Int J Cardiovasc Sci. 2022; 35(6), 727-729
727

EDITORIAL

Can Exercise Training Prevent Doxorubicin-induced Cardiomyopathy?

Marcus Vinicius Machado,”™ Ronan Chapuis,’

Ross University School of Veterinary Medicine, Basseterre — St Kitts

Aline Bomfim Vieira'

Editorial referring to the article: Physical Training Improves Cardiac Structure and Function of Rats After Doxorubicin-Induced Cardiomyopathy

Doxorubicin (DOX) is a cytotoxic antineoplastic agent of
the anthracycline family. It has been used as the first-line
chemotherapy drug for treating various types of cancer,
such as breast, lung and bladder cancer, and lymphoblastic
leukemia.! As any anthracycline, DOX is an effective
chemotherapeutic drug. However, it holds a potentially
lethal dose-dependent cardiovascular toxicity, which can
manifest immediately or many years after chemotherapy,
limiting its clinical application.?

After the discontinuation of DOX treatment, a seven-
year follow-up of 1,807 patients reported 33% death
from heart diseases. Similarly, a 7.5% incidence of some
cardiomyopathies was reported in pediatric sarcoma
patients within an average of 34 months post-DOX
treatment.?

The pathophysiological mechanism involved in DOX-
induced cardiotoxicity is likely multifactorial and complex.
Multiple regulated cell death pathways and oxidative stress
are involved in the loss of cardiomyocytes, playing a big role
inheart injuries."* In addition, a lower regenerative capacity
of cardiac muscle cells makes the heart more susceptible
to long-term adverse effects. DOX simultaneously
triggers or deregulates different cell death pathways in
cardiomyocytes, including autophagy (degradation and
recycling of cell components), ferroptosis (iron-dependent
accumulation of lipid peroxides), necroptosis (regulated
form of necrosis that involves the release of death-signaling
cytokine); pyroptosis (highly inflammatory caspase-1
dependent cell death) and apoptosis, which have been
recently reviewed.* The apoptosis induced by DOX is the
most studied cell death pathway in cardiomyocytes, and it
is totally linked to the excessive oxidative stress generated
by the mitochondria. Reactive oxygen species (ROS) are
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generated when the electrons move through the complex
I-IV in the mitochondrial electron transport chain (ETC),
and some of them leak out to molecular oxygen (O,) to
form superoxide anion.’ In normal conditions, the excessive
superoxide is dismutated by mitochondrial superoxide
dismutase (Mn-SOD) to hydrogen peroxide (H,O,) and may
be fully reduced to water or partially reduced to hydroxyl
radical.® However, experimental evidence has shown that
DOX increases the leakage of electrons, interfering with
the complex I activity, precisely the complex pointed as
the major site of ROS generation in the ETC. Subsequently,
increased levels of ROS inside mitochondria dysregulate
mitochondrial transition permeability, causing the release
of huge amounts of Ca*" and proapoptotic proteins from
mitochondria, leading to cell death.”®

Given that most cardiotoxicity induced by anti-
cancer therapy affects the functional or structural
cardiac microcirculation network, it is not surprising
that DOX also impairs endothelial function, which
may contribute to the development or worsening of the
cardiotoxic effects.”® Functional capillary dysfunction
refers to a temporary blood flow obstruction or reduced
recruitment of non-perfused capillaries in the tissue.
Structural capillary dysfunction, in turn, refers to a
chronic functional capillary dysfunction characterized
by capillary disappearance." It has been proposed that a
pro-oxidative profile generated by DOX treatment is an
initial trigger of endothelial dysfunction and subsequent
microvascular rarefaction. In endothelial smooth muscle,
nitric oxide (NO), in a controlled diffusion reaction with
superoxide anion, produces peroxynitrite. This reaction
decreases the bioavailability of NO, affecting the capacity
for endothelium-dependent vasodilation.’? In addition,
peroxynitrite plays a role in the systemic inflammatory
response through increased signaling for platelet and
leukocyte adhesion to the endothelium, increasing pro-
inflammatory cytokine expression."”” Complementarily,
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DOX showed a strong anti-angiogenic stimulus, inhibiting
the vascular endothelial growth factor A (VEGE-A)
expression and its cellular receptors in adult rat ventricular
myocytes and cardiac microvascular endothelial cells."

Limiting the cumulative dose of DOX, adjusting the
DOX administration schedule, and using anthracycline
analogs, liposomal formulations, or cardioprotective
agents (e.g. dexrazoxane) are options available to
clinicians to decrease the risk of cardiotoxicity from
DOX."” However, since regular physical exercise is
beneficial for cardiovascular health, especially in
reducing the development of cardiovascular disease
and cardiovascular mortality'¢'® — could it prevent DOX-
induced cardiotoxicity? In fact, experimental evidence has
demonstrated that regular or acute exercise can modulate
different mechanisms to reverse/prevent DOX-induced
cardiotoxicity.’ Although several cardioprotective
mechanisms activated by exercise are not entirely
understood, previous studies have shown that exercise
can prevent changes in the mitochondrial permeability
transition pore. These changes could result in the rupture
of the outer mitochondrial membrane and consequent
release of cytochrome c and other proapoptotic proteins,
which would potentially lead to cell death.”” Exercise
also plays a critical role in protecting the heart muscle
against ROS-mediated damage observed during DOX
treatment. In addition, exercise directly activates Mn-

SOD and increases nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase levels, upregulating
antioxidant defenses, and increases Sirtuin 3 (SIRT3) and
pb6shc, two essential proteins for mitochondrial function
and modulation of ROS generation. It also prevented
the inactivation of complexes I and IV in the ETC,
reducing electrons' leakage and consequent excessive
ROS generation.”

Another pathway induced by exercise to upregulate
mitochondria function is related to the expression of heat
shock protein 72 (HSP72), which has a cytoprotective
function. This protein has been implicated in cellular
functions by regulating protein folding and degradation,
and in improving endurance running and increasing
mitochondrial enzyme activity in human skeletal muscle

A recent study analyzed morphological adaptations
in the cardiomyocyte of laboratory animals after DOX
therapy and exercise. A significant increase in cardiac
fibrosis was observed in DOX-treated animals after 12
weeks of treatment. In contrast, trained animals treated
with DOX did not show a significant increase in fibrosis
after the end of treatment. These data indicate that exercise
suppressed acute cardiac damage and reduced late-onset
cardiotoxicity from DOX. Furthermore, morphological
adaptations in the cardiomyocyte induced by exercise
improved cardiac function and diastolic blood flow, and
reversed autophagy in the myocardium despite DOX
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Figure 1 - Schematic representation of exercise-induced cardioprotection from deleterious effects of doxorubicin. Black line:

ETC: electron transport chain; ROS: reactive oxygen species; HSP72: heat shock protein 72; NF-kB: nuclear factor kappa B; IL-6: interleukin 6; TNF-a:
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therapy.?** In addition, exercise improved myocardial
vascular and preserved the vascular architecture of
mice during and after DOX treatment, normalizing
cardiac blood flow that was affected by DOX.?** A brief
overview of the mechanisms involved in exercise-induced
cardioprotection is presented in Figure 1.

To conclude, physical exercise has been shown to exert

References

1. RawatPS,Jaiswal A, Khurana A, Bhatti JS, Navik U. Doxorubicin-Induced
Cardiotoxicity: An Update on the Molecular Mechanism and Novel
Therapeutic Strategies for Effective Management. Biomed Pharmacother.
2021;139:111708. doi: 10.1016/j.biopha.2021.111708.

2. RenuK, Abilash VG, Pichiah PBT, Arunachalam S. Molecular Mechanism
of Doxorubicin-Induced Cardiomyopathy - An Update. Eur ] Pharmacol.
2018;818:241-253. doi: 10.1016/j.ejphar.2017.10.043.

3. Paulides M, Kremers A, Stohr W, Bielack S, Jiirgens H, Treuner J,
et al. Prospective Longitudinal Evaluation of Doxorubicin-Induced
Cardiomyopathy in Sarcoma Patients: A Report of the Late Effects
Surveillance System (LESS). Pediatr Blood Cancer. 2006;46(4):489-95.
doi: 10.1002/pbc.20492.

4.  Christidi E, Brunham LR. Regulated Cell Death Pathways in Doxorubicin-
Induced Cardiotoxicity. Cell Death Dis. 2021;12(4):339. doi: 10.1038/
541419-021-03614-x.

5. Liu Y, Fiskum G, Schubert D. Generation of Reactive Oxygen Species
by the Mitochondrial Electron Transport Chain. J Neurochem.
2002;80(5):780-7. doi: 10.1046/j.0022-3042.2002.00744.x.

6. Turrens JF. Mitochondrial Formation of Reactive Oxygen Species. |
Physiol. 2003;552(Pt 2):335-44. doi: 10.1113/jphysiol.2003.049478.

7. Giulivi C, Boveris A, Cadenas E. Hydroxyl Radical Generation
During Mitochondrial Electron Transfer and the Formation of
8-Hydroxydesoxyguanosine in Mitochondrial DNA. Arch Biochem
Biophys. 1995;316(2):909-16. doi: 10.1006/abbi.1995.1122.

8. Nishida K, Otsu K. Cell Death in Heart Failure. Circ J. 2008;72 Suppl
A:A17-21. doi: 10.1253/circj.cj-08-0669.

9. Peretto G, Lazzeroni D, Sartorio CL, Camici PG. Cardiotoxicity in
Oncology and Coronary Microcirculation: Future Challenges in
Theranostics. Front Biosci. 2017;22(10):1760-73. doi: 10.2741/4570.

10. Zamorano JL, Lancellotti P, Mufioz DR, Aboyans V, Asteggiano R,
Galderisi M, et al. 2016 ESC Position Paper on Cancer Treatments
and Cardiovascular Toxicity Developed Under the Auspices of the
ESC Committee for Practice Guidelines: The Task Force for Cancer
Treatments and Cardiovascular Toxicity of the European Society of
Cardiology (ESC). Eur Heart J. 2016;37(36):2768-2801. doi: 10.1093/
eurheartj/ehw211.

11. Nascimento AR, Machado MV, Gomes F, Vieira AB, Gongalves-de-
Albuquerque CF, Lessa MA, et al. Central Sympathetic Modulation
Reverses Microvascular Alterations in a Rat Model of High-Fat Diet-
Induced Metabolic Syndrome. Microcirculation. 2016;23(4):320-9. doi:
10.1111/micc.12280.

12. Reaven GM. Role of Insulin Resistance in Human Disease (Syndrome X):
An Expanded Definition. Annu Rev Med. 1993;44:121-31. doi: 10.1146/
annurev.me.44.020193.001005.

13. Mukhopadhyay P, Rajesh M, Batkai S, Kashiwaya Y, Hasko G, Liaudet L,
etal. Role of Superoxide, Nitric Oxide, and Peroxynitrite in Doxorubicin-
Induced Cell Death in Vivo and in Vitro. Am ] Physiol Heart Circ Physiol.
2009;296(5):H1466-83. doi: 10.1152/ajpheart.00795.2008.

cardioprotective effects during DOX treatment and could
attenuate acute and late-onset cardiotoxicity associated with
this therapy. Therefore, it may be beneficial to incorporate
physical exercises to prevent cardiovascular diseases in
chemotherapy patients. Further studies are warranted to

investigate this therapeutic approach.

14. Chiusa M, Hool SL, Truetsch P, Djafarzadeh S, Jakob SM, Seifriz F, et al.
Cancer therapy modulates VEGF Signaling and Viability in Adult Rat
Cardiac Microvascular Endothelial Cells and Cardiomyocytes. ] Mol Cell
Cardiol. 2012;52(5):1164-75. doi: 10.1016/j.yjmcc.2012.01.022.

15. Jones RL, Swanton C, Ewer MS. Anthracycline Cardiotoxicity. Expert
Opin Drug Saf. 2006;5(6):791-809. doi: 10.1517/14740338.5.6.791.

16. Chicco AJ, Schneider CM, Hayward R. Exercise Training Attenuates
Acute Doxorubicin-Induced Cardiac Dysfunction. J Cardiovasc
Pharmacol. 2006;47(2):182-9. doi: 10.1097/01.£jc.0000199682.43448.2d.

17. Machado MV, Barbosa TPC, Chrispino TC, Neves FJ, Rodrigues
GD, Soares PPDS, et al. Cardiovascular and Autonomic Responses
after a Single Bout of Resistance Exercise in Men with Untreated
Stage 2 Hypertension. Int ] Hypertens. 2021;2021:6687948. doi:
10.1155/2021/6687948.

18. Machado MYV, Vieira AB, Conceigao FG, Nascimento AR, Nébrega ACL,
Tibirica E. Exercise Training Dose Differentially Alters Muscle and
Heart Capillary Density and Metabolic Functions in an Obese Rat with
Metabolic Syndrome. Exp Physiol. 2017;102(12):1716-28. doi: 10.1113/
EP086416.

19. Garrido C, Galluzzi L, Brunet M, Puig PE, Didelot C, Kroemer G.
Mechanisms of Cytochrome C Release from Mitochondria. Cell Death
Differ. 2006;13(9):1423-33. doi: 10.1038/sj.cdd.4401950.

20. Marques-Aleixo I, Santos-Alves E, Mariani D, Rizo-Roca D, Padrao Al,
Rocha-Rodrigues S, et al. Physical Exercise Prior and During Treatment
Reduces Sub-Chronic Doxorubicin-Induced Mitochondrial Toxicity
and Oxidative Stress. Mitochondrion. 2015;20:22-33. doi: 10.1016/j.
mito.2014.10.008.

21. Smuder AJ, Kavazis AN, Min K, Powers SK. Exercise Protects Against
Doxorubicin-Induced Oxidative Stress and Proteolysis in Skeletal Muscle.
] Appl Physiol. 2011;110(4):935-42. doi: 10.1152/japplphysiol.00677.2010.

22. Kouzi SA, Uddin MN. Aerobic Exercise Training as a Potential
Cardioprotective Strategy to Attenuate Doxorubicin-Induced
Cardiotoxicity. ] Pharm Pharm Sci. 2016;19(3):399-410. doi: 10.18433/
J3JS5R.

23. Gupta S, Deepti A, Deegan S, Lisbona F, Hetz C, Samali A. HSP72
Protects Cells from ER Stress-Induced Apoptosis via Enhancement of
Irelalpha-XBP1 Signaling Through a Physical Interaction. PLoS Biol.
2010;8(7):1000410. doi: 10.1371/journal.pbio.1000410.

24. Gomes-Santos IL, Jordao CP, Passos CS, Brum PC, Oliveira EM, Chammas
R, et al. Exercise Training Preserves Myocardial Strain and Improves
Exercise Tolerance in Doxorubicin-Induced Cardiotoxicity. Front
Cardiovasc Med. 2021;8:605993. doi: 10.3389/fcvm.2021.605993.

25. Souza FR, Campos EC, Lopes LTP, Rodrigues CM, Gongalves DLN,
Beletti ME, et al. Physical Training Improves Cardiac Structure and
Function of Rats After Doxorubicin-Induced Cardiomyopathy. Int J
Cardiovasc Sci. 2022;35(6),718-726. doi: 10.36660/ijcs.20210095.

26. Wang F, Chandra ], Kleinerman ES. Exercise Intervention Decreases
Acute and Late Doxorubicin-Induced Cardiotoxicity. Cancer Med.
2021;10(21):7572-84. doi: 10.1002/cam4.4283.

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

729



