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of established cardiomyopathy does not appear to im-
prove prognosis. Thus, many preventive treatments have 
been proposed. This review briefly discusses the patho-
physiology and management strategies of doxorubicin 
cardiomyopathy including the experimental drugs that 
have been tested to prevent its cardiotoxicity.

  Cardiotoxicity: Incidence 

 Doxorubicin cardiotoxicity can be acute, occurring 
during and within 2–3 days of its administration. The 
incidence of acute cardiotoxicity is approximately 11%  [3, 
4] . The manifestations are usually chest pain due to myo-
pericarditis and/or palpitations due to sinus tachycardia, 
paroxysmal nonsustained supraventricular tachycardia 
and premature atrial and ventricular beats. The electro-
cardiogram may reveal nonspecific ST-T changes, left 
axis deviation and decreased amplitude of QRS complex-
es. The mechanisms for these acute changes are not clear 
but may be due to doxorubicin-induced myocardial ede-
ma, which is reversible  [3, 5] . Acute left-ventricular (LV) 
failure is a rare manifestation of acute cardiotoxicity, but 
it is also reversible with appropriate treatments.
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 Abstract 

 Established doxorubicin cardiomyopathy is a lethal disease. 
When congestive heart failure develops, mortality is approx-
imately 50%. Extensive research has been done to under-
stand the mechanism and pathophysiology of doxorubicin 
cardiomyopathy, and considerable knowledge and experi-
ence has been gained. Unfortunately, no effective treatment 
for established doxorubicin cardiomyopathy is presently 
available. Extensive research has been done and is being 
done to discover preventive treatments. However an effec-
tive and clinically applicable preventive treatment is yet to 
be discovered.  Copyright © 2009 S. Karger AG, Basel 

 Introduction 

 The anthracycline anticancer drug doxorubicin is an 
effective and frequently used chemotherapeutic agent for 
various malignancies  [1, 2] . Its major adverse effect is car-
diotoxicity, which may limit its use. Doxorubicin cardio-
myopathy, once developed, carries a poor prognosis and 
is frequently fatal  [2, 3] . The presently available treatment 
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  The incidence of chronic doxorubicin cardiotoxicity is 
much lower, with an estimated incidence of about 1.7% 
 [6] . It is usually evident within 30 days of administration 
of its last dose, but it may occur even after 6–10 years af-
ter its administration. The incidence of doxorubicin car-
diomyopathy is primarily related to its dose. The inci-
dence is about 4% when the dose of doxorubicin is 500–
550 mg/m 2 , 18% when the dose is 551–600 mg/m 2  and 
36% when the dose exceeds 600 mg/m 2   [7] . The other risk 
factors are combination therapy with other cardiotoxic 
antitumor drugs and mediastinal radiation therapy. Can-
cer therapy in childhood and adolescence predisposes to 
the development of doxorubicin cardiomyopathy in 
adults  [8] . Age also influences the risk of developing 
doxorubicin cardiomyopathy. Very young and very old 
individuals are more prone to develop this complication. 
A history of cardiovascular disease such as hypertension 
and reduced LV ejection fraction before therapy is also a 
risk factor to develop this complication. The prognosis of 
patients who develop congestive heart failure is poor 
( � 50% mortality in 1 year)  [6] .

  Cardiac Morphologic and Functional Changes 

 The cardiac morphologic and functional derange-
ments of doxorubicin cardiomyopathy are similar to 
those of dilated cardiomyopathy. All four cardiac cham-
bers may be dilated although severe dilatations of ven-
tricles and atria are less common than in ischemic and 
non-ischemic dilated cardiomyopathies. The ventricular 
ejection fraction and contractile function is reduced. 
There is concomitant diastolic dysfunction. Because of 
insignificant change in LV wall thickness, wall stress is 
increased. Mural thrombi are also detected in some pa-
tients.

  Histopathologic Changes 

 In doxorubicin cardiomyopathy, there are areas of 
patchy myocardial interstitial fibrosis and scattered vac-
uolated cardiomyocytes (Adria cells;  fig. 1 ). Adria cells 
are seen adjacent to areas of fibrosis. The areas of fibrosis 
are usually widespread and areas of acute myocyte dam-
age are infrequent. There is fibroblast proliferation and 
histiocyte infiltration in the areas of healed myocarditis. 
Partial or total loss of myofibrils and myocyte vacuolar 
degeneration are essential features of doxorubicin car-
diotoxicity ( fig. 2 ). With loss of myofilaments, the rem-
nants of Z discs are seen. There is distention of sarcoplas-
mic reticulum and the T-tubules. The myocyte vacuoles 
coalesce and form large membrane-bound spaces. The 
nucleus-chromatin disorganization and replacement of 
chromatin by pale filaments are also features of doxoru-
bicin cardiomyopathy  [3, 9, 10] .

  Mechanism of Doxorubicin Cardiomyopathy 

 The mechanisms of therapeutic effects of doxorubicin 
on tumor cells are different from those of the mecha-
nisms of its cardiotoxicity. The proposed mechanisms of 
its anti-malignancy effects include intercalation into 
DNA leading to inhibition of synthesis of macromole-
cules, generation of reactive oxygen species, DNA bind-
ing and DNA cross-linking; DNA damage by inhibition 
of topoisomerase II, and induction of apoptosis by inhibi-
tion of topoisomerase II  [3, 11, 12] .

  The proposed principal mechanisms of doxorubicin 
cardiotoxicity are increased oxidative stress, as evident 
from increased levels of reactive oxygen species and lipid 
peroxidation  [3, 5, 13, 14] . Decreased levels of antioxi-
dants and sulfhydryl groups  [5, 15–18] , inhibition of nu-
cleic acid and protein synthesis  [19, 20] , release of vasoac-

a b

  Fig. 1.   a  Normal myocyte structure and 
without abnormal interstitial fibrosis.
 b  Myofibrillar loss and vacuolization 
(Adria cells) and extensive diffuse fibrosis. 
(Published with permission from Take-
mura et al.  [3] ) 
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tive amines  [21] , altered adrenergic function  [22]  and de-
creased expression of cardiac-specific genes are other 
proposed mechanisms  [3] . It is possible that more than 
one mechanism is operative. It should also be emphasized 
that the importance of many of the proposed mecha-
nisms remains to be established.

  Oxidative Stress 
 Doxorubicin appears to induce toxic damage to the 

mitochondria of cardiomyocytes. Several mitochondrial 
enzymes such as NADH dehydrogenase, cytochrome P-
450 reductase and xanthine oxidase are involved in gen-
erating oxygen free radicals (reactive oxygen species)  [3, 
23–25] . Doxorubicin also increases superoxide formation 
by increasing endothelial nitric oxide synthase   [26, 27] , 
which promotes intracellular hydrogen peroxide forma-
tion  [28] .

  Gene Expression 
 The downregulation of  � -actin, myosin light and 

heavy chains, troponin-I, and desmin proteins by doxo-
rubicin has been suggested as a potential mechanism of 
its cardiotoxicity. Decreased expression of the contractile 
proteins is associated with myofibrillar loss and reduced 
myocardial contractile function  [29, 30] . Downregula-
tion of sarcoplasmic reticular ATPase may cause abnor-
mal myocardial diastolic function  [3, 29, 30] . It has been 
suggested that doxorubicin can inactivate extracellular 
signal-regulated kinase (ERK)  [31] .

  Apoptosis 
 There is evidence that doxorubicin induces apoptosis 

of cardiomyocytes  [28, 32, 33] . Formation of hydrogen 
peroxide and superoxide has been implicated in doxoru-

bicin-induced cardiomyocyte toxicity  [28, 32] . These in-
tracellular oxidants induce p53, and activated p53 pro-
motes apoptosis of cardiomyocytes  [35, 36] .

  Diagnosis 

 The diagnosis of doxorubicin cardiomyopathy should 
consist of taking appropriate history to assess the likeli-
hood of the diagnosis. A complete examination of the 
cardiovascular system to detect presence of signs of overt 
heart failure, such as elevated jugular venous pressure 
and S3 gallop, is essential. An electrocardiogram should 
be obtained, which usually demonstrates nonspecific
ST-T wave changes and sometimes low-voltage QRS com-
plexes. A chest X-ray is also helpful to assess cardiomeg-
aly and signs of pulmonary venous congestion. It should 
be emphasized that the presence or absence of the abnor-
malities by these evaluations are nonspecific and nondi-
agnostic.

  Echocardiography with Doppler studies is commonly 
used to detect early diastolic and systolic LV dysfunction. 
Exercise echocardiography may also be useful to assess 
LV contractile reserve.

  Radionuclide ventriculography has been used to as-
sess LV systolic and diastolic function. Like other types 
of cardiomyopathy, cardiac adrenergic denervation oc-
curs in doxorubicin cardiomyopathy. MIBG (metaiodo-
benzylguanidine) nuclear imaging can be employed to 
assess cardiac adrenergic denervation  [37] . Impaired glu-
cose and fatty acid metabolism has been observed in 
doxorubicin cardiomyopathy. Impaired myocardial glu-
cose uptake can be assessed by positron emission tomog-
raphy using fluorine- 18 F-deoxyglucose  [3] . Abnormal fat-

a b c

  Fig. 2.   a  Normal myocardium with little or no extracellular matrix changes and intact myocytes.  b  Same
features in higher magnification.  c  Myocyte loss, matrix disorganization and diffuse fibrosis. (Published with 
permission from Takemura et al.  [3] ) 
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ty acid metabolism can be assessed by  123 I-BMIPP ( � -
methyl-branched fatty acid) nuclear studies  [38] . Cardiac 
magnetic resonance imaging can also be used to assess 
LV systolic function. These tests however are not specific 
for doxorubicin cardiomyopathy.

  Antimyosin antibody study with the use of  111 In-la-
beled monoclonal antimyosin antibody is used for the di-
agnosis of myocarditis and has also been employed for 
the diagnosis of doxorubicin cardiomyopathy  [39] . In 
doxorubicin-treated patients, the sensitivity of antimyo-
sin antibody studies is very high  [40] . Various nuclear 
studies to detect apoptosis have been tested in animal 
models  [41] . Annexin V, which has high affinity for mem-
brane-bound phosphatidylserine, has been used to detect 
apoptosis induced by doxorubicin.

  The measurements of neurohormones and cardiac en-
zymes have been used for the diagnosis of doxorubicin 
cardiotoxicity and presence of heart failure. Plasma levels 
of B-type natriuretic peptide are elevated and correlate 
with the severity of congestive heart failure  [42] . The tro-
ponin T or I levels may also be increased, indicating myo-
cardial injury  [43] . The changes in neurohormones and 
cardiac enzymes are not diagnostic of doxorubicin car-
diomyopathy and are observed in other types of cardio-
myopathy. The endomyocardial biopsy may reveal char-
acteristic diagnostic features of doxorubicin cardiomy-
opathy. The findings that have been suggested for the 
diagnosis of doxorubicin cardiomyopathy are loss of 
myofibrils, distention of sarcoplasmic reticulum, and 
vacuolization of the cytoplasm. The endomyocardial bi-
opsy is also used to grade the severity of doxorubicin car-
diotoxicity  [3, 9, 21] . The disadvantage of this technique 
is that it is invasive, and it requires considerable experi-
ence and training. Furthermore, endomyocardial biop-
sies are not universally used for the diagnosis of doxoru-
bicin cardiomyopathy and its severity.

  Management 

 There is no specific treatment available for the man-
agement of patients with established heart failure. Di-
uretics are used to relieve symptoms and signs of pulmo-
nary and systemic venous congestion.  � -Adrenergic 
blocking agents should be considered, as for treatment of 
other types of systolic heart failure  [44] . It has been re-
ported that metoprolol is safe and can be effective in 
doxorubicin-induced cardiomyopathy  [45] . However, 
there are no controlled studies performed to determine 
whether  � -blocker treatments are effective to prevent 

progression of remodeling and to improve prognosis  [44] . 
There is also no information available, to the best of our 
knowledge, whether there has been any change in prog-
nosis of doxorubicin cardiomyopathy before and after in-
troduction of  � -blocker therapy. Angiotensin II inhibi-
tion should also be considered  [3] . In patients with ad-
vanced heart failure and in those intolerant to angiotensin 
II inhibition therapy, low-dose hydralazine-isosorbide 
dinitrate combination treatment is often employed; how-
ever there is no information available to suggest that such 
treatment is effective in patients with doxorubicin car-
diomyopathy. In patients with malignant arrhythmias, 
amiodarone and implantable cardioverter and defibrilla-
tor should be considered. It should be appreciated that 
none of the treatments employed for ischemic or idio-
pathic dilated cardiomyopathy has been demonstrated to 
improve the prognosis of patients with doxorubicin car-
diomyopathy. Cardiac transplantation has been reported 
to improve long-term prognosis of the patients in whom 
the primary malignancy is cured following chemothera-
py  [46, 47] . Placement of ventricular assist devices may be 
required before cardiac transplantation.

  Preventive Strategies 

 To date, the major emphasis has been to limit the cu-
mulative dose of doxorubicin to  ! 450 mg/m 2   [4] . The use 
of anthracycline analogues, alternative methods of drug 
delivery and continuous slow infusion instead of stan-
dard infusion protocols have also been employed to re-
duce the risk of dilated cardiomyopathy. However, strate-
gies to prevent or reduce doxorubicin cardiotoxicity have 
not been established  [3] .

  A number of pharmaceutical agents have been tested, 
usually in experimental animal studies, to assess their 
potential to reduce the risk of doxorubicin cardiotoxicity 
( table 1 ). Most of the pharmacologic agents that have been 
tested to reduce or prevent doxorubicin cardiotoxicity 
have the potential to reduce oxidative stress  [48] . The 
mercaptopropionyl glycine (MPG), a synthetic aminothi-
ol that exhibits antioxidant properties, has been shown to 
reduce doxorubicin cardiotoxicity  [49] . Similarly, probu-
col, super oxide dismutase, and dexrarzoxane with docu-
mented antioxidant properties have been reported to de-
crease doxorubicin cardiotoxicity  [49–51] . Because the 
calcium channel blocker amlodipine and the  � -and  � -
adrenergic blocking agent carvedilol have antioxidant 
properties they have also been studied for their potential 
to reduce doxorubicin cardiotoxicity  [52, 53] . The PDE5 
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inhibitor sildenafil, erythropoietin and thrombopoietin, 
granulocyte colony-stimulating factor, and the endothe-
lin receptor-blocking agent bosentan have been used in 
experimental animal models for the protection against 
developing doxorubicin cardiomyopathy  [54, 55] . The 
potential protective role of nitric oxide and superoxide 
dismutase has been investigated in a transgenic mouse 
model. Lack of nitric oxide was associated with enhanced 
cardiac injury, and mitochondrial injury was attenuated 
by an increase in manganese superoxide dismutase  [56] .

  In our laboratory, we found that the vinca alkaloid 
vincristine exerts cardioprotective effects on cultured 
adult mouse cardiac myocytes to chemical and hypoxic 
oxidative stress  [57] . Vincristine is often used in combi-
nation with doxorubicin to enhance the effectiveness for 
treatment of the malignancy. As vincristine reduced oxi-
dative stress in the cultured adult myocytes, we evaluated 
the potential cardioprotective effect of vincristine against 
doxorubicin cardiotoxicity in the mouse adult cell cul-
ture model  [58] . 

 Myocyte survival was quantified by the trypan blue 
exclusion technique, which has been validated by previ-
ous studies  [59, 60] . A second technique to assess cell sur-
vival (live/dead viability/cytotoxicity assay) was also em-
ployed  [58] . In  figure 3 , the effects of doxorubicin – either 
alone or in combination with vincristine – on myocyte 
survival during trypan blue and live/dead assays in a typ-
ical experiment are illustrated. It is clear that co-treat-
ment with vincristine reduces the magnitude of doxoru-
bicin-induced myocyte death  [58] . The magnitude of pro-
tection by vincristine of doxorubicin-induced myocyte 
death is illustrated in  figure 4 . Exposure of cultured my-
ocytes to 15 or 20  � g/ml of doxorubicin for approximate-
ly 24 h typically reduces myocyte survival by 50%. Co-
treatment with 10–30  � mol/l of vincristine dramatically 
increased cardiomyocyte survival ( 1 85%)  [58] .

  The potential protective mechanisms of vincristine in 
reducing doxorubicin cardiomyocyte toxicity were ex-

Table 1. A few pharmacologic agents that have been used to re-
duce doxorubicin cardiotoxicity

MPG
Probucol
Dexrazoxane
Amlodipine
Carvedilol
PDE5 inhibitor (sildenafil)
Nitric oxide
Superoxide dismutase
Endothelin receptor antagonist (bosentan)
Erythropoietin, thrombopoietin
Granulocyte colony-stimulating factor
Vincristine

Veh. DOX

– VCR – VCR + VCR

a

C
al

ce
in

Et
h

D
-1

Veh. DOX

– VCR – VCR + VCR

b

  Fig. 3.   a  Results of trypan blue exclusion assay in a typical experiment demonstrating that co-treatment with 
vincristine (VCR) markedly decreases doxorubicin (DOX)-induced cardiomyocyte death.  b  Results of a live/
dead assay. With doxorubicin treatment alone for 24 h there was an increased proportion of dead cells (ethid-
ium positive, EthD/red fluorescence) and a decreased proportion of live cells (calcein ester positive/green fluo-
rescence) compared to vehicle treatment. With co-treatment with vincristine there were more live than dead 
cells. (Published with permission from Chatterjee et al.   [58] )     
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plored in this experimental cultured adult mouse model. 
Phosphorylation of the survival signals PI3-K/AKT and 
MEK/ERK were observed. Doxorubicin inhibits these 
pathways. Concomitant use of the PI3-K/AKT and MEK/
ERK inhibitors (LY294002 and PD98059, respectively) 
further reduced myocyte survival. During vincristine co-
treatment without the inhibitors, myocyte salvage was 
 1 85%, as observed previously. With addition of the in-
hibitors, the magnitude of salvage by vincristine was sub-
stantially attenuated ( fig. 5 )  [58] . These findings suggest 
that the protection by vincristine involves these survival 
pathways.

  Compared to doxorubicin treatment alone, co-treat-
ment with vincristine decreased cytochrome c release, 
suggesting that vincristine decreases oxidative stress and 
inhibits mitochondrial transition. In this experimental 
model with cultured adult mouse myocytes, doxorubi-
cin-induced apoptosis was assessed by TUNEL staining. 
Doxorubicin induces myocyte apoptosis within a few 
hours, which is markedly delayed with co-treatment with 
vincristine.

  In this study, we compared the effects of vincristine to 
those of mercaptopropionyl glycine (which has antioxi-
dant properties), amlodipine (a dyhydropyridine calcium 
channel blocker), and dexrazoxane (an iron-chelating 
agent). The survival of cardiomyocytes was determined 

by trypan blue assay. Vincristine was superior to mercap-
topropionyl glycine and amlodipine but equal to dexra-
zoxane in salvaging cardiomyocytes exposed to doxoru-
bicin  [58] .

  It should be emphasized that most of the pharmaco-
logic agents which have the potential to reduce doxorubi-
cin cardiotoxicity have been studied in animals, usually 
during acute and short-term exposure to doxorubicin. In 
most studies, either mice or rats have been used and 
short-term intraperitoneal administration of doxorubi-
cin has been employed. Various methods to assess car-
diotoxicity have been used in different studies. The ef-
fects of vincristine may differ according to the species. In 
our studies, we used male C57B 1/6 adult mouse strains 
and it remains unknown whether vincristine will exert 
similar protective effects or not in other mouse and ani-
mal species and humans. Also, without appropriate clin-
ical study, whether any of these agents will be useful in 
the treatment of doxorubicin cardiomyopathy will re-
main uncertain. Although the iron-chelating agent 
dexrazoxane is available for clinical use, in practice it is 
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  Fig. 4.  The effects of increasing concentrations of vincristine 
(VCR) on the survival of cultured adult mouse myocytes exposed 
to doxorubicin (DOX; trypan blue assay). With doxorubicin treat-
ment alone, myocyte survival was on average 50%. With vincris-
tine co-treatment, survival was  1 85%. n = 5;  *  p  !  0.05. (Published 
with permission from Chatterjee et al.   [58] )         
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  Fig. 5.  The effects of pharmacologic inhibitors of PI3-K/AKT 
(LY294002, LY) and MEK/ERK (PD 98059, PD) on cell survival 
(trypan blue assay) with or without doxorubicin (DOX) and vin-
cristine (VCR) co-treatment. Doxorubicin treatment alone was 
associated with decreased myocyte survival. The addition of the 
inhibitors further decreased survival of the cardiomyocytes. 
With vincristine co-treatment without the inhibitors, survival 
was  1 85%. With the addition of the inhibitors, protection by vin-
cristine was significantly attenuated, suggesting that survival 
pathways are involved in the protective effect of vincristine. n = 
5–6;  *  p  !  0.05. Con. = Control; Veh. = vehicle. (Published with 
permission from Chatterjee et al. [58])         
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used infrequently because it can induce myelosuppres-
sion.

  In conclusion, doxorubicin cardiomyopathy remains a 
lethal disease. Extensive investigations and research have 
been done to understand the mechanism of doxorubicin 
cardiotoxicity and substantial knowledge has been accu-
mulated. Although extensive research has also been done 
to find effective treatment of doxorubicin cardiomyopa-
thy, no such treatment has been discovered. Similarly, ex-

tensive research has been done and is being done to pre-
vent doxorubicin cardiotoxicity. However, an effective 
preventive treatment is yet to be discovered.
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