
perimental animals (42, 44). In the present
study, the mortality in the ADR group at 3
weeks of posttreatment was at 40%. Focal 
myocardial necroses have been reported in
some patients who died in cardiogenic shock
within 4 weeks of receiving their first or sec-
ond course of adriamycin (5). However, in
more chronic lesions after several cycles of an-
thracyclines, an inflammatory reaction is usu-
ally absent (12). The present animal model rep-
resents more of a chronic stage, which also does
not show any inflammatory infiltrations (42).
Although in the present study we focused on
apoptosis, the occurrence of focal necrosis can-
not be ruled out. However, in a recent report,
apoptosis has been reported as the predomi-
nant form of cell death due to adriamycin as
compared with necrosis (16).

Expression of Bax and caspase 3 has been re-
ported to promote apoptotic cell death in var-
ious cell systems (14, 27, 31, 47). Induction of
apoptosis by these pro-apoptotic factors in 
myoctes under different disease conditions has
also been reported (2, 23, 31). In the present
study, an increased incidence of apoptosis also
correlated with an increased expression of Bax
in the hearts of rats with adriamycin-induced
cardiomyopathy. The level of Bax protein ex-
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FIG. 10. Percentage of apoptotic myocytes and Bax/Bcl-
2 ratio at different posttreatment durations in the ADR
group. *Significantly different (p , 0.05) from the 0 time
point.
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pression was maximal at 4 and 21 days fol-
lowing the last adriamycin treatment. Maximal
activation of caspase 3 in these cardiomyo-
pathic hearts was seen at 4 days. These find-
ings corroborate and are consistent with pre-
vious studies on H9C2 cardiac muscle cells
following doxorubicin treatment in which Bax
and caspase 3 activation was seen (47). Fur-
thermore, a higher expression of Bax and cas-
pase 3 was associated with positive in situ nick-
end labeling of DNA at these time points. A
correlation between the frequency of TUNEL-
positive nuclei and expression of Bax at 4 and
21 days and of caspase 3 at 4 days provides
strong evidence to support the occurrence of
apoptotic myocyte cell death in adriamycin car-
diomyopathy. A lack of correlation between
TUNEL positivity and caspase 3 expression at
21 days may suggest a greater role for Bax at
these later time points.

Several recent studies have shown that Bcl-2
offers protection against drug-induced apopto-
sis in endothelial cells, lymphocytes, ventricu-
lar myocytes, and cultured vascular smooth
muscle cells (17, 20, 23, 32). In the present
study, the increased Bcl-2 protein expression in
adriamycin cardiomyopathic rat hearts corre-
lated with a reduced incidence of apoptosis,
and the converse was true at 4 and 21 days
when apoptosis was found to be maximal. Fur-
thermore, the Bax/Bcl-2 ratio at different time
points also correlated with apoptosis in adria-
mycin cardiomyopathy.

The role of oxygen free radicals in the patho-
genesis of the cardiomyopathy has been sup-
ported by direct as well as indirect evidence (3,
21, 38). Increased levels of oxygen species due
to adriamycin have been detected directly by
electron spin resonance (1, 9, 15, 45), indirectly
by an increase in tissue malondialdehyde,
which is a breakdown product of lipid peroxi-
dation (30, 38), and lower endogenous antiox-
idant enzyme activities (10, 21, 38). Further-
more, free radical scavengers, and drugs with
antioxidant properties such as N-acetylcys-
teine, a-tocopherol, and probucol, reduce an-
thracycline-induced cardiotoxicity (25, 30, 44).
Although the exact mechanism of the cytopro-
tective action of probucol remains to be eluci-
dated, the drug is known to decrease myocar-
dial oxidative stress by acting as an antioxidant

as well as by promoting endogenous antioxi-
dant enzyme activities (44). Increased oxidative
stress has been suggested to be involved in
apoptosis (6). In the present study, the adria-
mycin-induced apoptosis was modulated in
animals treated with probucol, suggesting that
the apoptosis, an event underlying adriamycin
cardiomyopathy, may be mediated by the in-
creased oxidative stress. A simplified scheme
encompassing the proposed adriamycin-in-
duced increase in oxidative stress, apoptotic
regulatory proteins, apoptosis, and heart fail-
ure as well as the protective effects of probu-
col is shown in Fig. 11.
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ABBREVIATIONS

ADP, aortic diastolic pressure; ADR, adria-
mycin (doxorubicin)-treated; ASP, aortic sys-
tolic pressure; CONT, control; LVEDP, left ven-
tricular end-diastolic pressure; LVSP, left
ventricular systolic pressure; PROB, probucol-
treated; PROB 1 ADR, probucol 1 adriamy-
cin-treated; TUNEL, terminal deoxynucleo-
tidyltransferase-mediated nick end-labeling.
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