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Abstract
Background: Doxorubicin (Dox) is one of the most effective chemotherapy 
agents used to treat adolescent and young adult sarcoma patients. Unfortunately, 
Dox causes cardiotoxicities that compromise long- term survival. We investigated 
whether exercise prevented cardiotoxicity and increased survival following myo-
cardial infarction.
Methods: Juvenile mice received Dox, Dox + exercise (Exer), Dox then exercise 
or were exercised during and after Dox. Mice were evaluated by echocardiogra-
phy and histology immediately after therapy and 12 weeks later. Mice subjected 
to permanent ligation of the left anterior descending artery 90 days after therapy 
were assessed for survival at 45 and 100 days.
Results: Mice treated with Dox, but not Dox + Exer, had decreased ejection frac-
tion (EF) and fractional shortening (FS) immediately after Dox therapy, which 
continued to deteriorate over 12 weeks with the development of diastolic failure 
and fibrosis. Acute Dox- induced cardiotoxicity was documented by induction of 
autophagy and abnormal mitochondria and vascular architecture with decreased 
pericytes. These abnormalities persisted 12 weeks after therapy. These acute and 
late changes were not seen in the Dox + Exer group. Initiating exercise after Dox 
therapy promoted recovery of EF and FS with no functional or histologic evi-
dence of Dox- induced damage 12 weeks after therapy. Survival rates at 100 days 
after MI were 67% for control mice, 22% for mice that received Dox alone, and 
56% for mice that received Dox + Exer.
Conclusions: Exercise inhibited both early and late Dox- induced cardiotoxicity 
and increased recovery from an ischemic event. Exercise interventions have the 
potential to decrease Dox- induced cardiac morbidity.
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1  |  INTRODUCTION

Doxorubicin (Dox) is an effective chemotherapy for treat-
ing sarcoma in children, adolescents, and young adults 
(AYAs).1 However, Dox is associated with dose- dependent 
cardiotoxicity.2,3 Approximately 57% of survivors experi-
ence late- onset cardiotoxicity and heart failure,4 which 
compromises quality of life (QOL) and longevity. Various 
approaches to limit Dox- induced cardiac damage without 
compromising treatment efficacy have been investigated, 
but shown only minimal impact.

Exercise prevents cardiotoxicity and improves cardiac 
risk factors in breast cancer survivors.5,6 Exercise has been 
shown to be feasible for pediatric cancer patients during 
treatment.7– 10 We hypothesized that exercise interventions 
initiated during and after Dox therapy will decrease acute 
cardiotoxicity, resulting in a reduction in late cardiac mor-
bidity and improved long- term survival. Previous studies 
done in mice and rats have not been consistent in terms 
of showing Dox- induced cardiac toxicity.11– 14 However, 
these models used “adult- equivalent” mice. Because the 
developing juvenile heart is more susceptible to Dox- 
induced damage, and anthracycline- induced cardiotox-
icity is 3 times more frequent in females,15 we developed 
a juvenile cardiotoxicity mouse model using 4- week- old 
female mice. We showed that exercise during Dox therapy 
protected against acute Dox- induced cardiotoxicity im-
mediately after therapy, without decreasing tumoricidal 
efficacy.16,17

We extended these investigations to determine 
whether exercise during Dox therapy also decreases 
late- onset cardiotoxicity, using echocardiography to 
evaluate functional changes in ejection fraction (EF), 
FS, and systolic and diastolic functions. We also eval-
uated histologic changes in the heart tissue which are 
associated with cardiac damage (autophagy, abnormal 
mitochondria, fibrosis, and abnormal cardiac vascular 
structure). In addition, we investigated the effect of ini-
tiating exercise after Dox therapy to determine whether 
this intervention has the potential to stimulate tissue 
repair and thereby decrease late cardiotoxicity, result-
ing in an increased ability to recover from an ischemic 
event. This would be a beneficial strategy for bone sar-
coma patients who may have difficulty exercising pre-
operatively. Our study shows that exercise done during 
Dox therapy inhibited both early and late cardiotoxicity 
and improved survival following myocardial infarction 
(MI). Exercise initiated after Dox therapy also decreased 
late cardiotoxicity. These studies indicate that exercise 
interventions either during or after Dox therapy can de-
crease the risk of cardiac disease in childhood cancer 
survivors.

2  |  MATERIALS AND METHODS

Treatment schemas are shown in Figure  1A– C and 
Figure S1. The methods and the associated references are 
provided in the Supplemental Section online.

2.1 | Animals

Four- week- old T- cell- deficient nude and immunocompe-
tent Balb/c mice were used. Cardiac functional activity 
was assessed by quantifying EF, FS, and left ventricular 
posterior wall (LVPW) thickness in the diastole and sys-
tole using echocardiography. Cardiac tissues were as-
sessed using transmission electron microscopy (TEM), 
immunofluorescence, and histologic staining.

2.2 | Statistical analyses

For any multiple- group comparisons, one- way ANOVA 
followed by Bonferroni test was performed. Two- factor 
repeated- measures ANOVA was used for mouse weights 
and Masson trichrome staining. Survival rates were ana-
lyzed by the Kaplan– Meier method with the log- rank test. 
All values were presented as mean ± SD; n refers to the 
sample size. A value of p < 0.05 was considered statisti-
cally significant.

3  |  RESULTS

3.1 | Effect of exercise on acute  
Dox- induced histologic change

We previously showed that exercise during Dox treat-
ment prevented acute Dox- induced functional changes in 
nude and C57BL/6J immunocompetent mice.16 This was 
confirmed using Balb/c mice (Figure  S2A– C). To assess 
whether Dox- induced histologic damage was also pre-
vented by exercise, nude and Balb/c mice were treated 
with Dox or Dox + Exer for 2 weeks (Figure 1A). Hearts 
were then harvested and evaluated by transmission elec-
tron microscopy (TEM) and immunohistochemistry 
(IHC). Induction of autophagy (Figure 2A), an increase in 
the number of autophagosomes (Figure 2B), and abnor-
mal mitochondria (Figure 2C) (signs of cardiac damage) 
were observed in the hearts from mice treated with Dox 
but not Dox + Exer. This protective effect of exercise was 
also seen in Balb/c mice (Figure S3C,D).

To investigate whether Dox affected the cardiac vessels, 
CD31 and α- SMA were used to assess vessel morphology. 
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The number of CD31+ vessels was not different in the Dox- 
treated mice compared with controls (data not shown). 
However, there was a significant decrease in α- SMA+ cells 
(Figure  3A) and the ratio of α- SMA/CD31 (Figure  3B), 
a measure of vascular pericyte coverage. This suggests a 
deficiency in pericytes in the Dox- treated heart vessels. 
There was also a significant decrease in the number of 
vessels >100  μm with open lumens in the Dox- treated 
hearts (Figure  3C,D). The number of open lumens was 
significantly higher in heart tissue from mice treated with 
Dox  +  Exer compared to Dox- treated mice (Figure  3D) 
and comparable to the control values.

Abnormal vascular morphology was confirmed by 
TEM (Figure  3E). Because pericyte coverage correlates 
with vessel function and efficient blood flow, these data 
suggest that the vessel function was compromised after 
Dox therapy. These vascular abnormalities were not 
seen in the hearts from mice treated with Dox  +  Exer 
(Figure 3A– E). Identical results were found in Balb/c mice 
(Figure S3A,B).

LV diastolic function was studied in the context of Dox- 
induced cardiotoxicity. As the myocardium is damaged, the 
velocity of blood flowing into the left ventricle is reduced. 
We measured the velocity of left ventricular diastolic blood 
flow 2 weeks after therapy. Mitral valve maximum E ve-
locity (MV E, mm/s) and mitral valve maximum A veloc-
ity (MV A, mm/s) were significantly decreased (indicating 
impaired blood flow) in the mice treated with Dox alone 
but not in mice treated with Dox  +  Exer (Figure  3F,G). 
Additional indices of left ventricular diastolic function, 
as assessed by mitral inflow velocity and E/A ratio, con-
firmed significant differences between control and Dox, 
but not Dox + Exer- treated mice (Figure 3H,I).

We also measured intracellular ROS in PBMCs. Both 
immunodeficient and immunocompetent mice treated 
with Dox had increased intracellular superoxide or per-
oxides (Figure  4A,B). This increase was not seen in the 
Dox + Exer group. These data indicate a systemic reduc-
tion of ROS by exercise.

3.2 | Effect of exercise during therapy on 
late Dox- induced cardiotoxicity

To determine whether exercise during therapy also pre-
vents late cardiotoxicity, diastolic and systolic functions, 
as quantified by LVPW thickness in diastole (d) or systole 
(s), were assessed after therapy and then again 12 weeks 
later. Although there was no significant change in LVPW 
thickness in either diastole or systole in the Dox- treated 
group immediately after Dox therapy (Figure 5A,B), there 
was a significant decrease in LVPW thickness in diastole 

F I G U R E  1  Doxorubicin (Dox)- induced juvenile mouse 
cardiotoxicity model. (A) Schematic representation of the study 
design to assess acute Dox- induced cardiotoxicity using nude 
or Balb/c mice (n = 8 in each group). Four- week- old mice were 
randomly divided into four groups: control, exercise alone, Dox 
alone, or Dox + Exer. All mice were treated by tail vein with 
phosphate- buffered saline or Dox twice per week for 2 weeks. 
The exercise regimen was 45 min treadmill walking/day, 5 days/
week. Echocardiography was conducted before treatment and 
24 h after the final dose of Dox. Mice were killed 48 h after the 
final dose of Dox. (B) To assess Dox- induced late cardiotoxicity, 
mice were treated for 2 weeks as in A and then followed them for 
12 weeks after therapy. Echocardiography evaluation was done 
before and 24 h after therapy and then at 2, 4, 8, and 12 weeks 
following therapy (n = 10 in each group). (C) To assess the effect 
of initiating exercise after Dox therapy, mice were treated with or 
without Dox. The exercise protocol described in A was initiated 
24 h after therapy. Echocardiography evaluation was done 
before and 24 h after therapy and then at 2, 4, 8, and 12 weeks 
after therapy (n = 10 in each group). Dox + Exer indicates 
doxorubicin + exercise
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at 12 weeks (Figure 5A), indicative of late cardiotoxicity. 
By contrast, no change in the LVPW thickness in diastole 
was seen in the Dox + Exer group at 12 weeks. No change 
in LVPW thickness in systole was seen at 12 weeks in ei-
ther the Dox or Dox + Exer mice (Figure 5B).

Cardiac histology was also analyzed 12  weeks after 
therapy. The increased autophagy, abnormal vessel mor-
phology, and mitochondria (Figure  6A– C) were still ev-
ident 12  weeks after therapy in the Dox- treated but not 
the Dox + Exer- treated group. We also analyzed for car-
diac fibrosis using collagen staining. Although no signif-
icant cardiac fibrosis was seen in the Dox- treated mice 

immediately after therapy, significant collagen deposition 
was seen 12  weeks after therapy (Figure  6D– F). By con-
trast, there was no significant fibrosis in the hearts from 
mice treated with Dox + Exer immediately after therapy 
or 12 weeks later. These data indicate that exercise during 
Dox therapy prevents both acute and late cardiotoxicities.

Finally, we measured the velocity of left ventricular 
blood flow 12 weeks after therapy. MV E and MV A ve-
locities were significantly decreased in the Dox-  but not 
the Dox + Exer- treated mice (Figure 6G,H). Indices of left 
ventricular diastolic function at 12  weeks after therapy, 
as quantified by mitral inflow velocity and MV E/A ratio, 

F I G U R E  2  Exercise inhibited doxorubicin- induced autophagy and abnormal mitochondria in nude mice treated with Dox for 2 weeks. 
(A) Representative transmission electron microscopy (TEM) images of autophagosomes (arrow) 48 h after Dox therapy. (B) Quantitative 
analysis of autophagosomes. (C) Representative TEM images of abnormal mitochondria (arrow) and vacuolization (asterisk). n = 8 mice per 
group. Control versus Dox, p = 0.0025; Dox versus Dox + Exer, p = 0.0034 by one- way ANOVA followed by Bonferroni test
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also revealed significant differences between control ver-
sus Dox but not Dox + Exer- treated mice (Figure 6I,J). In 
addition, in the Dox- treated mice, the left ventricular dia-
stolic function measurements 12 weeks after therapy had 

significantly worsened compared to the measurements 
taken 2  weeks after therapy (Figure  3H,I) with the E/A 
ratio now <1, suggesting continued deterioration of left 
ventricular compliance.

F I G U R E  3  Effect of doxorubicin with and without exercise on cardiac vessel morphology and cardiac diastolic blood flow in nude 
mice following Dox therapy. (A) Quantitative analysis of the total area of pericytes (as defined by α- SMA) in the heart tissues. (B) Ratio of 
α- SMA/CD31 cells (mean ± SD for five random fields). (C) Representative images of CD31+ staining. Scale bar: 50 μm. (D) Quantitative 
analysis of number of open lumens in vessels >100 μm from each treatment group (mean ± SD; Control versus Dox, p = 0.0003; Dox versus 
Dox + Exer, p = 0.0007). Statistical analysis as described in Figure 2. (E) Representative transmission electron microscopy images of cardiac 
vessels. Vascular endothelial cells and pericytes are indicated by the arrow. E indicates endothelial. P indicates pericytes. (F, G) Change 
in mitral valve E and A velocity 2 weeks after therapy. (H) Representative echocardiography images of the E and A peak. (I) E/A ratio was 
measured for each mouse. Dox indicates doxorubicin and Exer indicates exercise
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3.3 | Effect of exercise after therapy on 
late cardiotoxicity

Sarcoma patients may not be able to exercise prior to sur-
gery. Therefore, we also evaluated the effectiveness of 
initiating exercise after Dox therapy in reducing late- onset 
cardiotoxicity. Mice treated with Dox alone had a signifi-
cant decrease in EF and FS immediately after therapy, 
which declined further over 8– 12 weeks (Figure 7A).

By contrast, in the mice that exercised after Dox 
therapy, there was an acute decrease in EF and FS after 
Dox therapy, with no change after 2  weeks of post- 
therapy exercise, but an improvement and restoration 
to normal values in both the EF and FS following 
4– 12  weeks of exercise (Figure  7B). LVPW thickness 
in diastole at 12  weeks was also normal (Figure  7C). 

F I G U R E  4  Exercise reduced doxorubicin (Dox)- induced 
oxidative stress after 2 weeks in peripheral blood mononuclear cells 
(PBMCs) from immunodeficient and immunocompetent mice. (A) 
Reactive oxygen species production in PBMCs. Nude mice were 
treated with phosphate- buffered saline (black line), Dox alone (red 
line), exercise alone (green line), or Dox + exercise (blue line). 
Peripheral blood was collected 24 h after therapy and PBMCs were 
isolated. Dihydroethidium staining was used for the measurement 
of intracellular superoxide using flow cytometry. Mean fluorescent 
intensity for dihydroethidium is shown for representative mice. 
(B) Balb/c mice were treated with phosphate- buffered saline 
(black line), Dox alone (red line), exercise alone (green line), or 
Dox + exercise (blue line). Peripheral blood was collected 24 h after 
therapy. PBMCs were then isolated and stained for intracellular 
peroxides by flow cytometry using dichlorofluorescein. Mean 
fluorescent intensity is shown for representative mice

F I G U R E  5  Effect of doxorubicin with or without exercise 
on diastolic and systolic function in nude mice 12 weeks after 
therapy. Diastolic (A) and systolic (B) functions were assessed after 
therapy and 12 weeks later using echocardiography by measuring 
left ventricular posterior wall thickness in diastole (LVPW; d) and 
systole (LVPW; s). At 2 weeks post- Dox (n = 8 mice per group), 
control versus Dox, p = 0.11; Dox versus Dox + Exer, p = 0.07; 
at 12 weeks post- Dox (n = 9 mice per group), control versus Dox, 
p = 0.03; Dox versus Dox + Exer, p = 0.04. Statistical analysis as 
described in Figure 2

F I G U R E  6  Exercise during doxorubicin (Dox) therapy prevented late Dox- induced cardiotoxicity in nude mice 12 weeks after therapy. 
(A) Quantitative analysis of autophagosomes in the heart tissue. Twelve weeks after therapy, control versus Dox, p = 0.0014; Dox versus 
Dox + Exer, p = 0.0281. Statistical analysis as described in Figure 2. (B) Representative transmission electron microscopy (TEM) images 
of cardiac vessels. P indicates pericytes and E, endothelial cells. (C) Representative TEM images of abnormal mitochondria (arrow) and 
vacuolization (asterisk). (D, E) Collagen deposition in the left ventricle was determined using Masson trichrome staining after therapy 
completion (D) and 12 weeks after therapy (E). wks indicates weeks. Scale bar: 100 μm. (F) Quantification of collagen deposition by 
percentage collagen volume fraction (CVF%). Control versus Dox, ****p < 0.0001; Dox versus Dox + Exer, p = 0.0007 by two- factor repeated- 
measures ANOVA. (G, H) Change in mitral valve E and A velocity 12 weeks after therapy. (I) Representative echocardiography images of 
the E and A peak. (J) The E/A ratio was measured for each mouse (n = 9 in each group)
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The increased autophagy, abnormal mitochondria, 
and vascular morphology and fibrosis were seen in 
the Dox- treated mice 12  weeks after therapy but not 
in the mice that exercised after Dox (Figure  7D– H, 
Figures S4 and S5).

3.4 | Recovery following MI

Acute cardiac damage can compromise the ability of 
the heart to recover from a cardiac insult. Dox exposure 
can therefore sensitize the heart to cardiac challenges, 
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impeding its ability to recover from an insult. To assess 
whether an exercise intervention would improve recov-
ery from a cardiac insult, we performed ligation of the 
LAD artery to mimic an MI 90  days after Dox alone or 
Dox + Exer therapy. Control mice had no therapy prior 
to MI. Although FS and EF decreased in all three groups 
14 days after MI, the decrease in FS and EF in Dox- treated 
mice was significantly greater than both the control and 
Dox + Exer groups at 14 and 45 days (Figure 8A,B).

Survival was monitored for 100 days post- MI. Dox ther-
apy significantly reduced survival compared to control 
untreated mice subjected to MI (22% compared with 67%; 
p  <  0.05). The survival rate of Dox  +  Exer- treated mice 
was significantly improved compared to Dox- treated mice 
at both 45 days (67% compared with 22%; p < 0.05) and 
100 days (56% compared with 22%; p < 0.05; Figure 8C).

Survival of Dox  +  Exer- treated mice was not signifi-
cantly different from that of the control group (Figure 8C; 
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p = 0.88 at day 45; p = 0.82 at day 100). Thinned and col-
lapsed left ventricular walls with significant fibrosis were 
seen 100 days post- MI in the Dox group but not in the con-
trol or Dox + Exer groups (Figure 8D,E).

In the echocardiogram views, Dox therapy signifi-
cantly decreased left ventricular contractility, relaxation, 
compliance, and cardiac reserve function. Left ventricular 
wall heart tissue following MI showed that the left ven-
tricle was enlarged, the left ventricular internal thickness 
was increased, and the LVPW and left ventricular anterior 
wall were significantly thinner than hearts from mice in 
the control or Dox + Exer groups (Video S1A– C).

4  |  DISCUSSION

Dox- induced cardiotoxicity can be detected during 
therapy, within the first year following therapy, or have 
late- onset.18 Using our juvenile cardiotoxicity model, we 
previously reported that an exercise intervention in both 
tumor- bearing and nontumor- bearing mice initiated dur-
ing Dox therapy prevented the decrease in EF and FS seen 
immediately after Dox therapy.16 We expanded our inves-
tigations to determine whether exercise during Dox ther-
apy also prevented the structural changes and histologic 
evidence of acute cardiac damage and reduced late- onset 
cardiotoxicity. The present study was performed using 
both immunodeficient and immunocompetent mice. 
Results were the same. Exercise inhibited the Dox- induced 
functional and structural changes indicative of cardiotox-
icity in nude (Figures  2– 8) and Balb/c mice (Figures S2 
and S3A– E). Two weeks of Dox therapy resulted in de-
creased cardiac diastolic blood flow (Figure  3F,G) and 
the induction of autophagy and abnormal mitochondria 
in the heart tissue (Figure 2). The cardiac vascular mor-
phology showed punctate vessels with decreased pericytes 
(Figure  3A– E). Hearts from mice that exercised during 

Dox therapy showed none of these abnormalities, indicat-
ing that exercise during Dox therapy prevented acute Dox- 
induced cardiac damage.

Similar to Huang et al.,2 we found that Dox therapy 
had late effects on cardiac function 12 weeks after ther-
apy. Mice treated with Dox alone showed deterioration in 
EF and FS over the 12- week observation period, whereas 
mice treated with Dox  +  Exer maintained normal car-
diac function with no decrease in EF or FS. No change 
in diastolic or systolic function or evidence of cardiac fi-
brosis was seen immediately after Dox therapy. However, 
decreased diastolic function (as determined by MV E 
and A waves in diastole), with slow left ventricular re-
laxation producing an E/A ratio <1, was seen 12  weeks 
after therapy in the Dox group. Cardiac tissues at this time 
showed development of fibrosis, continued elevation of 
autophagosomes, and decreased pericytes in the cardiac 
vasculature. Cardiac blood flow was also compromised. 
By contrast, in the Dox  +  Exer group, there was no de-
velopment of early or late fibrosis, and normal blood flow 
was observed, along with no change in diastolic function. 
In addition, the number of autophagosomes and cardiac 
vessel morphology were also indistinguishable from the 
hearts from control mice. These functional and anatomic 
findings indicate that combining an exercise intervention 
with Dox therapy has the potential to not only decrease 
acute Dox- induced cardiotoxicity but also prevent late car-
diomyopathy that compromises the cardiac function of 
childhood cancer survivors.

We observed increased autophagosomes immediately 
after therapy. Autophagy is a mechanism of cell preser-
vation following injury. Induction of autophagy in the 
myocardium leading to an increase in autophagosomes is 
a response to Dox therapy.19,20 Thus, we expected to see 
the induction of autophagy immediately after therapy. 
However, our findings showing the persistence of ele-
vated numbers of autophagosomes in the myocardium 

F I G U R E  7  Exercise after doxorubicin (Dox) therapy inhibited long- term Dox- induced cardiotoxicity in nude mice. The data in Figure 7 
were analyzed from the same experiment as that in Figure 6. There were six total groups in the experiment (Figure S1). The data were then 
presented to focus on the effect of exercise during therapy versus exercise initiated after therapy. The six individual groups in Figure S1 are 
Contro– l, Dox for 2 weeks and then no therapy; exercise for 2 weeks and then no therapy; and Dox + Ex for 2 weeks and. then no therapy 
in Figure 6. In Figure 7, the groups were from the same experiment but show the Control, Dox for 2 weeks and then no therapy; exercise 
for 14 weeks; and Dox for 2 weeks and then Exercise for 12 weeks. (A) Ejection fraction (EF) and fractional shortening (FS) were quantified 
by echocardiography 24 h after Dox therapy and then 2, 4, 8, and 12 weeks later. *p < 0.05. **p < 0.01. ****p < 0.0001. (B) EF and FS were 
quantified as in A in mice that exercised after Dox therapy. ND indicates no difference compared to control. *p < 0.05. (C) Left ventricular 
posterior wall thickness was measured in the diastole (LVPW, d) and systole (LVPW, s). In LVPW, d, control versus Dox, p = 0.024; Dox 
versus Dox and then Exer, p = 0.041. In LVPW, s, control versus Dox, p = 0.053; Dox versus Dox and then Exer, p = 0.24. Statistical analysis 
as described in Figure 2. (D) Representative transmission electron microscopy (TEM) images of autophagy (arrows). (E) Quantitative 
analysis of autophagosomes in the heart. (F) Representative TEM images of abnormal mitochondria (arrow) and vacuolization (asterisk) 
(the data from the six groups are shown altogether in Figure S4). (G) Representative TEM images of cardiac vessels (the data from the six 
groups are shown altogether in Figure S5). P indicates pericytes and E, endothelial cells. (H) Collagen deposition in the left ventricle was 
determined using Masson trichrome staining in mice that exercised after Dox therapy. Scale bar: 100 μm (n = 9 in each group)
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12  weeks after therapy was unexpected. It is unclear 
whether the continued presence of increased numbers of 
autophagosomes was due to continued induction of auto-
phagy in the weeks after therapy or to a block in lysosomal 
acidification and function, which then leads to a decrease 
in autophagic flux, as was shown by Li et al.21 Dox has 
been shown to block cardiomyocyte autophagic flux by 
inhibiting lysosome acidification leading to the accumu-
lation of autophagosomes. The enhanced initiation of 

autophagy increases Dox cardiotoxicity.21 These authors 
demonstrated that inhibiting the initiation of autophagy 
using Beclin1+/-  mice (that have diminished autophagic 
activity) protected against Dox- induced cardiotoxicity. 
We demonstrated that Dox treatment increased auto-
phagy and the number of autophagosomes in the heart. 
However, this was not seen in the hearts from mice treated 
with Dox  +  Exercise. We used autophagy as an indica-
tion of Dox- induced cardiac damage. The Dox- induced 

F I G U R E  8  Recovery following left anterior descending artery ligation (myocardial infarction). Myocardial infarction (MI) surgery was 
performed 90 days after treatment with doxorubicin (Dox), Dox + exercise (Exer), or no therapy (control). (A, B) Fractional shortening 
(FS) and ejection fraction (EF) were assessed before surgery and then 14 and 45 days after surgery. ****p < 0.0001. Statistical analysis as 
described in Figure 2. (C) Survival rates were quantified following MI for each group. Kaplan– Meier survival curves of mice at day 45 and 
day 100 (arrows) after MI. n indicates number of mice. *p < 0.05. (D) Collagen deposition in the left ventricle was assessed using Masson 
trichrome staining 100 days after MI. Mice treated with Dox alone had a thinned left ventricle with collagen deposition in the left ventricular 
wall. This was not observed in the mice treated with Dox + Exer. Scale bar: 0.5 mm. (n = 9 in each group). (E) Left ventricular wall heart 
tissue following myocardial infarction (MI) for 100 days in nude mice. LV indicates left ventricle. Dox indicates doxorubicin. Exer indicates 
exercise
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increase in autophagosomes was not seen when mice ex-
ercised during Dox. Our data are consistent with the find-
ings of Li et al. in which inhibiting autophagy decreased 
Dox- induced cardiotoxicity.

Exercise has been demonstrated to induce autophagy.22 
However, we did not see evidence of increased autophagy 
in the exercise alone treated mice. Our model was different 
as mice only exercised for 2 weeks. This may not be equiv-
alent to endurance exercised or exercise training and thus 
may explain why we did not see induction of autophagy 
in the group of mice that exercised alone. Under normal 
conditions, autophagy helps cells survive by clearing and 
reusing intracellular components. In contrast, if persistent 
stress induces an excessive degree of autophagy (as in the 
case of Dox therapy), autophagy may induce necrosis and 
apoptosis and this increased autophagy is responsible for 
cell death.21 Exercise during Dox therapy prevented both 
the early and late increases in autophagosomes, consistent 
with our findings of conserved cardiac function.

We also demonstrated that exercise initiated after Dox 
therapy has the potential to induce cardiac repair. In these 
experiments, mice were treated with Dox for 2 weeks, and 
then an exercise intervention was initiated after therapy 
completion in one group. The control group did not ex-
ercise after Dox (sedentary). Echocardiography was used 
to monitor both groups. As anticipated, there was a de-
crease in both EF and FS at the end of Dox therapy in both 
groups. In the Dox/sedentary group, EF and FS continued 
to decline over the 12- week observation period. Although 
there was a similar depression in EF and FS in the “exer-
cise intervention group” at the end of Dox therapy prior 
to the initiation of the exercise intervention (document-
ing acute Dox- induced cardiotoxicity), exercise appeared 
to induce functional improvement and cardiac repair, be-
cause both EF and FS started improving after 6 weeks of 
exercise. EF and FS were back to pretherapy values after 
8 weeks of exercise. In the mice treated with Dox alone, 
the LVPW thickness in the diastole was significantly de-
creased 12 weeks after therapy, suggesting early signs of di-
astolic dysfunction. However, this was not seen in the Dox/
then exercise group. The LVPW thickness in the diastole in 
this group was not significantly different from that of the 
control group. We found no changes in systolic function 
at 12  weeks in either the Dox/sedentary or Dox/exercise 
groups. There was a suggestion that the systolic function 
was decreased in the Dox/sedentary group, but this was not 
statistically significant. Re- evaluation of the systolic func-
tion beyond 14 weeks may reveal significant differences.

In addition to having normal cardiac function in the 
Dox/exercise mice, there was no persistence of Dox- 
induced autophagy. Cardiac vessels in these mice were 
similar to those of control mice, and there was minimal 
fibrosis at 12 weeks. These results indicate that there was 

anatomic restoration in the hearts of mice that exercised 
after therapy, in addition to recovery of ventricular per-
formance. Therefore, initiating exercise after structural 
changes have been detected may halt progression of car-
diac remodeling and improve function. Although we doc-
umented functional damage in both groups immediately 
after Dox therapy, both EF and FS improved over time in 
the Dox/exercise mice, suggesting that an exercise inter-
vention initiated after Dox therapy has the potential to de-
crease the intensity of late cardiomyopathies.

To confirm that exercise reduces sensitivity to physio-
logical and pathological insults, we determined the sur-
vival rate of control, Dox alone, and Dox + Exer treated 
mice following ligation of the LAD artery (MI). Dox ther-
apy significantly reduced survival following MI compared 
with the control and Dox  +  Exer- treated mice. Survival 
rates of mice treated with Dox  +  Exer were not signifi-
cantly different from those of control mice, confirming 
our conclusion that exercise protected the heart from both 
acute and late Dox- induced cardiotoxicities.

The mechanism(s) responsible for the reduced cardio-
toxicity in the mice that exercised is not a focus of this 
study, but we did show that levels of ROS in PBMCs from 
mice treated with Dox alone were significantly elevated. 
By contrast, levels of ROS in mice that exercised during 
Dox therapy were similar to those in control, untreated 
mice. The generation and accumulation of ROS has been 
implicated in the pathogenesis of Dox cardiotoxicity.23– 25 
Because of poor myocardial concentrations of superoxide 
dismutase, catalase, and glutathione peroxidase, these 
free radicals cause extensive lipid peroxidation and mi-
tochondrial destruction. Therefore, the cardioprotective 
effects of exercise may be linked to its ability to reduce 
Dox- induced ROS generation in the heart. In addition, in-
duction of autophagy in the heart has also been shown to 
increase ROS production.26 We demonstrated that exercise 
decreased autophagy, and this may have contributed to 
the decrease in ROS production in the mice that exercised 
during therapy.

Our model was designed to look at cardiotoxicity in ju-
venile mice and the efficacy of an exercise intervention. The 
relevance of our mouse model to what occurs in patients 
is supported by our recent retrospective analysis of cardiac 
function in 18 AYAs patients with osteosarcoma.27 These 
patients received >250 mg/m2 Dox. Two years after diagno-
sis, there was a significant decrease in EF, E- wave velocity, 
E/A ratio, and LVPW thickness end diastolic dimension, 
indicative of early compromised diastolic function. The 
echocardiogram markers of Dox- induced cardiotoxicity 
and diastolic dysfunction seen in our mouse model were 
similar to those found in our retrospective study of AYAs 
patients with sarcoma.27 This confirms the relevance of 
our mouse model in defining early echocardiogram and 
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biomarkers that can predict Dox- induced cardiac damage 
and investigating the mechanisms involved in acute and 
late Dox- induced cardiotoxicity.

At the present time, clinical trials aimed at preventing 
Dox- induced ventricular remodeling and late cardiotoxic-
ity in childhood and AYA cancer survivors involve the use 
of agents that have shown success in treating adults and 
children with nononcologic- related heart failure.28– 30 There 
are no preclinical models that confirm or refute the activity 
of ACE- inhibitors, β- blockers, or agents that block α1, β1, 
and β2 adrenergic activation for prevention or reversal of 
Dox- induced cardiotoxicity and cardiac remodeling leading 
to ventricular failure. Although many of these agents have 
been shown to be safe in children,31,32 the mechanisms re-
sponsible for Dox- induced heart damage may not be iden-
tical to those leading to cardiac failure in children with 
Duchenne muscular dystrophy, those undergoing heart 
transplantation, or those with heart failure not associated 
with cancer and chemotherapy administration. It is imper-
ative to use relevant preclinical models in mice of the ap-
propriate age and sex to evaluate prospective interventions 
to be used with or after Dox therapy. It is equally impera-
tive to use preclinical data to justify clinical trials aimed at 
decreasing early and late Dox- induced cardiotoxicity. Such 
findings can help in the optimal design of a randomized 
trial to assess efficacy, rather than arbitrarily choosing the 
dose and frequency of the intervention. Including a pro-
longed latency period after therapy completion is the most 
relevant for ascertaining efficacy for survivors.

Exercise is a cost- effective intervention that can be ad-
ministered remotely, making it highly attractive for use 
in children and AYAs with cancer. Our preclinical stud-
ies support including an exercise intervention as part of 
the therapeutic approach for treating sarcoma in children 
and AYAs, particularly since our previous investigations 
showed that combining exercise with Dox therapy in mice 
with Ewing sarcoma decreased acute Dox- induced heart 
damage without decreasing tumor efficacy or increasing 
Dox concentration in the heart.16,17,33 Late- onset cardio-
myopathies are associated with significant morbidity. 
Therefore, interventions to mitigate Dox- induced cardiac 
damage can decrease mortality and improve QOL for 
childhood and AYA cancer survivors.
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