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Abstract: Parkin is a protein encoded by the PARK2 gene, whose mutations were first found in patients with 
Parkinson's disease. Recent studies reveal that Parkin plays an important role in the development of cardiovascular 
diseases (CVD) in addition to its contribution in neurological and malignant diseases. The abnormalities of 
mitochondrial functions and structures play crucial role in the development of many pathological disorders, 
including CVD. Parkin is a vital component of mitophagy process, in which the damaged mitochondria is selectively 
removed to maintain the cellular homeostasis. This article summarizes the latest current updates of researches 
related to Parkin-mediated mitophagy and its functions in CVD. This would improve our understanding about the 
development of CVD and provide new therapeutic targets for the treatment of CVD. 
 
Keywords: Parkin, Mitophagy, Cardiovascular Disease 

 
Background 
Cardiovascular disease seriously endangers human 
health. Although cardiovascular disease research has 
made important progress, but the precise mechanism 
remains unclear. Cardiomyocytes are rich in 
mitochondrial. The abundance of mitochondrial in 
cardiomyocytes is highly dynamic to meet the high 
energy requirements of the heart. Mitochondrial 
structural damage and dysfunction involves the 
etiology and progression of cardiovascular disease. In 
the present study, Parkin is highly expressed in the 
heart, and Parkin-mediated mitophagy is known to 
serve important roles in cardiac development and 
cardiac function maintenance. The abnormal 
expression of Parkin is closely related to the occurrence 
of cardiovascular disease. 
 
1 Parkin protein structure and function 
1998, Japanese scholars discovered that the PARK2 
gene is a causative gene of autosomal recessive 
Parkinson's disease, and the expression product of 
PARK2 gene is Parkin protein [1]. Parkin protein is a 
cytoplasmic protein with 465 amino acid residues. Its 
N-terminus is homologous to ubiquitin, called 
ubiquitin-like domain, and has RINGl-IBR-RING2 at 
its C-terminus. The RINGl-IBR-RING2 domain is 
referred to as the loop finger domain, in which RING1 
and RING2 are loop finger structures, and the IBR 
(in-between ring) is the cysteine rich region between 
the two loop fingers [2]. 
 
Parkin protein is widely distributed in the brain, heart 
and skeletal muscle, suggesting its extensive roles in 
physiology. Under normal conditions, Parkin is mainly 

free in the cytoplasm [3], but when cells are damaged, 
such as mitochondrial stress and endoplasmic reticulum 
stress [4-6], Parkin transferred to the outer membrane 
of mitochondria, together with ubiquitin to initiate 
mitophagy. The process of Parkin transfer to 
mitochondria is the key to activation mitophagy. It has 
also been reported that Parkin can be localized to 
endoplasmic reticulum, Golgi and synaptic vesicles, 
but the specific mechanism is unclear and needs further 
study [7-9]. 
 
Parkin acts as ubiquitin-protein ligase, which is 
associated with ubiquitin-activating enzymes (E1), 
ubiquitin-conjugating enzymes (E2), and ubiquitin to 
modify the outer membrane proteins of damaged 
mitochondria, which promote the degradation of 
damaged mitochondria, thereby exerting the 
ubiquitination function of Parkin protein [5]. A number 
of substrate proteins that can be modified by Parkin 
have been discovered, such as synphilin [10], Pael 
receptor [11], and CDCrel-1 [12]. 

 
2 Parkin's role and mechanism in mitophagy 
Autophagy is a process of lysosomal-dependent 
degradation pathway that allows macromolecules and 
damaged organelles in cells to be degraded into small 
molecules in lysosomes for cell reuse, thereby 
maintaining a stable homeostasis [13]. As a kind of 
autophagy, mitophagy plays a key role in the body 
[14]. 
 
Mitophagy is first discovered in mammalian cells [15]. 
Multiple signaling pathways can mediate mitophagy. 
PTEN-induced kinase 1 (PINK1)/Parkin pathway is the 
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most typical mitophagy pathway [16,17]. PINK1,which 
is a silk/threonine kinase, enters mitochondria through 
mitochondrial outer membrane transposase and 
endomembrane translocating enzyme and is degraded 
by proteolytic enzymes, so the expression level of 
endogenous PINK1 in mitochondria is low 
[18,19].When mitochondria upon depolarization and 
loss of membrane potential, PINK1 rapidly 
accumulates in the mitochondrial outer membrane and 
recruits Parkin to the mitochondrial outer membrane to 
initiate the mitophagy process, and finally enters the 
autophagic lysosomal pathway for degradation [20] 
(Figure.1). Thus, PINK1/Parkin mediates mitophagy to 
regulate mitochondrial biogenesis. 

In addition to PINK1/Parkin-mediated mitophagy, 
Bcl-2 and adenovirus E1B19 kDa-interacting protein 3 
(BNIP3) and mitochondrial outer membrane proteins 
NIP3-like protein X (NIX) signaling pathway also 
involve in the regulation of mitophagy [21,22]. BNIP3 
and NIX can directly link microtubule-associated 
protein light chain 3 (LC3) proteins and recruit 
autophagosome-degrading target proteins [23]; NIX 
can also directly mediate ubiquitination of Parkin 
substrate to regulate mitophagy [24], but whether 
PINK1/Parkin-mediated mitophagy pathway is 
associated with this pathway will be a new field for 
future studies of mitophagy. 

 

Note: When mitochondria cause membrane potential 
decrease due to external stimulation, PINK1 
phosphorylates Parkin protein, and phosphorylated 
Parkin protein is translocated from the cytoplasm to the 
outer membrane of the damaged mitochondria, 
ubiquitinating and modifying the outer membrane 
protein of mitochondria, and binding to lysosome, 
ultimately to remove damaged mitochondria. 
Figure 1 Mechanism of PINK1/Parkin in mitophagy 
 
3 The regulation mechanism of Parkin  
3.1 Ubiquitination 
Ubiquitination is a post-translational modification 
required to regulate many critical mechanisms,  
including cell cycle control, endocytosis, inflammation, 
and DNA repair. As a ubiquitinated E3 ligase, Parkin 
protein plays a key role in ubiquitin proteosome system 
(UPS) [25]. However, Parkin initially showed ubiquitin 
ligase activity by self-ubiquitination assays [12], but 
whether Parkin's own ubiquitination occurs under 
normal cell conditions is unclear. When Parkin itself is 
ubiquitinated, it degrades in a proteasome-dependent 
manner [26, 27], rendering the Parkin protein inactive. 
However, Parkin's own ubiquitination may also be an 
effective regulatory mechanism required for 
ubiquitination of substrate proteins. In conclusion, the 
ubiquitination process involved in Parkin protein plays 
a key role in protein localization, metabolism and 

degradation. 
 

3.2 S-nitrosylation 
S-nitrosylation is a reversible post-translational 
modification involving the covalent attachment of a 
nitric oxide (NO) group to a cysteine residue to form an 
S-nitrosothiol species, thereby stabilizing the structure 
of the protein [28, 28]. Nitrosylated stress is a key 
factor in protein misfolding and neurodegeneration. 
Parkin is rich in cysteine and coordinates eight zinc 
atoms to ensure Parkin's correct folding [30]. Therefore, 
the S-nitrosylation of any zinc-coordinated cysteine 
will affect the function of Parkin. However, The regular 
functions of S-nitrosylation of Parkin protein are 
controversial. On the one hand, it was found that 
S-nitrosylation of Parkin protein increase E3 ligase 
activity after mitochondrial depolarization, which 
induce mitochondrial aggregation and degradation. In 
addition, some reports found that Cys323 in parkin is 
S-nitrosylation key site [31]. On the other hand, it was 
found that S-nitrosylation of Parkin protein attenuates 
E3 ligase activity after mitochondrial depolarization 
[32]. Therefore, the specific regulatory mechanisms of 
S-nitrosylation of Parkin protein requires further 
investigation. 

 
3.3 SUMO 
SUMO (small ubiquitin-related modifier) is a small 
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ubiquitin-like modification with certain sequence 
homology and structural similarity with ubiquitin, and 
plays an important role in stabilizing protein 
conformation and regulating protein subcellular 
localization [33]. Parkin protein lies not only in the 
cytoplasm but also in the nucleus [34, 35]. Studies have 
shown that non-covalent binding of Parkin protein to 
SUMO-1 enhances Parkin's nuclear translocation and 
increases its own ubiquitination [33], but no significant 
Parkin protein levels were detected after 
overexpression of SUMO-1. Therefore, a positive 
regulator of Parkin like SUMO-1 may simply 
disintegrate the self-inhibiting conformation of Parkin 
protein, or enhance the binding of E2 to the substrate 
without causing degradation of Parkin protein. These 
are new field requires further study. 

 
4 Parkin's relationship with cardiovascular disease  
In recent years, it has been found that Parkin-mediated 
mitophagy plays an important role in the maintenance 
of normal function of nerve cells and is essential for 
maintaining normal cardiac function. The heart is a 
highly energy-consuming organ, rich in mitochondria, 
mitochondrial structural damage and dysfunction 
involving the development and progression of 
cardiovascular disease. At present, Parkin-mediated 
mitophagy has become a hot spot for the study of 
cardiovascular diseases, as shown in Figure 2. 

 
4.1 The role of Parkin in the normal heart 
Parkin protein is highly expressed in the heart, but 
whether it has a key role in normal stress-free 
myocardial tissue is still unclear. On the one hand, the 
myocardial tissue morphology has not changed 
significantly and the functions of the heart have not 
been influenced in Parkin knockout mice , but the 
myocardial mitochondria were significantly reduced, 
its arrangement was not neat, and abnormal electron 
aggregation occurred over time compared with the 
control group [36]. Therefore, the expression of Parkin 
may be related to mitochondrial membrane stability, 
mitochondrial morphology, and release of ROS under 
the unstressed state. On the other hand, Parkin 
expression plays a crucial role in the mitochondrial 
maturation of the heart of newborn mice. In the first 3 
weeks after birth, the mitochondria gradually mature 
due to changes from anaerobic glycolysis to 
mitochondrial respiration in the metabolic environment. 
It was found that Parkin knockout mice had 
mitochondrial development arrest and gradually died 
after 21 days of birth [37]. In summary, these results 
suggest that Parkin may play an important role in 
maintaining normal cardiac function and cardiac 
development. 

 
4.2 Parkin regulation in myocardial 
ischemia-reperfusion 
Parkin protects against cardiomyocyte damage induced 
by ischemia. Ischemia-reperfusion leads to impaired 

programmed cell death [38]. Recent studies have 
shown that ischemic precondition and enhanced 
autophagy are effective ways to reduce myocardial 
infarct size and protect cardiomyocytes [39]. In the 
myocardial ischemia reperfusion model, Parkin protein 
expression is significantly increased after ischemic 
precondition, and then P62 is translocated to 
mitochondria. After the translocation of P62, it 
increased the level of mitophagy by ubiquitination 
binding protein (Sequestosome 1, SQSTM1), 
controlling the number of mitochondria in 
cardiomyocytes to protect cardiomyocytes from 
damage [40]. The mice whose Parkin is knockout is 
sensitive to ischemic precondition. In addition, 
Parkin-mediated mitophagy is also a related signal 
pathway for many proteins to protect cardiomyocytes 
from ischemia-reperfusion injury. Under ischemic 
conditions,ischemic precondition upregulated gene 2 
(WD repeat domain 26, WDR26) promotes the 
translocation of Parkin to the mitochondrial membrane 
to cause mitophagy, thereby reducing the release of 
lactic dehydrogenase (LDH) to protect cardiomyocytes 
[41]. In neonatal rat cardiomyocytes, exogenous 
hepatic growth factors enhance the expression of 
Parkin, thereby increasing mitophagy to protect against 
hypoxia-induced myocardial damage [41]. Therefore, 
Parkin-mediated mitophagy plays an important role in 
ischemia-reperfusion injury. 

 
4.3 Parkin regulation in vascular endothelial injury 
Endothelial injury is the main cause of coronary heart 
disease caused by atherosclerosis in coronary 
angiogenesis [42]. Endoplasmic reticulum stress is a 
key factor in the injury of myocardial vascular 
endothelial cells. It has been reported that Parkin 
protein is up-regulated during endoplasmic reticulum 
stress, and is involved in the regulation of endoplasmic 
reticulum stress-related proteins to protect myocardial 
vascular endothelial cells from damage [43]. 
CCAAT/enhancer binding protein homologous protein 
(CHOP) is an important apoptotic signaling molecule 
initiated by endoplasmic reticulum stress, which is 
expressed in cells, but the expression of CHOP 
increased significantly when endoplasmic reticulum is 
stressed, eventually leading to increased apoptosis. 
Recent studies have found that CHOP is one of the 
substrates of Parkin ubiquitination. Parkin binds to 
CHOP and degrades CHOP by ubiquitination, thereby 
reducing cardiomyocyte apoptosis; In addition, mice 
with myocardial hypertrophy were significantly 
aggravated by hypertension induced by thoracic aortic 
coarctation or tunicamycin-induced endoplasmic 
reticulum stress [44]. Therefore, Parkin protein plays 
an important role in heart diseases caused by vascular 
endothelial damage induced by endoplasmic reticulum 
stress. 
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4.4 Parkin protects against drug-induced 
myocardial toxicity 
Arsenic trioxide (ATO), is used as a drug for acute 
promyelocytic leukemia, but it is harmful to the skin, 
liver, kidney, and heart, but Parkin-mediated mitophagy 
can protect against ATO-induced myocardial damage 
[45]. Doxorubicin (DOX) is an anthracycline antibiotic 
and is a widely used antitumor drug. DOX can induce 
cardiotoxicity and form irreversible degenerative 
cardiovascular disease, therefore, it is limited in 

clinical application [46]. More and more evidence 
demonstrate that mitophagy is critical for 
DOX-induced cardiac damage. Importantly, 
Parkin-mediated mitophagy plays an important role in 
DOX-induced cardiotoxicity, but the specific 
mechanism is unclear [47]. Therefore, elucidating the 
role of Parkin in drug-induced cardiotoxicity to balance 
mitophagy is essential for maintaining healthy 
mitochondrial and cellular homeostasis. 

 
Note: Parkin protein plays an important role in maintaining cardiac development in mice, but inhibits 
Parkin-mediated mitophagy, resulting in cardiac arrest, vascular endothelial injury, ischemia-reperfusion injury, 
myocardial cell senescence and myocardial toxicity. 
Figure 2 Mechanism of Parkin-mediated mitophagy in cardiovascular disease 
 
5 Summary and outlook 
A large number of studies have shown that Parkin 
protein plays an important role in neurodegenerative 
diseases. In recent years, it has been found that Parkin 
protein has gradually gained attention in cardiovascular 
diseases. Especially, Parkin-mediated mitophagy plays 
an important regulatory role in maintaining normal 
cardiac function, cardiac development, myocardial 
ischemia-reperfusion, vascular endothelial injury, 
diabetic cardiomyopathy, myocardial toxicity, and 
aging cardiomyocytes, and becomes a potential 
regulatory mechanism of cardiovascular disease. 
Although the role of Parkin protein in the heart has 
been established, there are still many problems to be 
solved. For example, the mutation of the PARK2 gene 
which encodes Parkin protein is the main cause of 
Parkinson's syndrome, but whether there are mutations 
of PARK2 gene in various cardiovascular diseases will 
be worthy exploring. 
 
Acknowledgements 
This work was supported by the National Natural 
Science Foundation of China (grant nos. 81622005 and 
81770232), and National Natural Science Foundation 
of Shandong Province (grant no. JQ201815). 

Conflicts of interest 
The authors declare that there are no conflicts of 
interest. 
 
References 
1. Kitada, T., et al., Mutations in the parkin gene cause autosomal 

recessive juvenile parkinsonism. Nature, 1998. 392(6676): p. 

605-8.Bjerre, D., et al., Porcine Parkin: molecular cloning of 
PARK2 cDNA, expression analysis, and identification of a 

splicing variant. Biochem Biophys Res Commun, 2006. 347(3): 
p. 803-13. 

2. Hattori, N. and Y. Mizuno, Pathogenetic mechanisms of parkin 
in Parkinson's disease. Lancet, 2004. 364(9435): p. 722-4. 

3. Narendra, D., et al., Parkin is recruited selectively to impaired 
mitochondria and promotes their autophagy. J Cell Biol, 2008. 

183(5): p. 795-803. 
4. Exner, N., et al., Mitochondrial dysfunction in Parkinson's 

disease: molecular mechanisms and pathophysiological 
consequences. Embo j, 2012. 31(14): p. 3038-62. 

5. Corti, O., S. Lesage, and A. Brice, What genetics tells us about 
the causes and mechanisms of Parkinson's disease. Physiol Rev, 

2011. 91(4): p. 1161-218. 
6. Kubo, S.I., et al., Parkin is associated with cellular vesicles. J 

Neurochem, 2001. 78(1): p. 42-54. 
7. Shimura, H., et al., Immunohistochemical and subcellular 

localization of Parkin protein: absence of protein in autosomal 
recessive juvenile parkinsonism patients. Ann Neurol, 1999. 

45(5): p. 668-72. 
8. Darios, F., et al., Parkin prevents mitochondrial swelling and 

cytochrome c release in mitochondria-dependent cell death. 

http://www.ijsciences.com/


 

 
 

The Role of Parkin-Mediated Mitophagy in Cardiovascular Diseases

 

 
 

 

http://www.ijSciences.com           Volume 8 – May 2019 (05) 

 

 

29 

Hum Mol Genet, 2003. 12(5): p. 517-26. 

9. Imai, Y., et al., An unfolded putative transmembrane polypeptide, 
which can lead to endoplasmic reticulum stress, is a substrate of 

Parkin. Cell, 2001. 105(7): p. 891-902. 
10. Imai, Y., et al., An unfolded putative transmembrane polypeptide, 

which can lead to endoplasmic reticulum stress, is a substrate of 
Parkin. Cell, 2001. 105(7): p. 891-902. 

11. Shimura, H., et al., Ubiquitination of a new form of 
alpha-synuclein by parkin from human brain: implications for 

Parkinson's disease. Science, 2001. 293(5528): p. 263-9. 
12. Zhang, Y., et al., Parkin functions as an E2-dependent ubiquitin- 

protein ligase and promotes the degradation of the synaptic 
vesicle-associated protein, CDCrel-1. Proc Natl Acad Sci U S A, 

2000. 97(24): p. 13354-9. 
13. Yorimitsu, T. and D.J. Klionsky, Autophagy: molecular 

machinery for self-eating. Cell Death Differ, 2005. 12 Suppl 2: p. 
1542-52. 

14. Noda, N.N., Y. Ohsumi, and F. Inagaki, Atg8-family interacting 
motif crucial for selective autophagy. FEBS Lett, 2010. 584(7): p. 

1379-85. 
15. De Duve, C. and R. Wattiaux, Functions of lysosomes. Annu Rev 

Physiol, 1966. 28: p. 435-92 
16. Mouton-Liger, F., et al., PINK1/Parkin-Dependent 

Mitochondrial Surveillance: From Pleiotropy to Parkinson's 
Disease. Front Mol Neurosci, 2017. 10: p. 120. 

17. Youle, R.J. and D.P. Narendra, Mechanisms of mitophagy. Nat 
Rev Mol Cell Biol, 2011. 12(1): p. 9-14. 

18. Jin, S.M. and R.J. Youle, PINK1- and Parkin-mediated 
mitophagy at a glance. J Cell Sci, 2012. 125(Pt 4): p. 795-9. 

19. Deas, E., et al., PINK1 cleavage at position A103 by the 
mitochondrial protease PARL. Hum Mol Genet, 2011. 20(5): p. 

867-79. 
20. Dorn, G.W., 2nd, Central Parkin: The evolving role of Parkin in 

the heart. Biochim Biophys Acta, 2016. 1857(8): p. 1307-1312. 
21. Chakrama, F.Z., et al., GABARAPL1 (GEC1) associates with 

autophagic vesicles. Autophagy, 2010. 6(4): p. 495-505. 
22. Lee, Y., et al., Mitochondrial autophagy by Bnip3 involves 

Drp1-mediated mitochondrial fission and recruitment of Parkin 
in cardiac myocytes. Am J Physiol Heart Circ Physiol, 2011. 

301(5): p. H1924-31. 
23. Hamacher-Brady, A. and N.R. Brady, Mitophagy programs: 

mechanisms and physiological implications of mitochondrial 
targeting by autophagy. Cell Mol Life Sci, 2016. 73(4): p. 

775-95. 
24. Ding, W.X., et al., Nix is critical to two distinct phases of 

mitophagy, reactive oxygen species-mediated autophagy 
induction and Parkin-ubiquitin-p62-mediated mitochondrial 

priming. J Biol Chem, 2010. 285(36): p. 27879-90. 
25. Zhang, Y., et al., Parkin functions as an E2-dependent ubiquitin– 

protein ligase and promotes the degradation of the synaptic 
vesicle-associated protein, CDCrel-1. Proc Natl Acad Sci U S A, 

2000. 97(24): p. 13354-9. 
26. Chaugule, V.K., et al., Autoregulation of Parkin activity through 

its ubiquitin-like domain. EMBO J, 2011. 30(14): p. 2853-67. 
27. Meng, F., et al., Oxidation of the cysteine-rich regions of parkin 

perturbs its E3 ligase activity and contributes to protein 
aggregation. Mol Neurodegener, 2011. 6: p. 34. 

28. Gu, Z., T. Nakamura, and S.A. Lipton, Redox reactions induced 
by nitrosative stress mediate protein misfolding and 

mitochondrial dysfunction in neurodegenerative diseases. Mol 
Neurobiol, 2010. 41(2-3): p. 55-72. 

29. Tsang, A.H., et al., S-nitrosylation of XIAP compromises 

neuronal survival in Parkinson's disease. Proc Natl Acad Sci U 

S A, 2009. 106(12): p. 4900-5. 
30. Hristova, V.A., et al., Identification of a novel Zn2+-binding 

domain in the autosomal recessive juvenile Parkinson-related 
E3 ligase parkin. J Biol Chem, 2009. 284(22): p. 14978-86. 

31. Ozawa, K., et al., S-nitrosylation regulates mitochondrial quality 
control via activation of parkin. Sci Rep, 2013. 3: p. 2202. 

32. Chung, K.K., et al., S-nitrosylation of parkin regulates 
ubiquitination and compromises parkin's protective function. 

Science, 2004. 304(5675): p. 1328-31. 
33. Um, J.W. and K.C. Chung, Functional modulation of parkin 

through physical interaction with SUMO-1. J Neurosci Res, 
2006. 84(7): p. 1543-54. 

34. Corti, O., et al., The p38 subunit of the aminoacyl-tRNA 
synthetase complex is a Parkin substrate: linking protein 

biosynthesis and neurodegeneration. Hum Mol Genet, 2003. 
12(12): p. 1427-37. 

35. da Costa, C.A., et al., Transcriptional repression of p53 by 
parkin and impairment by mutations associated with autosomal 

recessive juvenile Parkinson's disease. Nat Cell Biol, 2009. 
11(11): p. 1370-5. 

36. Kubli, D.A., M.N. Quinsay, and A.B. Gustafsson, Parkin 
deficiency results in accumulation of abnormal mitochondria in 

aging myocytes. Commun Integr Biol, 2013. 6(4): p. e24511. 
37. Gong, G., et al., Parkin-mediated mitophagy directs perinatal 

cardiac metabolic maturation in mice. Science, 2015. 350(6265): 
p. aad2459. 

38. Hamacher-Brady, A., N.R. Brady, and R.A. Gottlieb, Enhancing 
macroautophagy protects against ischemia/reperfusion injury in 

cardiac myocytes. J Biol Chem, 2006. 281(40): p. 29776-87. 
39. Huang, C., et al., Autophagy induced by ischemic 

preconditioning is essential for cardioprotection. J Cardiovasc 
Transl Res, 2010. 3(4): p. 365-73. 

40. Huang, C., et al., Preconditioning involves selective mitophagy 
mediated by Parkin and p62/SQSTM1. PLoS One, 2011. 6(6): p. 

e20975. 
41. Feng, Y., et al., WDR26 promotes mitophagy of cardiomyocytes 

induced by hypoxia through Parkin translocation. Acta Biochim 
Biophys Sin (Shanghai), 2016. 48(12): p. 1075-1084. 

42. Labazi, H. and A.J. Trask, Coronary microvascular disease as 
an early culprit in the pathophysiology of diabetes and 

metabolic syndrome. Pharmacol Res, 2017. 123: p. 114-121. 
43. Sun, L., et al., Overexpression of Rcan1-1L inhibits 

hypoxia-induced cell apoptosis through induction of mitophagy. 
Mol Cells, 2014. 37(11): p. 785-94. 

44. Tang, Y., J. Liu, and J. Long, Phosphatase and tensin 
homolog-induced putative kinase 1 and Parkin in diabetic heart: 

Role of mitophagy. J Diabetes Investig, 2015. 6(3): p. 250-5. 
45. Watanabe, M., et al., Activation of the ubiquitin-proteasome 

system against arsenic trioxide cardiotoxicity involves ubiquitin 
ligase Parkin for mitochondrial homeostasis. Toxicology, 2014. 

322: p. 43-50. 
46. Abe, J., et al., Cardiac progenitor cells activated by 

mitochondrial delivery of resveratrol enhance the survival of a 
doxorubicin-induced cardiomyopathy mouse model via the 

mitochondrial activation of a damaged myocardium. Journal of 
Controlled Release Official Journal of the Controlled Release 

Society, 2017. 269: p. 177. 
47. Yin, J., et al., Doxorubicin-induced mitophagy and 

mitochondrial damage is associated with dysregulation of the 
PINK1/parkin pathway. Toxicol In Vitro, 2018. 51: p. 1-10.

 

http://www.ijsciences.com/

