
Introduction

Doxorubicin is an antibiotic of the anthracycline class 
used to treat neoplasms. However, the clinical use of 
this drug may be limited by the development of dose-
dependent cardiotoxicity.1 Among the interventions 
to minimize doxorubicin-induced cardiotoxicity, 
physical exercise initiated before chemotherapy 
has been recommended as part of a comprehensive 
multidisciplinary therapeutic program. This non-
pharmacological strategy can improve tolerance to 

chemotherapy, protect the heart, and mitigate potential 
toxic effects.2

The mechanisms by which exercise protects the heart 
are not yet fully understood. However, it is known that 
exercise can positively and interactively modulate cardiac 
defense and adaptation, which seem to antagonize the 
toxic effects of doxorubicin.3 Physical exercise performed 
before doxorubicin administration improves mitochondrial 
function, decreases the production of reactive oxygen 
species, oxidative damage and apoptosis, preserves 
alpha-myosin heavy chain, decreases left ventricular end-
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Abstract

Background: The use of doxorubicin in chemotherapy has been associated with cardiotoxicity and heart failure. 
Physical exercise produces favorable morphofunctional adaptations in the cardiovascular system and may reverse 
cardiac dysfunction in patients undergoing chemotherapy.

Objective: To assess the effects of physical training on myocardial structure, cardiac function, and exercise tolerance 
in Wistar rats initiated after the onset of cardiotoxicity-induced cardiotoxicity.

Methods: This study investigated 30 adult male Wistar rats randomly divided into four groups: control (C), exercise 
(EX), doxorubicin (DX), and doxorubicin and exercise (DXEX). The DX and DXEX groups received six doses of 
doxorubincin from 1.25 mg/kg body weight up to a cumulative dose of 7.5 mg/kg. Injections were administered 
intraperitoneally three times a week for two weeks; after this stage, the EX and DXEX groups started physical 
training (swimming) sessions three times a week with a load of 5% of their body weight. Echocardiography and 
exercise tolerance tests were performed. Generalized linear models were used in statistical analysis, and a p<0.05 
was set as statistically significant.

Results: Left ventricular shortening fraction and ejection fraction were reduced in the DX group compared to C, EX, 
and DXEX. The DXEX group showed greater tolerance to effort when compared to the DX and C groups.

Conclusion: Physical training, initiated after the onset of doxorubicin-induced cardiotoxicity, improved cardiac 
function and exercise tolerance in rats.
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and doxorubicin and exercise (DXEX). The DX and 
DXEX groups received intraperitoneal injections of 
doxorubicin hydrochloride (Fauldoxo – 25 mg/mL, 
Libbs Farmacêutica, Embú, São Paulo), three times per 
week for two weeks (six doses de 1.25 mg/kg) reaching 
a cumulative dose of 7.5 mg/kg,10 and the C and EX 
groups received a 0.9% saline solution.

Physical training protocol
The physical training protocol started two weeks after 

the last doxorubicin injection. The EX and DXEX groups 
animals went through an initial adaptation period during 
which they got in contact with water at a temperature of 
32 ± 2 °C for 30 minutes during one week.11

The animals performed swimming with an 
additional load of 5% of body weight. The rats 
were placed in a tank with a water column height, 
corresponding to 150% of their body length.12 The water 
temperature was maintained at 32 ± 2°C to be thermally 
neutral in relation to the rats’ body temperature.13,14 
Physical training was carried out for four weeks, with 
three swimming sessions per week. To increase the 
workload, a small vest with lead weights was placed 
around the anterior region of the trunk. The load was 
adjusted weekly according to changes in the animals’ 
body weight. During the experimental period, the C 
and DX groups were also placed in contact with water 
at a temperature of 32 ± 2 °C, following a protocol 
similar to that of animals in training. Table 1 shows 
the periodization of physical training.

Echocardiography
The echocardiogram was performed 24 hours 

after the exercise tolerance test at the end of the 
experimental period. For the echocardiographic images, 
we intraperitoneally administered a combination of 
ketamine (Ketamine 10%, Agener União Química 
Farmacêutica Nacional S/A, Embu-Guaçu, SP, Brazil, 
74 mg/kg) and xylazine (Dopaser, Laboratories Calier 
S/A, Barcelona, Spain, 8 mg/kg) for the maintenance 
of spontaneous breathing during examination. After 
anesthesia, the anterior chest was shaved.

Echocardiography was performed using the ESAOTE 
equipment, model MyLab VET 30 Gold, which 
generated images in unidimensional and bidimensional 
modes. We used a section transducer with a frequency 
of 8 Mhz, depth of 3.0 cm, and section angle of 75°. In 
the M mode, in the right parasternal cross-sectional view 

systolic pressure, and improves the time derivative of 
ventricular pressure (dP/dt).4-6 

However, despite the recommendation of physical 
exercise to treat heart failure by the Brazilian Cardio-
Oncology Guidelines of the Brazilian Society of 
Cardiology7 and the American College of Cardiology/
American Heart Association guidelines for the 
diagnosis and management of heart failure in adults,8 
few studies6,9 have evaluated the effects of physical 
training performed after doxorubicin administration 
on cardiotoxicity.

Among these studies, Lee et al.9 suggest that the 
exercise-mediated effects against doxorubicin-induced 
cardiotoxicity is associated with improved basal 
autophagy/mitophagy and antioxidative capacity via 
NADPH oxidase 2 downregulation.9

This study aimed to assess the effects of physical 
training on myocardial structure, cardiac function, and 
exercise tolerance of Wistar rats, when exercise was 
performed after the time needed for the development 
of doxorubicin-induced cardiotoxicity.

Materials and Methods

General considerations

The research protocol was approved by the ethics 
committee on the use of animals (approval number 
022/14). All procedures were carried out in accordance 
with the Guide for the Care and Use of Laboratory 
Animals and with the Ethical Principles in Animal 
Experimentation of the National Council for the Control 
of Animal Experimentation.

Thirty young adult male Wistar rats (about eight 
weeks old) from our animal experimentation laboratory 
were used and the sample was for convenience. The 
initial weight of the animals was approximately 250 g/
animal. The environmental conditions for all groups 
were the same regarding temperature (25 °C), relative 
humidity, noise, and light/dark cycle (12h/12h). The 
animals receive food and water ad libitum.

Experimental Design

Doxorubicin administration
The animals were randomly divided into four 

groups: control (C), exercise (EX), doxorubicin (DX), 
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Figure 1 –  Illustrative image of the echocardiogram performed on animals.

of the tendinous cords, the diameter of the left ventricle 
was measured during diastole and systole to calculate 
the fractional shortening (FS) using the equation: FS% 
= [(LVEDD-LVESD)/LVEDD] x 100, where LVEDD is 
the left ventricular end-diastolic diameter and LVESD 
is the left ventricular end-systolic diameter. In the same 

view, left ventricular diastolic and systolic volumes 
(LVDV and LVSV, respectively) were measured using 
the Teichholz 15 method to calculate the left ventricular 
ejection fraction (LVEF) using the formula LVEF = 
[(LVDV-LVSV)/LVDV] x 100. Heart rate was measured 
during echocardiography (Figure 1).

Table 1 – Periodization of animals' physical training

Training weeks
Load (% of body 

weight)

Training time per day of the week (min)

Monday Wednesday Friday

1st 5% 10 15 15

2nd 5% 20 25 25

3rd 5% 30 35 35

4th 5% 40 40 40
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Table 2 – Chi-square statistics and p-values from generalized linear models applied for analysis of the data and their 
respective distribution

Trait (unit)
Chi-square (p-value)

Doxorubicin Exercise Interaction Distribution

ET (min) 0.32 (0.572) 101.42 (<0.001) 5.35 (0.021) Poisson

HR (bpm) 0.10 (0.747) 4.56 (0.033) 11.98 (0.001) Poisson

LVEDD (mm) 1.08 (0.901) 0.02 (0.901) 2.12 (0.145) Gaussian

LVESD (mm) 2.38 (0.123) 1.09 (0.297) 3.53 (0.060) Gaussian

LVEF (%) 3.53 (0.060) 3.26 (0.071) 3.82 (0.051) Gamma

SF (%) 2.41 (0.121) 2.66 (0.103) 3.52 (0.060) Gamma

Heart weight (g) 4.53 (0.033) 5.63 (0.018) 7.43 (0.006) Gamma

Body weight (g) 4.03 (0.045) 1.35 (0.244) 0.23 (0.628) Gaussian

HW/BW Ratio (%) 2.95 (0.086) 4.40 (0.036) 6.62 (0.010) Gamma

 ET: exercise tolerance; HW/BW: heart weight/body weight ratio; HR: heart rate; LVDD: left ventricular end-diastolic diameter; LVESD: left ventricular 
end-systolic diameter; LVEF: left ventricular ejection fraction; SF: shortening fraction.

Statistical Analysis

Quantitative data were presented as mean and standard 
deviation or median. Data residuals were not normally 
distributed (tested with Kolmogorov-Smirnov test) and 
did have homoscedasticity (tested with Levene test). For 
this reason, we used generalized linear models,16 since 
we were able to choose the most appropriate probability 
distribution according to the Akaike's criterion and data 
type. We adopted a complete factorial design method, 
using exercise-related factors (levels: yes or no), the use 
of doxorubicin (levels: yes or no), and their interaction. To 
evaluate heart weight, heart weight/body weight, LVEF, 
and FS, we used the Gamma distribution with logarithmic 
link function. For assessment of body weight, diastolic 
diameter of the left ventricle, and systolic diameter of 
the left ventricle, we used the Gaussian distribution with 
the identity link function. The distribution function was 
selected according to the Akaike’s criterion, or a lower 
value among the distributions tested. To evaluate heart rate 
and exercise tolerance, we used the Poisson distribution 
with the logarithmic link function, since the values were 
positive integers. When treatments differed between or 
within factors, the means were compared in paris using 
the LSD (Least Significant Difference) test. All analyses 
were conducted using the SPz 20.0 GLzM module (SPSS, 
Inc., Chicago, IL, USA). The significance level was set at 
0.05 (p-value <0.05).

Results

General state of the animals, mortality, and 
macroscopic aspects of hearts

After the first three doses of doxorubicin, as compared 
with untreated animals, treated animals had piloerection, 
yellow hair, exudation around the eyes and nostrils, and 
reduced physical activity.

The survival rate of the animals that received 
the accumulated dose of 7.5 mg/kg of doxorubicin  
was 97.5%.

During material collection, the hearts of treated 
animals were more flaccid and collapsed on the 
examination plate, reproducing one of the macroscopic 
characteristics described in dilated cardiomyopathy.

Evolution of body weight and heart weight

Tables 2, 3 e 4 show the results of body weight, 
heart weight, and the ratio of heart weight to body 
weight of animals after treatment. Animals treated with 
doxorubicin had lower body weight compared to non-
treated animals. Heart weight and the ratio of heart 
weight to body weight in the EX group were higher than 
in the other groups.
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Echocardiography

Assessment of the anatomy of the cardiac chambers 
revealed that the LVESD of the DX group was increased 
compared to the C and DXEX groups. The LVEDD did 
not differ between the groups. Analysis of the systolic 
function of the left ventricle was made based on the SF and 
LVEF values. SF and LVEF in the DX group were lower 
when compared to C, EX, and DXEX, and LVEF in the 
DXEX group was similar to that of the C. Heart rate in EX 
was lower than that of C and DXEX. Echocardiographic 
results are described in Tables 2, 3 and 4.

Exercise tolerance test

Exercise tolerance in the EX group was higher than 
in the other groups. The DXEX group showed greater 
tolerance to effort when compared to the DX and C 
groups (Tables 2, 3 and 4).

Discussion

Our study showed that physical training initiated 
after the onset of doxorubicin-induced cardiotoxicity, 

improved cardiac function and exercise tolerance  
in rats. 

Cardiotoxicity caused by doxorubicin is cumulative 
and dose-dependent,17-19 and can progress to heart 
failure of variable severity.20 Macroscopic and 
functional cardiac changes, caused by chemotherapy 
and found in the present study have been described 
in other animal experimental models21,22 and are 
similar to those reported in humans.23 These changes 
indicate that the treatment intervention triggered 
cardiac toxicity, and can be used as an experimental 
evaluation of various therapies.

Systemic reactions reflect the toxicity induced by 
doxorubicin. In our experiments, we observed lower 
weight gain, reduced physical activity, and exudation 
around the eyes and nostrils. These reactions may 
interfere with organic metabolic processes and are 
more intense when higher doses of chemotherapy are 
administered.22

Physical training is part of the non-pharmacological 
treatment of acute and chronic heart failure,24 and 
is recommended by the Brazilian Cardio-Oncology 
Guidelines. Current evidence indicates that physical 

Table 3 – Exercise tolerance, heart rate, left ventricular end-diastolic diameter and end-systolic diameter, ejection fraction 
and shortening fraction, heart weight, body weight, and heart weight/body weight ratio in animals in the control, exercise, 
doxorubicin, and doxorubicin plus exercise groups at the end of the experiment; values in mean ± standard deviation (median)

Trait (unit)
Treatment (n)

Control (n = 3) Exercise (n = 3) Doxorubicin (n = 3) Doxorubicin plus Exercise (n = 3)

ET (min) 18.43 ± 18.62 (8) 44.80 ± 21.24 (60) * 20.89 ± 17.91 (18) † 36.44 ± 19.46 (31) *†‡

HR (bpm) 337.67 ± 117.36 (286) 280.67 ± 26.41 (286) * 298.00 ± 83.07 (262) * 311.33 ± 130.00 (255) †

LVEDD (mm) 5.70 ± 0.75 (5.6) 6.23 ± 0.21 (6.3) 6.70 ± 1.15 (7.1) 6.07 ± 0.97 (6.3)

LVESD (mm) 3.37 ± 0.67 (3.7) 3.70 ± 0.60 (3.7) 4.73 ± 0.81 (5.1) * 3.57 ± 1.18 (4.2) ‡

LVEF (%) 77.33 ± 9.29 (80) 76.67 ± 9.07 (78) 62.00 ± 2.65 (63) *† 77.00 ± 13.11 (75) ‡

SF (%) 41.67 ± 8.08 (43) 40.67 ± 8.50 (41) 29.67 ± 1.53 (30) *† 42.00 ± 12.77 (39) ‡

Control (n = 5) Exercise (n = 3) Doxorubicin (n = 9) Doxorubicin plus Exercise (n = 9)

Heart weight (g) 0.90 ± 0.08 (0.9) 1.50 ± 1.06 (1.0) * 0.96 ± 0.20 (0.9) † 0.92 ± 0.12 (0.9) †

Body weight (g) 347.71 ± 19.34 (356.0) 360.40 ± 18.72 (356.0) 336.00 ± 15.71 (336.0) 341.22 ± 29.47 (328.0)

HW/BW (%) 0.26 ± 0.03 (0.26) 0.43 ± 0.33 (0.26) * 0.28 ± 0.06 (0.28) † 0.27 ± 0.03 (0.28) †

ET: exercise tolerance; HW/BW: heart weight/body weight ratio; HR: heart rate; LVEDD: left ventricular end-diastolic diameter; LVESD: left 
ventricular end-systolic diameter; LVEF: left ventricular ejection fraction; SF: shortening fraction; * p-value < 0.05 vs. control, † p-value < 0.05 vs. 
exercise, ‡ p-value < 0.05 vs. doxorubicin: based on the significant minor differences (due to marginal effects, the variables LVESD, SF and LVEF 
showed significant diferences in pair comparisons, regardless of the non-significant interaction).
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Table 4 – Main factor effect of the exercise tolerance test, heart rate, left ventricular end- diastolic diameter and 
end systolic diameter, ejection fraction and shortening fraction, heart weight, body weight, and heart weight/body 
weight ratio in animals in the control, exercise, doxorubicin and doxorubicin plus exercise groups at the end of the 
experimente; values in mean ± standard deviation (median)

Main factor

Exercise Doxorubicin

Trait (unit) Yes (n = 6) No (n = 6) Yes  (n = 6) No (n = 6)

ET (min) 39.43 ± 19.73 (34) 19.81 ± 17.65 (14) 28.67 ± 19.83 (26.5) 29.42 ± 23.18 (23.5)

HR (bpm) 296.00 ± 85.56 (270.5) 317.83 ± 93.50 (274) 304.67 ± 97.85 (258.5) 309.17 ± 82.24 (286)

LVDD (mm) 6.15 ± 0.63 (6.3) 6.20 ± 1.03 (6.05) 6.38 ± 1.01 (6.6) 5.97 ± 0.58 (6.15)

LVSD (mm) 3.63 ± 0.84 (3.95) 4.05 ± 1.00 (3.8) 4.15 ± 1.11 (4.25) 3.53 ± 0.60 (3.7)

LVEF (%) 76.83 ± 10.09 (76.5) 69.67 ± 10.39 (65.5) 69.50 ± 11.79 (64.5) 77.00 ± 8.22 (79)

SF (%) 41.33 ± 9.73 (40) 35.67 ± 8.38 (32) 35.83 ± 10.57 (31) 41.17 ± 7.44 (42)

Yes (n = 14) No (n = 16) Yes  (n = 18) No (n = 12)

Heart weight (g) 1.13 ± 0.66 (0.9) 0.93 ± 0.16 (0.9) 0.94 ± 0.16 (0.9) 1.15 ± 0.71 (0.9)

Body weight (g) 348.07 ± 27.07 (352.5) 341.13 ± 17.81 (343.5) 338.61 ± 23.06 (333.0)* 353.00 ± 19.34 (356.0)*

Ratio HW/BW (%) 0.33 ± 0.20 (0.28) 0.27 ± 0.05 (0.27) 0.28 ± 0.05 (0.28) 0.33 ± 0.22 (0.26)

ET: exercise tolerance; HW/BW: heart weight/body weight ratio; HR: heart rate; LVDD: left ventricular end-diastolic diameter; LVSD: left ventricular 
end-systolic diameter; LVEF: left ventricular ejection fraction; SF: shortening fraction; * p-value < 0.05 yes vs. no use of doxorubicin, based on the 
significant minor diferences.

training plays both preventive and therapeutic 
roles for heart disease in patients who will receive 
chemotherapy.7 

Two questions motivated this study. The first one 
is when to start physical training, and the second one 
is whether exercise can reverse the cardiotoxic effects.

To answer these questions, first we need to validate 
the methodology used, since the clinical identification 
of cardiac dysfunction in animals is not always easy. 
One of the difficulties of interpreting results of models 
of doxorubicin-induced cardiomyopathy is to quantify 
the intensity of cardiac dysfunction in relation to the 
dose of chemotherapy administered in the experiment. 
Identifying heart failure and its clinical manifestations 
in animal experiments is a challenge in this context. 
However, based on the echocardiographic findings, 
we can affirm that cardiotoxicity did occur in our 
experiment. 

The reduced left ventricular systolic function 
found in our study was associated with the intensity 
of cardiotoxicity. Changes in the diameter of cardiac 

chambers, observed in the DX group, may arise in 
response to interacting factors, such as inflammation, 
apoptosis of cardiomyocytes, compensatory cell 
hypertrophy, fibrosis, and damage caused to the 
complex mechanism of activation and coupling/
uncoupling of contractile filaments.25

The echocardiographic findings answer the 
question regarding the potential of physical exercise 
to reverse cardiotoxic effects, and point out two 
aspects. One of them concerns the hemodynamic 
repercussion and its potential consequences in cardiac 
remodeling processes. In experimental models, the 
simplest way to identify remodeling is to measure 
the heart weight and calculate the ratio between 
heart weight and animal weight. These two variables 
were greater in the EX group compared to C, which 
corroborates the occurrence of cardiac hypertrophy 
in response to regular physical training.26 However, 
when rats trained in the presence of doxorubicin 
(DXEX group), these variables did not increase, 
showing that chemotherapy in some way interrupted 
the hypertrophic signaling triggered by physical 
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exercise. The echocardiographic measurements of 
the left ventricular diameters (LVESD and LVEDD) 
confirmed this finding, since they did not change in 
the DXEX group compared to C.

Physical exercise acts in cardiac remodeling and 
thereby plays role in preventing and treating heart 
failure in patients with preserved, partially preserved 
or reduced LVEF.27 Cardiovascular changes induced 
by physical activity include blood pressure reduction, 
improvement of autonomic modulation, enlargement 
of ventricular cavity dimensions, and increase 
in stroke volume, contributing to physiological 
cardiomyocyte hypertrophy with reduced cardiac 
fibrosis.28 Additional beneficial effects of exercise 
include increased antioxidant activity, decrease in the 
release of reactive oxygen species and pro-apoptotic 
signaling, and a reduction in myocyte turnover (by 
suppressing pro-apoptotic protein synthesis), leading 
to favorable changes in energy metabolism.29

These mechanisms may have improved exercise 
tolerance in the DXEX group when compared to 
the DX group in our study. The importance of these 
effects derives from the fact that doxorubicin-induced 
cardiotoxicity and cardiac dysfunction reduce 
exercise tolerance, worsen the prognosis, and increase 
morbidity and mortality.30

In addition to central cardiovascular factors, 
improved skeletal muscle metabolism in response 
to physical training may increase exercise tolerance 
during cancer treatment.31 An improved skeletal 
muscle metabolism improves endothelial function, 
and increases muscles’ oxidative capacity, the 
percentage of type I skeletal muscle fibers (oxidative), 
the recruitment of motor units, and capillary density.

Short and long-term exposure to antineoplastic 
agents may also cause autonomic dysfunction with 
direct effects on the cardiovascular system, such 
as increased cardiac chronotropism and impaired 
conduction through the atrioventricular node.32

The present study showed that four weeks of aerobic 
training initiated after the development of doxorubicin-
induced cardiotoxicity preserved systolic function, 
increased their exercise tolerance, and effectively 
adapted resting heart rates in rats. The maximum heart 
rate achieved during an exercise test with the same 
workload is lower in individuals who had undergone 
physical training.33 This reduction has been shown in 
both animals and humans and been attributed to greater 

vagal stimulation and lower sympathetic activity.34-36 
This neurohumoral modulation of physical training has 
a favorable impact on functional capacity.34 However, we 
need to be careful in interpreting these data. Although 
the standard deviation found in the C was very high, 
it is unlikely that it could have been influenced by this 
random response.

The mechanisms involved in the improvement 
of cardiotoxic effects by exercise are complex and 
multifactorial, so an early detection of cardiotoxicity is 
important to develop strategies to prevent or minimize 
its deleterious effects.

Study Limitations

Our study has limitations related to the methodology 
used to assess changes in right and left ventricular 
function. The use of tissue Doppler and the analysis 
of regional and global longitudinal strain would be 
more sensitive to detect small changes in ventricular 
function that precede the drop in ejection fraction 
and its recovery. Furthermore, the analysis of plasma 
biochemical markers such as troponins and brain 
natriuretic peptide, not performed in this study, may 
be useful in detecting early cardiotoxicity.

Conclusion

Physical training initiated after the onset of 
doxorubicin-induced cardiotoxicity improved 
left ventricular function and exercise tolerance in  
Wistar rats.

Author contributions

Conception and design of the research: Souza FR, 
Resende ES; Acquisition of data: Souza FR, Campos 
EC, Gonçalves DLN, Mantovani MM, Duarte PRA; 
Analysis and interpretation of the data: Souza FR, 
Campos EC, Lopes LTP, Gonçalves DLN, Beletti ME, 
Duarte PRA, Resende ES; Statistical analysis: Rodrigues 
CM; Obtaining financing: Souza FR, Resende ES; 
Writing of the manuscript: Souza FR; Critical revision 
of the manuscript for intellectual content: Campos EC, 
Gonçalvez A, Resende ES.

Potential Conflict of Interest 

No potential conflict of interest relevant to this article 
was reported.

Int J Cardiovasc Sci. 2022; 35(6), 718-726

724
Souza et al.

Cardiac function and doxorubicin Original Article



1.	 Singal PK, Iliskovic N. Doxorubicin-induced Cardiomyopathy. N Engl 
J Med. 1998; 339(13):900-5. doi: 10.1056/NEJM199809243391307.

2.	 Lien CY, Jensen BT, Hydock DS, Hayward R. Short-term Exercise Training 
Attenuates Acute Doxorubicin Cardiotoxicity. J Physiol Biochem. 
2015;71(4):669-78. doi: 10.1007/s13105-015-0432-x.

3.	 Ascensão A, Oliveira PJ, Magalhães J. Exercise as a Beneficial Adjunct 
Therapy During Doxorubicin Treatment--role of Mitochondria 
in Cardioprotection. Int J Cardiol. 2012;156(1):4-10. doi: 10.1016/j.
ijcard.2011.05.060.

4.	 Wonders KY, Hydock DS, Schneider CM, Hayward R. Acute Exercise 
Protects Against Doxorubicin Cardiotoxicity. Integr Cancer Ther. 
2008;7(3):147-54. doi: 10.1177/1534735408322848. 

5.	 Hydock DS, Wonders KY, Schneider CM, Hayward R. Voluntary Wheel 
Running in Rats Receiving Doxorubicin: Effects on Running Activity and 
Cardiac Myosin Heavy Chain. Anticancer Res. 2009;29(11):4401-7.

6.	 Chen JJ, Wu PT, Middlekauff HR, Nguyen KL. Aerobic Exercise in 
Anthracycline-induced Cardiotoxicity: A Systematic Review of Current 
Evidence and Future Directions. Am J Physiol Heart Circ Physiol. 
2017;312(2):H213-22. doi: 10.1152/ajpheart.00646.2016.

7.	 Kalil Filho R, Hajjar LA, Bacal F, Hoff PM, Diz MP, Galas FR, et al. 
I Diretriz Brasileira de Cardio-Oncologia da Sociedade Brasileira de 
Cardiologia. Arq Bras Cardiol. 2011;96(2 Suppl 1):1-52.

8.	 Hunt SA, Abraham WT, Chin MH, Feldman AM, Francis GS, Ganiats 
TG, et al. 2009 Focused Update Incorporated into the ACC/AHA 2005 
Guidelines for the Diagnosis and Management of Heart Failure in Adults 
A Report of the American College of Cardiology Foundation/American 
Heart Association Task Force on Practice Guidelines Developed in 
Collaboration with the International Society for Heart and Lung 
Transplantation. J Am Coll Cardiol. 2009;53(15):e1-90. doi: 10.1016/j.
jacc.2008.11.013.

9.	 Lee Y, Kwon I, Jang Y, Cosio-Lima L, Barrington P. Endurance Exercise 
Attenuates Doxorubicin-induced Cardiotoxicity. Med Sci Sports Exerc. 
2020;52(1):25-36. doi: 10.1249/MSS.0000000000002094.

10.	 Campos EC, O'Connell JL, Malvestio LM, Romano MM, Ramos SG, Celes 
MR, et al. Calpain-mediated Dystrophin Disruption May be a Potential 
Structural Culprit Behind Chronic Doxorubicin-induced Cardiomyopathy. 
Eur J Pharmacol. 2011;670(2-3):541-53. doi: 10.1016/j.ejphar.2011.09.021.

11.	 Manchado FB, Gobatto CA, Voltarelli FA, Mello MAR. Non-exhaustive Test 
for Aerobic Capacity Determination in Swimming Rats. Appl Physiol Nutr 
Metab. 2006;31(6):731-6. doi: 10.1139/h06-079.

12.	 Dawson CA, Horvath SM. Swimming in Small Laboratory Animals. Med Sci 
Sports. 1970(Summer);2(2):51-78.

13.	 Gonçalves A, Tolentino CC, Souza FR, Huss JC, Zinato KL, Lopes LT, et 
al. The Thyroid Hormone Receptor β-selective Agonist GC-1 Does not 
Affect Tolerance to Exercise in Hypothyroid Rats. Arch Endocrinol Metab. 
2015;59(2):141-7. doi: 10.1590/2359-3997000000027.

14.	 Hubrecht RC, Kirkwood J.  The UFAW Handbook on the Care and 
Management of Laboratory and other Research Animals. Hoboken: John 
Wiley & Sons, 2010. 

15.	 Teichholz LE, Kreulen T, Herman MV, Gorlin R. Problems in Echocardiographic 
Volume Determinations: Echocardiographic-angiographic Correlations in 
the Presence of Absence of Asynergy. Am J Cardiol. 1976;37(1):7-11. doi: 
10.1016/0002-9149(76)90491-4.

16.	 Crawley MJ. Generalized Linear Models in the R Book. Hoboken: John Wiley 
& Sons, Chichester. 2007.

17.	 Doroshow JH, Tallent C, Schechter JE. Ultrastructural Features of Adriamycin-
Induced Skeletal and Cardiac Muscle Toxicity. Am J Pathol. 1985;118(2):288-97.

18.	 Gurel C, Kuscu GC, Buhur A, Dagdeviren M, Oltulu F, Yavasoglu NUK, 
et al. Fluvastatin Attenuates Doxorubicin-induced Testicular Toxicity in 
Rats by Reducing Oxidative Stress and Regulating the Blood-testis Barrier 
via mTOR Signaling Pathway. Hum Exp Toxicol. 2019;38(12):1329-43. doi: 
10.1177/0960327119862006.

19.	 Yeh ET, Bickford CL. Cardiovascular Complications of Cancer Therapy: 
Incidence, Pathogenesis, Diagnosis, and Management. J Am Coll Cardiol. 
2009;53(24):2231-47. doi: 10.1016/j.jacc.2009.02.050.

20.	 Arola OJ, Saraste A, Pulkki K, Kallajoki M, Parvinen M, Voipio-Pulkki LM. 
Acute Doxorubicin Cardiotoxicity Involves Cardiomyocyte Apoptosis. Cancer 
Res. 2000;60(7):1789-92.

21.	 Takemura G, Fujiwara H. Doxorubicin-induced Cardiomyopathy from the 
Cardiotoxic Mechanisms to Management. Prog Cardiovasc Dis. 2007;49(5):330-
52. doi: 10.1016/j.pcad.2006.10.002. 

22.	 Steinherz LJ, Steinherz PG, Tan CT, Heller G, Murphy ML. Cardiac Toxicity 4 to 
20 Years After Completing Anthracycline Therapy. JAMA. 1991;266(12):1672-7.

References

Sources of Funding 

This study was funded by Capes.

Study Association 

This article is part of the thesis of Doctoral submitted 
by Fernanda Rodrigues de Souza, from Federal 
University of Uberlândia.

Ethics approval and consent to participate 

This study was approved by the Ethics Committee on 
Animal Experiments of the Ethics Commission on Use of 
Animals (CEUA) under the protocol number 022.

Erratum 

Int J Cardiovasc Sci. 2022 Issue vol 35(6), pages 718-726.

In Original Article “Physical Training Improves Cardiac Structure and Function of Rats After Doxorubicin-
Induced Cardiomyopathy”, with DOI number: https://doi.org/10.36660/ijcs.20210095, published in International 
Journal of Cardiovascular Science, 35(6) in page 718-726. Correct the author’s name “Alexandre Gonçalvez” to 
“Alexandre Gonçalves”.

Int J Cardiovasc Sci. 2022; 35(6), 718-726

725
Souza et al.

Cardiac function and doxorubicinOriginal Article



This is an open-access article distributed under the terms of the Creative Commons Attribution License

23.	 Rohde LEP, Montera MW, Bocchi EA, Clausell NO, Albuquerque DC, 
Rassi S, et al. Diretriz Brasileira de Insuficiência Cardíaca Crônica e 
Aguda. Arq Bras Cardiol. 2018;111(3):436-539. doi: 10.5935/abc.20180190.

24.	 Carvalho FS, Burgeiro A, Garcia R, Moreno AJ, Carvalho RA, Oliveira PJ. 
Doxorubicin-induced Cardiotoxicity: From Bioenergetic Failure and Cell 
Death to Cardiomyopathy. Med Res Rev. 2014;34(1):106-35. doi: 10.1002/
med.21280.

25.	 La Gerche A, Inder WJ, Roberts TJ, Brosnan MJ, Heidbuchel H, Prior 
DL. Relationship between Inflammatory Cytokines and Indices of 
Cardiac Dysfunction following Intense Endurance Exercise. PLoS One. 
2015;10(6):e0130031. doi: 10.1371/journal.pone.0130031.

26.	 Dhakal BP, Malhotra R, Murphy RM, Pappagianopoulos PP, Baggish AL, 
Weiner RB, et al. Mechanisms of Exercise Intolerance in Heart Failure 
with Preserved Ejection Fraction: The Role of Abnormal Peripheral 
Oxygen Extraction. Circ Heart Fail. 2015;8(2):286-94. doi: 10.1161/
CIRCHEARTFAILURE.114.001825.

27.	 Kwak HB, Kim JH, Joshi K, Yeh A, Martinez DA, Lawler JM. Exercise 
Training Reduces Fibrosis and Matrix Metalloproteinase Dysregulation 
in the Aging Rat Heart. FASEB J. 2011;25(3):1106-17. doi: 10.1096/fj.10-
172924.

28.	 Smith SM, Carver JR. Exercise Intensity in Cancer Survivors: A Matter 
of the Heart. Cardiooncology. 2017;3:3. doi: 10.1186/s40959-017-0022-x.

29.	 Mackey JR, Martin M, Pienkowski T, Rolski J, Guastalla JP, Sami A, et 
al. Adjuvant Docetaxel, Doxorubicin, and Cyclophosphamide in Node-
positive Breast Cancer: 10-Year Follow-up of the Phase 3 Randomised 
BCIRG 001 Trial. Lancet Oncol. 2013;14(1):72-80. doi: 10.1016/S1470-
2045(12)70525-9.

30.	 Lakoski SG, Eves ND, Douglas PS, Jones LW. Exercise Rehabilitation in 
Patients with Cancer. Nat Rev Clin Oncol. 2012;9(5):288-96. doi: 10.1038/
nrclinonc.2012.27.

31.	 Lakoski SG, Jones LW, Krone RJ, Stein PK, Scott JM. Autonomic 
Dysfunction in Early Breast Cancer: Incidence, Clinical Importance, and 
Underlying Mechanisms. Am Heart J. 2015;170(2):231-41. doi: 10.1016/j.
ahj.2015.05.014.

32.	 Andrade DC, Arce-Alvarez A, Toledo C, Díaz HS, Lucero C, Schultz HD, 
et al. Exercise Training Improves Cardiac Autonomic Control, Cardiac 
function, and Arrhythmogenesis in Rats with Preserved-ejection Fraction 
Heart Failure. J Appl Physiol (1985). 2017;123(3):567-77. doi: 10.1152/
japplphysiol.00189.2017.

33.	 Kenney WL. Parasympathetic Control of Resting Heart Rate: Relationship 
to Aerobic Power. Med Sci Sports Exerc. 1985;17(4):451-5. doi: 
10.1249/00005768-198508000-00008.

34.	 Gallo L Jr, Maciel BC, Marin-Neto JA, Martins LE. Sympathetic and 
Parasympathetic Changes in Heart Rate Control During Dynamic 
Exercise Induced by Endurance Training in Man. Braz J Med Biol Res. 
1989;22(5):631-43.

35.	 Negrão CE, Moreira ED, Brum PC, Denadai ML, Krieger EM. Vagal and 
Sympathetic Control of Heart Rate during Exercise by Sedentary and 
Exercise-trained Rats. Braz J Med Biol Res. 1992;25(10):1045-52.

36.	 Barbier J, Lebiller E, Ville N, Rannou-Bekono F, Carré F. Relationships 
between Sports-specific Characteristics of Athlete's Heart and Maximal 
Oxygen Uptake. Eur J Cardiovasc Prev Rehabil. 2006;13(1):115-21. doi: 
10.1097/00149831-200602000-00018.

Int J Cardiovasc Sci. 2022; 35(6), 718-726

726
Souza et al.

Cardiac function and doxorubicin Original Article


