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ABSTRACT - Doxorubicin is one of the most commonly used cytotoxic anticancer drugs against several cancers.  
Although a highly effective anticancer drug, the clinical use of doxorubicin is severely limited by its cardiotoxicity 
which results in morbidity, poor quality of life, and premature mortality.  Only very few clinically accepted 
methods to minimize doxorubicin-induced cardiac injury are available today, but none of them have proven to be 
completely successful.  Due to limited alternative strategies, a number of potential cardioprotective therapies are 
currently being investigated for treating and/or preventing doxorubicin-induced cardiotoxicity.  Of these potential 
strategies, aerobic exercise training is the only nonpharmacologic strategy that shows a great deal of promise.  
Although there are no published human clinical trials, evidence from numerous animal studies suggests that 
aerobic exercise training, administered prior to, during and/or following doxorubicin therapy, is protective against 
doxorubicin-induced cardiac injury.  Protective properties of exercise training against the cardiotoxicity of 
doxorubicin have been attributed to a number of potential molecular mechanisms including:  enhancing the 
production of endogenous antioxidant machineries; regulating proapoptotic signaling; stimulating the release, 
mobilization and homing of cardiac progenitor cells; limiting myocyte turnover; eliciting favorable adaptations in 
myocardial calcium handling and preventing calcium overload; modulating cardiac AMPK activity; 
downregulating cardiac autophagy/lysosomal signaling; and reducing myocardial doxorubicin accumulation.  
Further preclinical and clinical research is needed to decipher and refine the molecular mechanisms underlying 
the cardioprotective effects of exercise training, as well as to define the nature and magnitude of the effect of 
exercise on doxorubicin-induced cardiotoxicity in cancer patients.  
 
This article is open to POST-PUBLICATION REVIEW. Registered readers (see “For 
Readers”) may comment by clicking on ABSTRACT on the issue’s contents page. 

_______________________________________________________________________

INTRODUCTION 
 
Doxorubicin (DOX) is an anticancer chemotherapy 
drug which is classified as an “anthracycline 
antibiotic.” It is one of the most commonly used 
cytotoxic anticancer drugs in clinical practice [1, 2]. 
It is a broad-spectrum antitumor agent which has 
major clinical activity against several cancers such 
as breast, endometrium, ovary, testicle, thyroid, 
stomach, bladder, liver, and lung. It also has clinical 
activity on soft tissue sarcomas and several 
childhood cancers including neuroblastoma, 
Ewing’s sarcoma, osteosarcoma, and 
rhabdomyosarcoma. Its clinical activity also has 
impact on hematologic malignancies, including 
acute lymphoblastic leukemia, multiple myeloma, 
and Hodgkin’s and non-Hodgkin’s lymphomas.  It is 
generally used in combination with other anticancer 
drugs such as cyclophosphamide, cisplatin, and 5-

FU.  The cytotoxic anticancer action of DOX has 
been attributed to four major mechanisms [3-7]. 
These are:  1) inhibition of topoisomerase II, which 
cuts both strands of the DNA helix simultaneously in 
order to manage DNA tangles and supercoils, affects 
DNA replication and repair and leads to apoptosis; 
2) high-affinity binding to DNA through 
intercalation, with consequent blockade of the 
synthesis of DNA and RNA, and DNA strand 
scission; 3) generation of semi-quinone free radicals 
and oxygen free radicals which attack DNA and 
oxidize DNA bases; and 4) binding to cellular 
membranes to alter fluidity and ion transport. 
Although effective and commonly used as 
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chemotherapeutic agent for several cancers, 
doxorubicin has a severe adverse effect which limits 
its use. This major adverse effect is cardiotoxicity 
which is acute and occurs within 2-3 days of 
doxorubicin administration [8]. Doxorubicin can 
also cause cardiomyopathy which is a chronic heart 
disease, causing the heart muscle to become 
enlarged, thick or rigid, less functional and weak 
which can lead to heart failure or arrhythmia. Once 
developed, the cardiomyopathy carries a poor 
prognosis and is frequently fatal [9, 10]. The 
presently available treatment of established 
cardiomyopathy does not appear to improve 
prognosis. Therefore, an effective way to reduce the 
toxicity is required. Aerobic exercises, including 
walking, rope jumping, running, swimming, cycling 
etc., refer to any exercise activity that reinforces the 
heart and have been shown to attenuate DOX-
induced cardiomyopathy. In this review, we provide 
a brief overview of the nature and mechanisms of 
DOX-induced cardiotoxicity, evidence from animal 
studies supporting aerobic exercise training as a 
potential cardioprotective strategy to attenuate 
DOX-induced cardiac injury, and the proposed 
mechanisms for the protective properties of exercise 
training against DOX-induced cardiac dysfunction. 
 
Doxorubicin-induced cardiotoxicity 
Although a highly effective anticancer drug, the 
clinical use of DOX is limited by its acute 
cardiotoxicity. The dose-dependent cardiotoxicity is 
characterized by acute cardiac injury that may 
progress to chronic cardiomyopathy and congestive 
heart failure in months to years following 
doxorubicin treatment [11]. Doxorubicin is known to 
trigger dose-dependent, cumulative and progressive 
cardiac damage that results in left ventricular 
remodeling (e.g., cavity dilation and decreased 
global systolic function), decreased left ventricular 
ejection fraction, and, ultimately, heart failure [12]. 
The cardiomyopathy and congestive heart failure 
generally develop after multiple intravenous 
administrations of doxorubicin over a period of 
several months in humans. Incidence of chronic 
cardiomyopathy appears to be highly dependent on 
the cumulative DOX dose administered [13-15]. 
Retrospective analyses from clinical trials in adults 
suggest that the incidence of congestive heart failure 
due to DOX is 1.7% at a cumulative dose of 300 
mg/m2, 4.7% at 400 mg/m2, 15.7% at 500 mg/m2, 
and 48% at 650 mg/m2 [14]. Clinical trials and 
animal studies showed that acute myocardial 

dysfunction occurring at the early phase of DOX 
treatment is highly predictive of later 
cardiomyopathy [16, 17]. These studies further 
suggest that the chronic manifestations of DOX-
induced cardiotoxicity may result from myocardial 
injuries associated with acute DOX exposure [18]. 
Thus far multiple mechanisms of DOX-induced 
cardiotoxicity have been proposed in the literature 
[19-26]. Among the proposed mechanisms, DOX-
induced generation of reactive oxygen species 
(ROS) is the central mediator of numerous direct and 
indirect cardiac adverse consequences. The 
followings are the most widely cited and accepted 
key mechanisms in DOX-induced cardiotoxicity: 
 
1) Formation of ROS and increased oxidative 

stress in cardiomyocytes: DOX-induced 
generation of ROS occurs via multiple pathways 
including redox cycling of the quinone moiety of 
DOX, the formation of DOX-iron complexes, 
downstream effects of topoisomerase IIβ 
inhibition, and Rac1 signaling [19-22, 26].  

2) Accelerated myofilament apoptosis: Myocyte 
cell death results from DOX-induced generation 
of ROS, which, in turn, activate numerous 
signaling pathways that determine cell fate.  A 
key pathway involves activation of the tumor 
suppressor protein, p53. p53-dependent 
apoptosis involves transcriptional activation or 
inhibition of certain target gene pathways such 
as mitogen activated protein kinases (MAPKs). 
Studies have shown that 24 h of DOX exposure 
induced apoptosis in cardiac myocytes through 
activation of p38 MAPK and c-Jun N-terminal 
kinases (JNKs) [27-30]. Inhibitors of p53, p38 
MAPK and JNK have all been shown to prevent 
DOX-induced apoptosis. 

3) Suppression of myofilament protein 
synthesis: This occurs through depletion of 
cardiac progenitor cells (CPCs) or GATA-4 
dependent gene expression.  DOX exposure 
significantly reduces the population of CPCs, 
leading to impaired myocyte turnover, 
accumulation of senescent cells, and the onset of 
ventricular dysfunction.  DOX also 
downregulates GATA-4, a CPC regulatory 
transcription factor and an essential survival 
factor for postnatal cardiomyocytes.  Decreased 
GATA-4 levels following DOX exposure may, 
in turn, inhibit sarcomere protein synthesis, thus 
contributing to left ventricular dysfunction [31-
33]. 
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4) Ultrastructural changes to myocytes:  ROS 
cause alterations in calcium homeostasis leading 
to systolic/diastolic dysfunction.  DOX 
stimulates calcium release and inhibits 
sarcoplasmic reticulum calcium uptake, 
resulting in cytosolic calcium overload.  This 
calcium overload may contribute to impaired 
contractile function by promoting release of the 
proapoptotic factor cytochrome c and/or 
activating the cysteine protease calpain.  
Calpains initiate turnover of both regulatory and 
structural myofibrillar proteins through cleavage 
and release of large polypeptide fragments [34-
36]. DOX is also known to significantly degrade 
the structural protein titin in cardiomyocytes in 
concert with impaired relaxation [37]. 
Pretreatment of myocytes with calpain inhibitors 
1 h prior to DOX preserved the ratio of titin to 
myosin heavy chain similar to control levels, and 
reduced the DOX-induced myofibrillar disarray 
[38]. 

5) Alterations in cardiac energy metabolism: 
DOX reduces cardiac energy reserves by 
lowering ATP and phosphocreatine (PCr) levels 
as well as the PCr/ATP ratio.  In the normal 
heart, AMP-activated protein kinase (AMPK) 
protects cardiac cells from perturbations in 
energy homeostasis via activation of catabolic 
pathways to generate ATP.  DOX reduces the 
levels of AMPK and its basic activation state, 
leading to decreased phosphorylation of anti-
acetyl-CoA carboxylase (ACC), an AMPK 
downstream target [39-43]. Lack of ACC 
inhibition results in impairment of fatty acid 
oxidation. The mechanisms underlying 
inhibition of AMPK are not clear.  Prolonged 
DOX exposure has also been shown to cause 
alterations in the expression of genes that 
regulate mitochondrial function, biogenesis, and 
oxidative phosphorylation, including 
downregulation of peroxisome proliferator-
activated receptor gamma coactivator (PGC)-1α 
and -1β.  PGC-1α is an established and critical 
regulator of oxidative metabolism and may play 
a role in the pathogenesis of heart failure. 

6) Impairment of prosurvival signaling 
pathways via NRG-1 and ErbB inhibition:  
DOX therapy renders cardiomyocytes more 
susceptible to alterations in neuregulin-1 (NRG-
1) and ErbB signaling and subsequent 
prosurvival pathways, mediated by 
phosphoinositide 3-kinase, serine/threonine-

specific protein kinase Akt, mitogen-activated 
protein kinase, and extracellular signal-regulated 
kinase (ERK) 1/2 signaling cascades.  
Administration of NRG-1 has been shown to be 
cardioprotective in DOX-induced cardiotoxicity 
and, conversely, NRG-1 heterozygotes have 
decreased survival and cardiac function with 
DOX exposure compared with wild types.  In 
animal models, acute DOX treatment has been 
shown to decrease ErbB4, partially mediated by 
microRNA-146a-induced degradation, but no 
change in ErbB2 expression was detected [44-
48]. 
 
Cardiotoxicity is a serious adverse complication 

of DOX therapy leading to morbidity, poor quality 
of life, and premature mortality.  Therefore the most 
challenging part of DOX therapy is to maximize the 
anticancer benefits, while keeping the cardiac 
damage at minimum level.  Unfortunately, only very 
few clinically accepted methods to minimize DOX-
induced cardiotoxicity (e.g., dose modification; use 
of dexrazoxane; therapy discontinuation) are 
available today and none of them have proven to be 
completely successful in ameliorating the damaging 
effects of DOX on the heart, while maintaining its 
antineoplastic efficacy [24].  Due to limited 
alternative strategies to reduce cardiac injury, 
identification and testing of new interventions for 
preventing and/or treating DOX-induced 
cardiotoxicity is urgently needed. Effective new 
interventions for alleviating the cardiotoxic effects 
of DOX are expected to occur in two different ways; 
either exploiting the tissue-specific differences 
between cancerous tissues and the 
cardiomyocyte/cardiac endothelium or affecting the 
cardiotoxic mechanisms without disrupting 
antitumor pathways [25].  Currently, a number of 
potential cardioprotective therapies are under active 
investigation for treating and/or preventing DOX-
induced cardiotoxicity. These include exercise 
training, HMG-CoA reductase inhibitors, beta-
blockers, angiotensin receptor blockers, ACE 
inhibitors, and bivalent neuregulin.  Of the potential 
cardioprotective strategies that are being 
investigated, aerobic exercise training is the only 
nonpharmacologic strategy that promises to 
attenuate DOX-induced cardiac dysfunction 
significantly [24, 25, 49]. 
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Modulation of doxorubicin-induced 
cardiotoxicity by aerobic exercise training 
Cardioprotective properties of aerobic exercise 
training are well documented.  Aerobic exercise has 
been shown to improve systolic and diastolic 
function and attenuate pathologic cardiac 
remodeling, resulting in improved exercise tolerance 
and resistance to fatigue during exertion in patients 
with heart failure [24, 49].  These improvements 
have been shown to directly promote increases in 
maximal oxygen uptake, overall quality of life, and 
prognosis in these patients.  The beneficial properties 
of aerobic exercise in cardiac disease states have 
triggered a rationale for investigating the efficacy of 
this type of exercise in preventing (exercising prior 
to and during DOX therapy) and/or treating 
(exercising following DOX therapy) DOX-induced 
cardiotoxicity.  As a result, numerous studies 
examining the protective effects of aerobic exercise 
training against DOX-induced cardiac injury in 
animal models have been reported.  Of these reports, 
sixteen animal studies (twelve in rats and four in 
mice) have already been reviewed in the literature by 
Scott et al. [24].  Among the sixteen studies, ten of 
them investigated the effects of exercise prior to 
DOX therapy, four studies looked at the effects of 
exercise during concurrent therapy, and two studies 
examined the efficacy of exercise in treating cardiac 
injury following DOX therapy.  Major findings from 
these studies indicated that exercise training: 1) 
prevents DOX-induced impairments in left 
ventricular systolic and diastolic function, 2) 
decreases DOX-induced histopathologic myocyte 
damage, 3) protects against changes in maximal and 
minimal developed pressure velocities, 4) attenuates 
left ventricular dysfunction following DOX 
exposure, 5) ablates a DOX-induced increase in 
atrial naturietic peptide (ANP) and cardiac 
sarcoplasmic reticulum calcium transporter 
(SERCA2a), 6) increases survival rate following 
DOX treatment, and 7) decreases cardiac 
proapoptotic markers following DOX exposure [24]. 

In addition to the studies reviewed by Scott et al., 
ten other animal studies examining the role of 
aerobic exercise in attenuating DOX-induced 
cardiotoxicity were disclosed.  The design, scope, 
and major findings of these ten studies are 
summarized in Table 1 and will be discussed here.  
Hydock et al. investigated the effects of exercise 
preconditioning on early chronic DOX-induced 
cardiotoxicity in rats [50].  In this study, animals 
were randomly assigned to sedentary, treadmill, or 

wheel running groups.  Treadmill group animals 
participated in a progressive training protocol for 10 
weeks. Similarly, wheel running group participated 
in voluntary wheel running for 10 weeks. Following 
the intervention, animals were further randomized to 
receive either DOX or saline.  All animals then 
remained sedentary for 4 weeks.  Results showed 
that there was much less decline in left ventricular 
function and mitral and aortic valve blood flow 
velocities in the treadmill with DOX group and 
wheel running with DOX group when compared 
with sedentary animals receiving DOX.  In addition, 
results revealed that treadmill and wheel running 
prior to DOX treatment protected against a 
significant decrease in left ventricular developed 
pressure and maximal rate of pressure development 
that occurred in the sedentary with DOX group.  
Exercise cardioprotection was also associated with 
preserved myosin heavy chain (MHC) but not 
sarcoendoplasmic reticulum calcium ATPase 2a 
expression.  The study concluded that 10 weeks of 
prior exercise can protect against early chronic DOX 
cardiotoxicity, suggesting that training status may be 
a determining factor in the degree of late-onset 
cardiotoxicity experienced by cancer patients 
undergoing treatment with DOX.  In another 
similarly designed study, Hydock et al. examined the 
effects of exercise preconditioning on acute DOX-
induced cardiotoxicity in rats and whether any 
observed cardioprotection was associated with MHC 
isoform alterations [51]. Both in vivo and ex vivo 
results showed that DOX promoted significant 
cardiac dysfunction at 5 and 10 days after the 
injection in sedentary animals. This dysfunction was 
associated with an upregulation of the beta-MHC 
isoform.  Exercise preconditioning was found to be 
protective against DOX-induced cardiac dysfunction 
at 5 and 10 days after injection by attenuating beta-
MHC upregulation.  The authors concluded that 
endurance training prior to DOX treatment is an 
effective protection against acute DOX 
cardiotoxicity for up to 10 days, and this protection 
can potentially be explained by a preservation of 
MHC isoform distribution.  A third study by Hydock 
et al. investigated the effects of voluntary wheel 
running during and following DOX treatment using 
two models of late-onset DOX cardiotoxicity in the 
rat [52].  Animals received either DOX or saline 
using one of two separate treatment regimens.  These 
regimens involved either daily or weekly DOX 
injections with cumulative doses for both protocols 
totaling 15 mg/kg.  Daily DOX doses were 1 mg/kg 
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and lasted for 15 consecutive days while weekly 
DOX doses were 2.5 mg/kg and lasted for 6 
consecutive weeks.  Immediately following the 
initial DOX/saline dose, animals were randomly 
housed in cages with voluntary running wheels or 
standard rat cages throughout DOX/saline treatments 
and continued until reaching 10 weeks.  Results 
revealed that, when compared with controls, daily 
DOX reduced running wheel distances at weeks 2-
10 while weekly DOX reduced running wheel 
distances at weeks 2, 6 and 10.  Results also showed 
that wheel running during and following daily and 
weekly DOX dosing protected against DOX-induced 
cardiotoxicity by preserving maximal mitral and 
aortic blood flow velocities, left ventricular 
developed pressure, and MHC isoform expression.  
The authors concluded that reduced volume of 
activity during and following daily and weekly DOX 
treatments attenuated DOX-induced cardiac 
dysfunction, suggesting that low-volume endurance 
training may be an effective rehabilitative approach 
in minimizing DOX cardiotoxicity in cancer 
patients. 

Hayward et al. investigated whether exercise 
training provides cardioprotection in a juvenile rat 
model of delayed-onset DOX cardiotoxicity [53]. 
The goal of the study was to shed some light on 
whether exercise can protect against delayed-onset 
cardiotoxicity when DOX treatment is initiated in 
childhood.  At 25 days of age, young rats received a 
doxorubicin dose of 2 mg/kg for 7 consecutive days 
(cumulative dose of 14 mg/kg). The control group 
received saline.  Animals remained sedentary or 
were allowed to voluntarily exercise when DOX 
treatment began.  Ten weeks after the initiation of 
exercise, cardiac function was assessed both in vivo 
and ex vivo.  The study found that DOX treatment 
stunted normal growth and significantly impaired 
cardiac function.  While voluntary exercise did not 
offset changes in the growth curve, it did provide 
significant cardioprotection against DOX-induced 
cardiotoxicity.  It was concluded that exercise 
training, initiated at the time treatment begins, can 
protect against delayed-onset DOX-induced 
cardiotoxicity in adult rats that were treated with 
DOX as juveniles.  In another study, Parry et al. 
examined the effects of exercise on cardiac function 
during combined DOX and androgen deprivation 
therapy (ADT) [54].  ADT, which is administered 
prior to DOX to preserve testicular function in cancer 
patients, may exacerbate DOX-induced cardiac 
injury.  Rats received ADT or control implants on 

days 1 and 29 of the 56-day protocol.  Animals 
remained sedentary or engaged in treadmill 
endurance exercise beginning on day 1.  On day 15, 
the animals received DOX at 1 mg/kg/day for 10 
consecutive days, or saline.  On day 57, cardiac 
function was assessed in vivo and ex vivo.  Animals 
treated with DOX alone, or with ADT and DOX, 
showed significant reductions in left ventricular 
developed pressure (-21% and -27%), maximal rate 
of pressure development (-29% and -32%), and 
maximal rate of pressure decline (25% and 31%), 
respectively, when compared with the sedentary 
control animals.  The authors concluded that 
endurance exercise training attenuated cardiac 
dysfunction associated with combined ADT and 
DOX treatment, indicating that exercise during 
simultaneous ADT and DOX treatment is 
cardioprotective.  Another study by Dolinsky et al. 
used a murine model of chronic DOX exposure to 
directly compare the effects of modest aerobic 
exercise training to resveratrol treatment on DOX-
induced cardiotoxicity, exercise performance, and 
markers of mitochondrial function and oxidative 
stress resistance [55].  Mice were divided into four 
groups that received saline, DOX (8 mg/kg once a 
week), DOX with resveratrol (4 g/kg diet, ad 
libitum), and DOX with treadmill exercise (45 min, 
5 days/week) for 8 weeks.  Results revealed that 
DOX-induced adverse left ventricular remodeling 
was partially attenuated by modest exercise and 
completely prevented by resveratrol.  These effects 
were paralleled by improvements in exercise 
performance.  The results of the study further 
showed that the cardioprotective effects of exercise 
training and resveratrol were associated with 
reduced levels of ANP and the lipid peroxidation by-
product, 4-hydroxy-2-nonenal.  In addition, exercise 
training and resveratrol increased the expression of 
cardiac sarcoplasmic/endoplasmic reticulum 
calcium ATPase 2a, superoxide dismutase, 
mitochondrial electron transport chain complexes, 
and mitofusin-1 and -2 in mice administered DOX.  
The authors concluded that, compared with modest 
exercise, resveratrol more effectively prevented 
DOX-induced left ventricular remodeling and was 
associated with the reduction of DOX-induced 
oxidative stress. 

Ashrafi et al. investigated the effects of short-
term exercise training prior to exposure to two 
different doses of DOX (10 and 20 mg/kg) on 
biomarkers related to DOX-induced cardiac damage 
in rats [56]. Animals were randomly assigned into 
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control and trained groups.  Rats in the trained 
groups experienced treadmill running of 25-39 
min/day, 5 days/week for 3 weeks.  At the end of the 
endurance training, animals received either 10 mg/kg 
of DOX, 20 mg/kg of DOX, or saline.  Results of the 
study showed that three weeks of exercise training 
prior to DOX exposure significantly increase apelin 
and superoxide dismutase, and decrease 
malondialdehyde (MDA), when compared with 
animals receiving only DOX.  The study concluded 
that pretreatment exercise may improve myocardial 
tolerance to DOX-induced cardiotoxicity by 
inhibition of oxidative stress and upregulation of 
antioxidants in heart tissue.  In another similar study, 
Shirinbayan et al. determined pretreatment effects of 
moderate-term endurance exercise on heat shock 
protein (HSP70) and biomarkers of cellular oxidative 
damage in rats [57]. In this study, animals were 
randomly assigned into control and trained groups.  
The training program included treadmill running of 
25-39 min/day, 5 days/week for 3 weeks.  At the end 
of the training period, animals received either DOX 
10 mg/kg, DOX 20 mg/kg, or saline.  The study 
results revealed that exercise training prior to DOX 
exposure caused a significant increase in the 
cardioprotection markers HSP70 and superoxide 
dismutase, and a decrease in the cardiac damage 
markers MDA, creatine kinase, and creatine 
phosphokinase, when compared with animals 
receiving only DOX.  There was no significant 
difference in the levels of these markers between 
animals receiving exercise with DOX 10 mg/kg and 
animals receiving exercise with DOX 20 mg/kg.  The 
authors concluded that their investigation provides 
new insights into the biochemical mechanisms by 
which endurance exercise protects cardiac muscle 
tissue against DOX-induced toxicity, and suggests 
that pretreatment with exercise training may be 
considered as a potentially useful strategy to improve 
myocardial tolerance against DOX-induced 
oxidative damage. A study by Smuder et al., on the 
other hand, investigated the effects of DOX on 
signaling of the autophagy/lysosomal system in the 
hearts of sedentary and exercise-trained rats [58].  
Evidence suggests that DOX-induced cardiotoxicity 
is associated with an enhanced production of ROS 
and oxidative damage, leading to the activation of 
cellular proteolytic systems. The 
autophagy/lysosomal proteolytic system is a 
constitutively active catabolic process that is 

responsible for the degradation of both organelles 
and cytosolic proteins.  Therefore, the goal of this 
particular study was to determine whether systemic 
DOX administration results in altered cardiac gene 
and protein expression of mediators of the 
autophagy/lysosomal system, as well as to determine 
whether exercise training before DOX 
administration alters the expression of these 
mediators in cardiac muscle.  Rats were randomly 
assigned to control and exercise-trained groups.  
Exercise-trained animals performed 5 consecutive 
days of treadmill running for 60 min/day.  After the 
final exercise bout, the animals were injected with 
either DOX (20 mg/kg) or saline and then killed 24 
hours later.  Results indicated that DOX treatment 
increases both the mRNA and protein levels of 
numerous key autophagy genes, and that exercise 
training performed before DOX administration 
inhibits DOX-induced cardiac increases in 
autophagy signaling/gene expression.  Specifically, 
compared with sedentary DOX-treated animals, the 
levels of cardiac Beclin-1, Atg12, Atg4, Atg7, LC3, 
cathepsin B, and cathepsin L were all reduced in 
animals that were exercise-trained prior to DOX 
administration.  The study concluded that DOX 
administration promotes activation of the 
autophagy/lysosomal system pathway in the heart, 
and that endurance exercise training before DOX 
administration is sufficient to block DOX-induced 
increased autophagy.  The authors also stated that, 
based on their results, endurance exercise training 
can be a cardioprotective intervention against 
myocardial DOX-induced toxicity.  Finally, Jensen 
et al. examined whether exercise training reduces 
cardiac DOX accumulation in rats [59].  Animals 
were randomly assigned to sedentary, wheel running 
and treadmill running groups.  Trained groups 
completed 10 weeks of exercise before DOX 
treatment (10 mg/kg, IP, 24 h after the last training 
session).  Subgroups of animals from each group 
were killed at 1, 3, 5, 7, and 9 days after DOX 
exposure to assess cardiac function and DOX 
accumulation.  The results showed that ten weeks of 
exercise preconditioning reduced myocardial DOX 
accumulation, and this reduction was associated with 
preserved cardiac function.  The authors concluded 
that the cardioprotective effects of exercise against 
DOX-induced toxicity may be due, in part, to a 
reduction in myocardial DOX accumulation.  
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Table 1.  Summary of recent animal studies examining the role of aerobic exercise training in attenuating doxorubicin-
induced cardiotoxicity  

Study Intervention Results 
Hydock et al. 
[50] 

Treadmill and wheel running groups of rats 
participated in a progressive training protocol or 
voluntary wheel running, respectively, for 10 
weeks, followed by receiving either DOX or 
saline.  All animals remained sedentary for 4 
weeks following DOX exposure. 

Less decline in left ventricular function, mitral and 
aortic valve blood flow velocities, left ventricular 
developed pressure, and maximal rate of pressure 
development was observed in the treadmill with 
DOX group and wheel running with DOX group 
when compared with sedentary animals receiving 
DOX. 

Hydock et al. 
[51] 

Rats were used to examine the effects of 
exercise preconditioning on acute DOX-induced 
cardiotoxicity in general and MHC isoform 
distribution in particular.  

DOX-induced cardiac dysfunction was associated 
with upregulation of beta-MHC isoform in sedentary 
animals.  Exercise preconditioning was protective at 
5 and 10 days following DOX exposure by 
attenuating beta-MHC upregulation.  

Hydock et al. 
[52] 

The study investigated the effects of voluntary 
wheel running during and following DOX 
treatment using two models of late-onset DOX 
cardiotoxicity in rats.  Animals received daily or 
weekly injections of DOX or saline.  Daily DOX 
doses were 1 mg/kg for 15 days; weekly DOX 
doses were 2.5 mg/kg for 6 weeks. 

Wheel running during and following daily and 
weekly DOX dosing attenuated DOX-induced 
cardiac dysfunction by preserving maximal mitral 
and aortic blood flow velocities, left ventricular 
developed pressure, and MHC isoform expression.   

Hayward et al. 
[53]  

The study determined the effects of exercise 
training in a juvenile rat model of delayed-onset 
DOX cardiotoxicity.  25 day old rats received 2 
mg/kg of DOX on 7 consecutive days or saline.  
Animals then remained sedentary or were 
allowed to voluntarily exercise for ten weeks.   

Voluntary exercise did provide significant 
cardioprotection against delayed-onset DOX-
induced cardiac injury, however, it did not offset 
changes in the growth curve when compared with 
sedentary animals receiving DOX.   

Parry et al. [54] The study examined the effects of treadmill 
endurance exercise on cardiac function during 
combined DOX and androgen deprivation 
therapy (ADT) in rats.  Animals received ADT 
or control implants on days 1 and 29 of the 56-
day protocol; they remained sedentary or 
exercised beginning on day 1.  On day 15, 
animals received DOX (1 mg/kg/day) or saline 
for 10 days.  Cardiac function was assessed on 
day 57.   

Treadmill endurance exercise attenuated the adverse 
effects of DOX alone or DOX and ADT on left 
ventricular developed pressure, maximal rate of 
pressure development, and maximal rate of pressure 
decline when compared with the sedentary control 
animals.   

Dolinsky et al. 
[55] 

The study used a murine model of chronic DOX 
exposure to compare the effects of modest 
exercise training to resveratrol treatment on 
DOX-induced cardiotoxicity, exercise 
performance, and markers of mitochondrial 
function and oxidative stress resistance.  Mice 
received saline, DOX (8 mg/kg once a week), 
DOX and resveratrol (4 g/kg diet, ad libitum), or 
DOX and treadmill exercise (45 min, 5 
days/week) for 8 weeks. 

Resveratrol was more effective than modest exercise 
in preventing DOX-induced left ventricular 
remodeling.  Both resveratrol and modest exercise 
improved exercise performance and mitochondrial 
function and reduced DOX-induced oxidative stress. 

Ashrafi et al. 
[56] 

The effects of short-term exercise training prior 
to exposure to two different doses of DOX on 
DOX-induced cardiac damage were 
investigated in rats.  Trained rats experienced 
treadmill running of 25-39 min/day, 5 
days/week for 3 weeks.  At the end of training, 
animals received 10 mg/kg of DOX, 20 mg/kg 
of DOX, or saline.  

Exercise training prior to DOX exposure 
significantly increased apelin and superoxide 
dismutase and decreased malondialdehyde (MDA) 
when compared with animals receiving only DOX.   
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Table 1. Continued… 
 
Shirinbayan et 
al. [57] 

The study determined pretreatment effects of 
moderate-term endurance exercise on heat 
shock protein (HSP70) and biomarkers of 
cellular oxidative damage in rats.  Trained 
animals experienced treadmill running of 25-39 
min/day, 5 days/week for 3 weeks.  At the end 
of training, animals received DOX 10 mg/kg, 
DOX 20 mg/kg, or saline.  

Exercise training prior to DOX exposure caused a 
significant increase in cardioprotection markers 
(HSP70 and superoxide dismutase) and a decrease in 
cardiac damage markers (MDA, creatine kinase, and 
creatine phosphokinase), when compared with 
animals receiving only DOX.  No significant 
difference was observed in the levels of these 
markers between the two DOX doses used.   

Smuder et al. 
[58] 

The effects of exercise training prior to DOX 
exposure on autophagy/lysosomal signaling 
were examined in rats.  Trained rats performed 
5 consecutive days of treadmill running for 60 
min/day.  At the end of training, animals 
received DOX (20 mg/kg) or saline and then 
killed 24 hours later. 

Exercise training prior to DOX exposure inhibits 
DOX-induced cardiac increases in autophagy 
signaling/gene expression.   

Jensen et al. 
[59] 

The study investigated whether exercise training 
reduces cardiac DOX accumulation in rats.  
Animals were randomly assigned to sedentary, 
wheel running and treadmill running groups.  
Trained groups completed 10 weeks of exercise 
before DOX exposure (10 mg/kg, 24 hours after 
the last training session).   

Ten weeks of exercise preconditioning reduced 
myocardial DOX accumulation with preserved 
cardiac function. 

 
 
Proposed mechanisms for the cardioprotective 
effects of aerobic exercise training against 
doxorubicin-induced cardiac injury 
Although exercise training has been shown to protect 
against DOX-induced cardiotoxicity in numerous 
animal studies, a clear and concise mechanism for its 
cardioprotective effects is lacking.  However, based 
on these studies, a number of potential molecular 
mechanisms have been proposed to explain the 
protective properties of exercise training against 
DOX-induced cardiac damage [24, 25, 49-59].  The 
following is a brief description of these proposed 
mechanisms: 
 
1) Exercise training protects the heart against 

ROS:  This occurs by enhancing the endogenous 
antioxidant protective machinery, such as 
glutathione peroxidase 1, catalase, and 
manganese superoxide dismutase, in cardiac 
tissue and mitigating DOX-induced ROS 
formation/release.  Exercise-induced increase in 
heat shock proteins (HSP) 60, 70, and 72 may 
also contribute, at least partially, to myocardial 
protection against DOX toxicity.  These heat 
shock proteins can protect cardiomyocytes via 
different possible mechanisms that include 
controlling of protein folding, prevention of 

denaturation and aggregation of intracellular 
proteins, and acceleration of the breakdown of 
damaged proteins [24, 25, 60].   

2) Exercise training regulates proapoptotic 
signaling:  Exercise training prevents DOX-
induced increases in the activities of the 
proapoptotic mediators Bax and tissue caspase-3 
[61].  Exercise has also been shown to reduce 
cardiac expression of p53 and apoptotic 
cardiomyocytes in DOX-treated animals [62].  

3) Exercise training may stimulate the release, 
mobilization, and homing of CPCs and limit 
myocyte turnover following DOX exposure:  
Exercise attenuates cardiomyocyte apoptosis, 
increases CPC proliferation, and augments the 
presence of KIT positive cells in the heart, 
leading to a higher abundance of cardiomyocytes 
in exercised relative to sedentary animals.  In 
addition, aerobic exercise increases GATA-4 
mRNA (which prevents cardiomyocyte 
apoptosis), leading to preservation of 
cardiomyocyte proliferation and further 
contributing to the protection against drug-
induced cardiotoxicity [63]. 

4) Exercise training elicits favorable adaptations 
in myocardial calcium handling and prevents 
calcium overload:  Exercise reverses systolic 
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and diastolic dysfunction by improving SR 
calcium release, diastolic SR calcium leak, and 
SR calcium sequestration.  Modulation of 
calpain activation has also been implicated in 
exercise-induced protection against DOX 
cardiotoxicity [64]. 

5) Exercise training is a potent modulator of 
AMPK activity in cardiac tissue: AMPK is 
activated in response to changes in cellular 
energy, primarily a rise in AMP and a decrease 
in ATP or PCr.  Exercise has been shown to 
increase total AMPK activity as well as both 
alpha-isoforms of the catalytic subunit of AMPK 
and all AMPK downstream targets in the 
myocardium.  Therefore, it is plausible that 
aerobic exercise may protect cardiac cells 
against DOX-induced toxicity by potently 
activating cardiac AMPK, resulting in improved 
myocardial energetics [65]. 

6) Exercise training protects against DOX-
induced increases in autophagy/lysosomal 
signaling: Exercise training has been shown to 
protect against DOX-induced increases in 
cardiac mitochondrial ROS, mitochondrial 
damage, proteolysis by calpain and caspase-3, 
and increased apoptosis.  In addition, exercise 
has also been shown to increase the endogenous 
antioxidants SOD1, SOD2, glutathione 
peroxidase-1, and catalase in the heart.  As a 
result, exercise is able to significantly decrease 
markers of the autophagy/lysosomal system in 
the heart, which are upregulated by DOX 
exposure [58]. 

7) Exercise training reduces myocardial DOX 
accumulation: Exercise preconditioning was 
shown to reduce DOX accumulation in the 
myocardium.  The reduction in accumulation 
was associated with preserved cardiac function 
[59]. 

 
CONCLUSION 
 
Evidence from numerous animal studies indicates 
that aerobic exercise is a promising strategy to 
attenuate DOX-induced cardiac injury.  Although 
exercise has been shown to be beneficial, there are 
no published human clinical trials to evaluate 
exercise as an intervention for preventing and/or 
treating DOX-induced cardiotoxicity in cancer 
patients.  Future preclinical and human clinical 
studies are certainly needed to: 1) further elucidate 
the molecular mechanisms underlying the 

cardioprotective properties of exercise training 
before, during and after DOX exposure, and 2) 
specifically define the nature and magnitude of the 
effect of exercise on DOX-induced cardiotoxicity in 
cancer patients. 
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