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Cardiovascular complication is one of the significant causes of death in diabetic mellitus (DM) in which diabetic cardiomyopathy, independent of hypertension, cardiac valvular disease, and coronary atherosclerosis, occupies an important position. Although the detailed pathogenesis of diabetic cardiomyopathy remains unclear currently, mitochondrial morphological abnormality and dysfunction were observed in diabetic cardiomyopathy animal models according to much research, suggesting that mitochondrial structural and functional impairment played an integral role in the formation of diabetic cardiomyopathy. Thus, we have summarized the effect of mitochondria on the process of diabetic cardiomyopathy, including abnormal mitochondrial morphology, mitochondrial energy metabolism disorder, enhanced mitochondrial oxidative stress, mitochondrial unbalanced calcium homeostasis, and mitochondrial autophagy. Based on the above mechanisms and the related evidence, more therapeutic strategies targeting mitochondria in diabetic cardiomyopathy have been and will be proposed to delay the progression of the disease.
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INTRODUCTION

The prevalence rate of diabetic mellitus (DM) shows such a significant increase that it has long been an epidemic disease that badly affects human health. About half a billion people are living with diabetes worldwide and the number is estimated to increase by 25% in 2030 and 51% in 2045 (Saeedi et al., 2019; Cao et al., 2020). The early cardiac manifestation of DM is diastolic dysfunction with or without systolic reserve dysfunction while systolic dysfunction, and even congestive heart failure, may appear in a later stage (Marwick et al., 2018). Although the underlying disease of diabetic cardiomyopathy (DCM) is DM, it is a kind of primary injury that is independent of hypertension, cardiac valvular disease, and coronary atherosclerosis (Dillmann, 2019; Cuijpers et al., 2020).

Recent studies demonstrated that mitochondria may play an indispensable role in many links to the genesis of DCM. It was reported that the activity of mitochondrial respiratory chain-related enzymes in Zucker diabetic obese rats decreased significantly (Raza et al., 2012; Daiber and Münzel, 2020), and similar mitochondrial respiratory dysfunction was observed in Type 2 diabetic mellitus (T2DM) mice model (Sloan et al., 2011; Pham et al., 2014). Montaigne et al. (2014) discovered fragmented mitochondria in cardiomyocytes of diabetic patients, and Anderson et al. (2009) directly confirmed mitochondrial respiratory dysfunction in the atrial myocytes of T2DM patients, providing strong evidence to link mitochondrial impairment with diabetes incidence (Heusch, 2019). In this study, we will summarize the effect of mitochondria on the process of DCM and the underlying mechanism. In addition, we briefly introduced the latest progress of DCM therapy targeting mitochondria.



MOLECULAR MECHANISMS OF MITOCHONDRIA IN DIABETIC CARDIOMYOPATHY


Abnormal Mitochondrial Morphology

In normal conditions, mitochondrial fusion and fission keep in balance dynamically, which is important to maintain the normal physiological function of mitochondria and cells (Lanna and Dustin, 2016; Larson-Casey et al., 2020). Once the balance is disrupted, the result is markedly reduced energy synthesis and increased reactive oxygen species (ROS) production, thus promoting cell death and disease progression. In the literatures, the molecules related to mitochondrial fusion are Mitochondrial Fusion Protein (Mfn1 and Mfn2), Optic Atrophy Factor (OPA1), while the main factors mediating fission are Dynamin-Like Protein 1 (DLP1, also referred to as DRP1), Mitochondrial Fission Protein (Fis1), and Mitochondrial Fission Factor (Mff). Makino et al. (2010) reported that the reduction of OPA1 was the trigger event of mitochondrial fission, and chronic hyperglycemia might inhibit the expression of fusion protein OPA1 (Klinge, 2020). After suppressing mitochondrial fission, the production of ROS was reduced (Molina et al., 2009). Moreover, the abnormal expression of fusion protein and fission protein led to cardiac defect both in structure and function, and damaged mitochondrial fusion in the mature heart tissue, thereby disrupting heart homeostasis (Galloway and Yoon, 2015; Zhou et al., 2020). The research of Parra et al. (2014) demonstrated that insulin was related to mitochondrial dynamics, especially mitochondrial fusion, and the defect in insulin signal of diabetic patients contributed to an impaired expression of Mitochondrial Fusion Protein Mfn1, Mfn2, and OPA1. Cardiomyocytes in DCM patients manifested impaired systolic function, augmented oxidative stress, diminished energy production, fragmented mitochondria, and low expression of Mfn1, which was in negative correlation to HbA1c level (Montaigne et al., 2014). DRP1 overexpression caused mitochondrial dysfunction and insulin resistance in cardiomyocytes, which could be relieved after DRP1 silence (Watanabe et al., 2014; Kuczynski and Reynolds, 2020). Lipid overload increased A-kinase anchor protein 121 ubiquitination, regulated DRP1 phosphorylation, and altered OPA1 processing (Tsushima et al., 2018; Ding et al., 2020). OPA1 mutations led to abnormal mitochondrial morphology and increased ROS production, as well as susceptibility to oxidative stressors (Tang et al., 2009). Researchers indicated that DRP1 overexpression or Mfn1 suppression markedly raised ROS production (Huang et al., 2016). Genetic fusion interventions (inducing mitochondrial elongation) were associated with decreased mitochondrial ROS production, while fission interventions (resulting in mitochondrial fragmentation) stimulated mitochondrial ROS production (Picard et al., 2013; Jusic and Devaux, 2020). Therefore, there is an inextricable link between mitochondrial morphology and DCM: Altered mitochondrial morphology is not only causal for but also consequential to DCM, hence intensifying oxidative damage through reciprocal amplification, which is important to the process of DCM. The latest research of Hu et al. (2019) found that in T2DM db/db hearts, mitochondrial fission was exceedingly vigorous, and the lessened Mfn2 might be due to reduced expression of peroxisome proliferator-activated receptor α (PPARα) and binding of PPARα to Mfn2 promoter. In the view of the fact that mitochondrial dynamics is actually the basis of mitochondrial function, more profound research is needed to effectively intervene mitochondrial fusion and fission in DM in order to delay the progression to DCM.



Mitochondrial Energy Metabolism Disorder

Cardiomyocytes are high energy consuming cells whose energy production mainly occurs in mitochondria. Under physiological conditions, the fatty acid β-oxidation constitutes about 70% of the source of energy in heart, with the remaining part produced from the oxidation of other nutrients, such as glucose, ketone bodies, lactate, and amino acid (Bertero and Maack, 2018; Ma et al., 2020). It is worth noting that compared with glucose, fatty acid as energy metabolic substrates requires about 12% more oxygen to produce the same amount of ATP. However, the fatty acid β-oxidation in diabetic heart increases while the glucose oxidation decreases, aggravating hypoxia in myocardium with microangiopathy. In DCM patients, ATP is mainly synthesized by mitochondrial fatty acid β-oxidation, which can lead to increased oxygen consumption and respiratory dysfunction in mitochondria.

In addition, there is a kind of uncoupling protein (UCP) with the function of ion channel on the mitochondrial inner membrane, which induces the decrease of ATP production by consuming the proton power of the mitochondrial membrane (Demine et al., 2019). UCP is easily activated by ROS, norepinephrine, and fatty acid. It can make the protons pumped out from the process of electron transfer in the mitochondrial respiratory chain re-enter the mitochondrial matrix through the proton channel formed by UCP. This kind of “proton leakage” releases the electrochemical potential energy of protons in the form of heat, and the oxidative phosphorylation appears “uncoupling” because it is not coupled with ATP synthase. Five UCP subtypes have been found in mammals, and UCP2 and UCP3 occupy the dominant position in myocardial mitochondria. It was revealed that mitochondrial uncoupling in cardiomyocytes of db/db mice was enhanced, and the function of mitochondrial respiratory chain was impaired. It was also reported that the expression of UCP3 increased after cardiac ischemia in db/db mice, with damaged mitochondrial and impaired cardiac energy efficiency (Banke and Lewandowski, 2015; Takov et al., 2020), which was confirmed in the hearts of rats fed with high-fat diet. However, there are controversies. Some scholars were convinced that UCPs can protect against free radical damage by regulating mitochondrial respiration, inducing reduced production of ROS (Dludla et al., 2018).

In diabetes or insulin resistance, increased myocardial fatty acid content in patients with DCM can cause the activation of PPARα, which facilitates the inhibition of pyruvate dehydrogenase kinase and the impairment of glucose oxidation ability, thereby increasing mitochondrial fatty acid uptake and subsequently causing energy consumption (Mirza et al., 2019). In addition, excessive fatty acid accumulation is also considered to be directly related to diabetic myocardial toxic injury and dysfunction, which is mainly caused by lipid intermediate metabolites, such as ceramide, diacylglycerol, long chain phosphatidyl coenzyme A, and so on (Chong et al., 2017). Overall, the metabolism of fatty acid by mitochondria increases the oxygen consumption of heart, resulting in changes in the structure and function of heart, thereby inducing DCM.



Enhanced Mitochondrial Oxidative Stress

In the physiological state, only a very small amount of oxygen is reduced to ROS by single electron reduction (Ghaemi Kerahrodi and Michal, 2020; Scialò et al., 2020). However, in diabetes, due to changes, such as high glucose, high lipid, insulin resistance, calcium signal disorder, and enhanced mitochondrial uncoupling, more nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FAD) would flow to mitochondrial respiratory chain, causing hyperpolarization of the mitochondrial inner membrane, suppression of electron transfer in complex III, and excessive generation of ROS (Shah and Brownlee, 2016; Zhang et al., 2020). Thus, the antioxidant capacity of the body is relatively insufficient, bringing about the enrichment of a large amount of ROS, which enhances the damage of oxidative stress on proteins, nucleic acids, and lipids. Finally, the destruction of the structural, physiological, and metabolic mechanisms is induced, as well as abnormal regulation in cells and tissues.

In cardiac mitochondria of type 2 diabetic mice, an increase of superoxide free radicals was found, and inhibition of mitochondrial oxidative stress could delay the occurrence of DCM in streptozotocin (STZ)-induced diabetic mice. Anderson et al. (2009) confirmed that the oxidative stress of atrial mitochondria was enhanced and the mitochondrial function was impaired in DM patients (Anderson et al., 2009). Sun et al. (2014) studied diabetic mice in vivo and in vitro, illustrating that the morphology of mitochondria in cardiomyocytes changed and the level of ROS was elevated in hyperglycemic mice. The above studies provide some evidence for the involvement of mitochondrial ROS in the pathogenesis of DCM. Besides, ROS can damage the structure of diabetic myocardial mitochondria and further damage the function of mitochondria by facilitating the opening of mitochondrial permeability transition pore (mPTP) on mitochondrial inner membrane. Normally, mitochondria produce an electrochemical gradient across the membrane by electron transfer, and ATP is generated by ATP synthase (Tsuyama et al., 2017; Vlacil et al., 2020). Following the overload of ROS in diabetes, mPTPs, which are very sensitive to ROS, turn to be opened, leading to membrane potential depolarization, reversed transport of ATP synthase, exhaustion of cell energy, and cardiomyocyte death. ROS can also make mPTPs sensitive to calcium ions, resulting in calcium overload and further aggravating membrane permeability. In addition to mitochondrial ROS, it has also been reported that there is an increase of NADH phosphate (NADPH) oxidase-derived ROS in the myocardium of ob/ob mice, STZ mice, and Zucker fa/fa rats, and it has been discovered that direct or indirect activation of antioxidant enzymes can effectively prevent protein nitrification and inflammation, and can reverse DCM damage, suggesting that two pathways of increasing ROS exist in diabetic myocardium, i.e., a mitochondrial way and an extramitochondrial way (Cong et al., 2015). Notably, mitochondria are not only the major sites of ROS production, but also the main targets of ROS attacks. In comparison with other intracellular structures, ROS is more likely to damage mitochondrial membrane, mitochondrial DNA (mtDNA), and its encoded proteins (Vaeyens et al., 2020). To sum up, reducing oxidative stress of myocardial mitochondria or improving the antioxidant capacity of cells is expected to improve DCM.



Mitochondrial Unbalanced Calcium Homeostasis

Normal cardiac function is closely related to the maintenance of intracellular Ca2+ homeostasis, which regulates metabolism, muscle contraction, and signal transduction (Jia et al., 2018). In the excitation contraction coupling of myocardium, Ca2+ gets into the cytoplasm via voltage sensitive L-type calcium channels after sarcolemma depolarization, triggering the release of Ca2+ from the sarcoplasmic reticulum. During the diastolic process, Ca2+ is transferred back to sarcoplasmic reticulum, followed by the surplus Ca2+ being pumped out through sarcolemma Na+/Ca2+ exchanger and Ca2+ pump on the plasma membrane (Kanaporis and Blatter, 2017). Nevertheless, in DCM disrupted calcium homeostasis induced by the above transporters makes action potential duration increased and diastolic relaxation time prolonged (Jia et al., 2016).

In addition to the Ca2+ regulation of endoplasmic reticulum (ER), the role of mitochondrial Ca2+ regulatory disorders in DCM has attracted much attention in recent years. Mitochondria have the function of regulating Ca2+, storing Ca2+, and producing energy (Drago and Davis, 2016; Yu et al., 2016), and some laboratories have reported that there are mitochondrial Ca2+ regulatory disorders in the heart of diabetic animal models. It was demonstrated that Ca2+ overload in cardiomyocytes of diabetic patients might lead to respiration and oxidative phosphorylation damage, and increase of ROS. Ca2+, enters mitochondrial matrix mainly through mitochondrial calcium uniporter (MCU), which makes mitochondria acing in the buffering role to shape cytosolic Ca2+ signals (Baradaran et al., 2018). A very slight change in the concentration of Ca2+ in mitochondria can activate ATP synthase and promote the production of ATP [dissociation constant (Kd) ≤ 2 nM; Kirichok et al., 2004; Kamer and Mootha, 2015]. Study indicated that in cardiomyocytes stimulated by high glucose, the expression of MCU and the concentration of Ca2+ in mitochondria decreased, accompanied by the disorder of glucose and lipid metabolism, and the above change also occurred in the heart of type 1 diabetic mice (Diaz-Juarez et al., 2016). In addition, many factors, such as accumulation of free fatty acid, increased oxidative stress, disordered Ca2+, decrease of mitochondrial membrane potential, and exhaustion of ATP in mitochondria etc., can cause the persistent high-level opening of mPTP (Zorov et al., 2014). This not only leads to the imbalance of intracellular Ca2+ regulation, but also promotes the release of many pro-apoptotic factors, which bind to apoptotic protease activator in order to induce caspase cascade reaction and promote cardiomyocyte death. Besides, mitochondrial Ca2+ overload and intracellular oxidative damage cause and affect each other, forming a vicious cycle, eventually leading to apoptosis or necrosis and influencing cardiac systolic and diastolic function (Joseph et al., 2016; Salin Raj et al., 2019). In my point of view, studies above suggest that impaired mitochondrial function in DCM cardiomyocytes can affect the regulation of Ca2+, but the exact molecular mechanism and signal pathway needs more profound investigation.



Mitochondrial Autophagy

Mitochondrial autophagy (mitophagy) occurs under the stimulation of nutritional deficiency and cell senescence, when the depolarization of mitochondria appears and the damaged mitochondria are specifically wrapped into autophagosomes and then fused with lysosomes, thus completing the degradation of damaged mitochondria. With the in-depth study of autophagy, it was proved that mitophagy played protective roles. In Beclin1 or Atgl6 knocked mice, it was also observed that the expression of Pink and Parkin was increased, as well as the elevated level of manganese-containing superoxide dismutase, prompting that increased mitochondrial autophagy might improve myocardial harm in autophagy-deficient mice, which might be associated with the Ras related protein 9-dependent unconventional autophagy pathway (Xu et al., 2013; Smadja et al., 2020). Suppression of mitochondrial autophagy mediated by deacetylase Sirt3, the first member of the Sirtuin family located in the mitochondria of mammalian cells, can lead to diabetic myocardial damage (Wang and Zhou, 2020; Wang et al., 2020). Koncsos et al. (2016) reported that the expression of mitochondrial autophagy-associated protein BNIP3 decreased in prediabetic rats fed with high-fat diet, followed by myocardial diastolic dysfunction (Margadant, 2020). In a recent study, mitochondrial dysfunction and DCM were observed in diabetic mice, while the injection of Tat-Beclin1 reversed such DCM by activating mitochondrial autophagy, indicating mitophagy served as a critical quality control mechanism for mitochondria in heart during high-fat diet (Tong et al., 2019). Considering out previous studies, it can be speculated that in early stage of DCM, the decrease of autophagy causes the upregulation of mitophagy, which plays a positive role in myocardium. Then, the ability of mitochondrial clearance decreases, resulting in accumulation of impaired mitochondria and leading to myocardial damage.




POTENTIAL DCM TREATMENTS TARGETING MITOCHONDRIA

Mitochondria, as a therapeutic target in DM-related cardiovascular disease, have brought out widespread attention because of more comprehensive understanding of mitochondrial effects on DCM and the mechanisms of antidiabetic drugs (Gollmer et al., 2020). At present, a large quantity of antidiabetic drugs applied in clinical therapy have already directly or indirectly eased mitochondrial negative effects on DCM, such as metformin. Yang et al. (2019) demonstrated that metformin can activate AMPK pathway and improve autophagy through suppressing the mTOR pathway and relieving apoptosis in cardiomyocytes of neonatal mice with DCM. ER stress is considered a typical characteristic in DCM. A recent research showed that in mice without DM, activation of ER stress induced by thapsigargin damaged mitochondrial respiration, seemingly facilitating mPTP opening, and inducing mitochondrial oxidative stress (Chen et al., 2017). After being treated with metformin, these mice seemed to reverse their mitochondrial abnormalities in some degree, probably by activating protein kinase, indicating that metformin might be effective in the negative effects of mitochondria on DCM caused by ER stress as well as by other factors.

Recently, sodium glucose cotransporter 2 inhibitors (SGLT2i) have attracted much attention due to its function of improving cardiovascular outcomes in diabetic patients (Wiviott et al., 2019). Based on those clinical trial findings, the European Society of Cardiology has listed SGLT2i as a first-line therapy in diabetic patients with high or very high cardiovascular risk or existing cardiovascular disease (Cosentino et al., 2020). The myocardial mechanisms of SGLT2i have been suggested, in which mitochondria may play a pivotal role. The Na+/H+ exchanger 1 (NHE1) in heart has been confirmed as a target of SGLT2i. In primary cardiomyocytes of mice, treatment with empagliflozin, which is a representative drug of SGLT2i, restrains NHE1 flux and depresses cytosolic Ca2+ and Na+ levels, potentially by combining empagliflozin with NHE1 (Uthman et al., 2018; Ludwig et al., 2020). Baartscheer et al. (2017) reported that empagliflozin lowers cytosolic Ca2+ concentrations while raising mitochondrial Ca2+ concentrations. Accordingly, SGLT2i may alleviate the disruption of both cytosolic and mitochondrial Ca2+ homeostasis and may elevate ATP production by the activation of mitochondrial Ca2+-sensitive dehydrogenases. Besides, several drugs, such as MitoQ, MnTBAP, and MitoTempol, have been identified to attenuate mitochondrial defects targeting the reducing of mitochondrial oxidative stress (Ilkun et al., 2015; Escribano-Lopez et al., 2016). Fang et al. (2018) confirmed that resveratrol might alleviate cardiac oxidative stress, mitochondrial impairment, and myocardial fibrosis in diabetes induced by high glucose. Liu et al. (2018) explored the protection of spironolactone against DCM in STZ-induced diabetic rats and concluded that its cardioprotective effects were due to improving mitochondrial dysfunction and reducing cardiac fibrosis, oxidative stress, and inflammation (Liu et al., 2018). Hu et al. (2019) demonstrated that the reconstruction of Mfn2 restored mitochondrial membrane potential, inhibited mitochondrial oxidative stress, and ameliorated mitochondrial function in cardiomyocytes treated by high glucose and high-fat through facilitating mitochondrial fusion. Some drugs targeting mitochondrial energy metabolism, such as Pioglitazone, the agonist of PPAR-γ, have been the first-line treatments for DCM (Wassef et al., 2018). Unfortunately, most of the research is from preclinical study, suggesting that there is a long way to go in the treatment of DCM with mitochondria as a target.



DISCUSSION

In summary, mitochondrial impairment plays a critical role in the pathogenesis of DCM. Typically, 90% of intracellular ATP production is provided via mitochondrial oxidative phosphorylation. In T2DM, as the main source of ATP production in mitochondria, free fatty acid oxidation replaces part of glycolysis, with elevated mitochondrial ROS production and damaged oxidative phosphorylation. The change of mitochondrial Ca2+ treatment and the breakup of mitochondrial fission and fusion balance further exacerbate mitochondrial respiratory dysfunction and lead to cell death. Moreover, the mitochondrial dysfunction induced by enhanced oxidative stress also increases the opening of mPTP induced by Ca2+ overload, causing cardiomyocyte autophagy and myocardial necrosis. Notably, mitochondrial autophagy may play a protective role in the pathogenesis of DCM (Figure 1).
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FIGURE 1. Mechanisms of DCM. In diabetes, hyperglycemia, hyperlipidemia, and insulin resistance result in disrupted Ca2+ homeostasis, abnormal mitochondrial morphology, and enhanced fatty acids oxidation. The latter changes further lead to mitochondrial dysfunction and strengthened oxidative stress, which induce cardiomyocytes death and eventually cause DCM. In the development of DCM, mitophagy may play a protective role.


As such knowledge is mainly derived from animal models, it is essential that the effect of mitochondria on human DCM be further investigated in order to search for the potential treatment of DCM targeting mitochondria. In fact, some existing drugs, e.g., metformin, have the curative effect of reversing or at least relieving the mitochondrial negative influence on diabetic myocardium. Considering the universal mitochondria-related diseases in human beings, mitochondrial therapies used in practice will enable us to benefit from these new treatments.



AUTHOR CONTRIBUTIONS

JB, CL, PZ, and YL contributed to conception, drafted the manuscript, critically revised the manuscript, provided the final approval, and agreed to be accountable for all aspects of work ensuing integrity and accuracy. All authors contributed to the article and approved the submitted version.



FUNDING

This study was supported by grants from the National Natural Science Foundation of China (No. 81870249 and No. 82070328). The funders had no role in the study design, decision to publish, or preparation of the manuscript.


REFERENCES

 Anderson, E. J., Kypson, A. P., Rodriguez, E., Anderson, C. A., Lehr, E. J., and Neufer, P. D. (2009). Substrate-specific derangements in mitochondrial metabolism and redox balance in the atrium of the type 2 diabetic human heart. J. Am. Coll. Cardiol. 54, 1891–1898. doi: 10.1016/j.jacc.2009.07.031 

 Baartscheer, A., Schumacher, C. A., Wüst, R. C., Fiolet, J. W., Stienen, G. J., Coronel, R., et al. (2017). Empagliflozin decreases myocardial cytoplasmic Na(+) through inhibition of the cardiac Na(+)/H(+) exchanger in rats and rabbits. Diabetologia 60, 568–573. doi: 10.1007/s00125-016-4134-x 

 Banke, N. H., and Lewandowski, E. D. (2015). Impaired cytosolic NADH shuttling and elevated UCP3 contribute to inefficient citric acid cycle flux support of postischemic cardiac work in diabetic hearts. J. Mol. Cell. Cardiol. 79, 13–20. doi: 10.1016/j.yjmcc.2014.10.015 

 Baradaran, R., Wang, C., Siliciano, A. F., and Long, S. B. (2018). Cryo-EM structures of fungal and metazoan mitochondrial calcium uniporters. Nature 559, 580–584. doi: 10.1038/s41586-018-0331-8 

 Bertero, E., and Maack, C. (2018). Metabolic remodelling in heart failure. Nat. Rev. Cardiol. 15, 457–470. doi: 10.1038/s41569-018-0044-6 

 Cao, F., Maguire, M. L., McAndrew, D. J., Lake, H. A., Neubauer, S., Zervou, S., et al. (2020). Overexpression of mitochondrial creatine kinase preserves cardiac energetics without ameliorating murine chronic heart failure. Basic Res. Cardiol. 115:12. doi: 10.1007/s00395-020-0777-3 

 Chen, Q., Thompson, J., Hu, Y., Das, A., and Lesnefsky, E. J. (2017). Metformin attenuates ER stress-induced mitochondrial dysfunction. Transl. Res. 190, 40–50. doi: 10.1016/j.trsl.2017.09.003 

 Chong, C. R., Clarke, K., and Levelt, E. (2017). Metabolic remodeling in diabetic cardiomyopathy. Cardiovasc. Res. 113, 422–430. doi: 10.1093/cvr/cvx018 

 Cong, W., Ruan, D., Xuan, Y., Niu, C., Tao, Y., Wang, Y., et al. (2015). Cardiac-specific overexpression of catalase prevents diabetes-induced pathological changes by inhibiting NF-κB signaling activation in the heart. J. Mol. Cell. Cardiol. 89, 314–325. doi: 10.1016/j.yjmcc.2015.10.010 

 Cosentino, F., Grant, P. J., Aboyans, V., Bailey, C. J., Ceriello, A., Delgado, V., et al. (2020). 2019 ESC guidelines on diabetes, pre-diabetes, and cardiovascular diseases developed in collaboration with the EASD. Eur. Heart J. 41, 255–323. doi: 10.1093/eurheartj/ehz486 

 Cuijpers, I., Simmonds, S. J., van Bilsen, M., Czarnowska, E., González Miqueo, A., Heymans, S., et al. (2020). Microvascular and lymphatic dysfunction in HFpEF and its associated comorbidities. Basic Res. Cardiol. 115:39. doi: 10.1007/s00395-020-0798-y 

 Daiber, A., and Münzel, T. (2020). Interplay of the red blood cell and vascular endothelial nitric oxide synthase system to combat cardiac complications of anemia. Basic Res. Cardiol. 115:44. doi: 10.1007/s00395-020-0801-7 

 Demine, S., Renard, P., and Arnould, T. (2019). Mitochondrial uncoupling: a key controller of biological processes in physiology and diseases. Cell 8:795. doi: 10.3390/cells8080795 

 Diaz-Juarez, J., Suarez, J., Cividini, F., Scott, B. T., Diemer, T., Dai, A., et al. (2016). Expression of the mitochondrial calcium uniporter in cardiac myocytes improves impaired mitochondrial calcium handling and metabolism in simulated hyperglycemia. Am. J. Phys. Cell Physiol. 311, C1005–c1013. doi: 10.1152/ajpcell.00236.2016 

 Dillmann, W. H. (2019). Diabetic cardiomyopathy. Circ. Res. 124, 1160–1162. doi: 10.1161/circresaha.118.314665 

 Ding, M., Liu, C., Shi, R., Yu, M., Zeng, K., Kang, J., et al. (2020). Mitochondrial fusion promoter restores mitochondrial dynamics balance and ameliorates diabetic cardiomyopathy in an optic atrophy 1-dependent way. Acta Physiol. 229:e13428. doi: 10.1111/apha.13428 

 Dludla, P. V., Nkambule, B. B., Tiano, L., Louw, J., Jastroch, M., and Mazibuko-Mbeje, S. E. (2018). Uncoupling proteins as a therapeutic target to protect the diabetic heart. Pharmacol. Res. 137, 11–24. doi: 10.1016/j.phrs.2018.09.013 

 Drago, I., and Davis, R. L. (2016). Inhibiting the mitochondrial calcium uniporter during development impairs memory in adult drosophila. Cell Rep. 16, 2763–2776. doi: 10.1016/j.celrep.2016.08.017 

 Escribano-Lopez, I., Diaz-Morales, N., Rovira-Llopis, S., de Marañon, A. M., Orden, S., Alvarez, A., et al. (2016). The mitochondria-targeted antioxidant MitoQ modulates oxidative stress, inflammation and leukocyte-endothelium interactions in leukocytes isolated from type 2 diabetic patients. Redox Biol. 10, 200–205. doi: 10.1016/j.redox.2016.10.017 

 Fang, W. J., Wang, C. J., He, Y., Zhou, Y. L., Peng, X. D., and Liu, S. K. (2018). Resveratrol alleviates diabetic cardiomyopathy in rats by improving mitochondrial function through PGC-1α deacetylation. Acta Pharmacol. Sin. 39, 59–73. doi: 10.1038/aps.2017.50 

 Galloway, C. A., and Yoon, Y. (2015). Mitochondrial dynamics in diabetic cardiomyopathy. Antioxid. Redox Signal. 22, 1545–1562. doi: 10.1089/ars.2015.6293 

 Ghaemi Kerahrodi, J., and Michal, M. (2020). The fear-defense system, emotions, and oxidative stress. Redox Biol. 37:101588. doi: 10.1016/j.redox.2020.101588 

 Gollmer, J., Zirlik, A., and Bugger, H. (2020). Mitochondrial mechanisms in diabetic cardiomyopathy. Diabetes Metab. J. 44, 33–53. doi: 10.4093/dmj.2019.0185 

 Heusch, G. (2019). Coronary microvascular obstruction: the new frontier in cardioprotection. Basic Res. Cardiol. 114:45. doi: 10.1007/s00395-019-0756-8 

 Hu, L., Ding, M., Tang, D., Gao, E., Li, C., Wang, K., et al. (2019). Targeting mitochondrial dynamics by regulating Mfn2 for therapeutic intervention in diabetic cardiomyopathy. Theranostics 9, 3687–3706. doi: 10.7150/thno.33684 

 Huang, Q., Zhan, L., Cao, H., Li, J., Lyu, Y., Guo, X., et al. (2016). Increased mitochondrial fission promotes autophagy and hepatocellular carcinoma cell survival through the ROS-modulated coordinated regulation of the NFKB and TP53 pathways. Autophagy 12, 999–1014. doi: 10.1080/15548627.2016.1166318 

 Ilkun, O., Wilde, N., Tuinei, J., Pires, K. M., Zhu, Y., Bugger, H., et al. (2015). Antioxidant treatment normalizes mitochondrial energetics and myocardial insulin sensitivity independently of changes in systemic metabolic homeostasis in a mouse model of the metabolic syndrome. J. Mol. Cell. Cardiol. 85, 104–116. doi: 10.1016/j.yjmcc.2015.05.012 

 Jia, G., DeMarco, V. G., and Sowers, J. R. (2016). Insulin resistance and hyperinsulinaemia in diabetic cardiomyopathy. Nat. Rev. Endocrinol. 12, 144–153. doi: 10.1038/nrendo.2015.216 

 Jia, G., Hill, M. A., and Sowers, J. R. (2018). Diabetic cardiomyopathy: an update of mechanisms contributing to this clinical entity. Circ. Res. 122, 624–638. doi: 10.1161/circresaha.117.311586 

 Joseph, L. C., Subramanyam, P., Radlicz, C., Trent, C. M., Iyer, V., Colecraft, H. M., et al. (2016). Mitochondrial oxidative stress during cardiac lipid overload causes intracellular calcium leak and arrhythmia. Heart Rhythm. 13, 1699–1706. doi: 10.1016/j.hrthm.2016.05.002 

 Jusic, A., and Devaux, Y. (2020). Mitochondrial noncoding RNA-regulatory network in cardiovascular disease. Basic Res. Cardiol. 115:23. doi: 10.1007/s00395-020-0783-5 

 Kamer, K. J., and Mootha, V. K. (2015). The molecular era of the mitochondrial calcium uniporter. Nat. Rev. Mol. Cell Biol. 16, 545–553. doi: 10.1038/nrm4039 

 Kanaporis, G., and Blatter, L. A. (2017). Membrane potential determines calcium alternans through modulation of SR Ca(2+) load and L-type Ca(2+) current. J. Mol. Cell. Cardiol. 105, 49–58. doi: 10.1016/j.yjmcc.2017.02.004 

 Kirichok, Y., Krapivinsky, G., and Clapham, D. E. (2004). The mitochondrial calcium uniporter is a highly selective ion channel. Nature 427, 360–364. doi: 10.1038/nature02246 

 Klinge, C. M. (2020). Estrogenic control of mitochondrial function. Redox Biol. 31:101435. doi: 10.1016/j.redox.2020.101435 

 Koncsos, G., Varga, Z. V., Baranyai, T., Boengler, K., Rohrbach, S., Li, L., et al. (2016). Diastolic dysfunction in prediabetic male rats: role of mitochondrial oxidative stress. Am. J. Physiol. Heart Circ. Physiol. 311, H927–H943. doi: 10.1152/ajpheart.00049.2016 

 Kuczynski, E. A., and Reynolds, A. R. (2020). Vessel co-option and resistance to anti-angiogenic therapy. Angiogenesis 23, 55–74. doi: 10.1007/s10456-019-09698-6 

 Lanna, A., and Dustin, M. L. (2016). Mitochondrial fusion fuels T cell memory. Cell Res. 26, 969–970. doi: 10.1038/cr.2016.94 

 Larson-Casey, J. L., He, C., and Carter, A. B. (2020). Mitochondrial quality control in pulmonary fibrosis. Redox Biol. 33:101426. doi: 10.1016/j.redox.2020.101426 

 Liu, W., Gong, W., He, M., Liu, Y., Yang, Y., Wang, M., et al. (2018). Spironolactone protects against diabetic cardiomyopathy in streptozotocin-induced diabetic rats. J. Diabetes Res. 2018:9232065. doi: 10.1155/2018/9232065 

 Ludwig, N., Yerneni, S. S., Azambuja, J. H., Gillespie, D. G., Menshikova, E. V., Jackson, E. K., et al. (2020). Tumor-derived exosomes promote angiogenesis via adenosine a(2B) receptor signaling. Angiogenesis 23, 599–610. doi: 10.1007/s10456-020-09728-8 

 Ma, Q., Reiter, R. J., and Chen, Y. (2020). Role of melatonin in controlling angiogenesis under physiological and pathological conditions. Angiogenesis 23, 91–104. doi: 10.1007/s10456-019-09689-7 

 Makino, A., Scott, B. T., and Dillmann, W. H. (2010). Mitochondrial fragmentation and superoxide anion production in coronary endothelial cells from a mouse model of type 1 diabetes. Diabetologia 53, 1783–1794. doi: 10.1007/s00125-010-1770-4 

 Margadant, C. (2020). Positive and negative feedback mechanisms controlling tip/stalk cell identity during sprouting angiogenesis. Angiogenesis 23, 75–77. doi: 10.1007/s10456-020-09706-0 

 Marwick, T. H., Ritchie, R., Shaw, J. E., and Kaye, D. (2018). Implications of underlying mechanisms for the recognition and management of diabetic cardiomyopathy. J. Am. Coll. Cardiol. 71, 339–351. doi: 10.1016/j.jacc.2017.11.019 

 Mirza, A. Z., Althagafi, I. I., and Shamshad, H. (2019). Role of PPAR receptor in different diseases and their ligands: physiological importance and clinical implications. Eur. J. Med. Chem. 166, 502–513. doi: 10.1016/j.ejmech.2019.01.067 

 Molina, A. J., Wikstrom, J. D., Stiles, L., Las, G., Mohamed, H., Elorza, A., et al. (2009). Mitochondrial networking protects beta-cells from nutrient-induced apoptosis. Diabetes 58, 2303–2315. doi: 10.2337/db07-1781 

 Montaigne, D., Marechal, X., Coisne, A., Debry, N., Modine, T., Fayad, G., et al. (2014). Myocardial contractile dysfunction is associated with impaired mitochondrial function and dynamics in type 2 diabetic but not in obese patients. Circulation 130, 554–564. doi: 10.1161/CIRCULATIONAHA.113.008476 

 Parra, V., Verdejo, H. E., Iglewski, M., Del Campo, A., Troncoso, R., Jones, D., et al. (2014). Insulin stimulates mitochondrial fusion and function in cardiomyocytes via the Akt-mTOR-NFκB-Opa-1 signaling pathway. Diabetes 63, 75–88. doi: 10.2337/db13-0340 

 Pham, T., Loiselle, D., Power, A., and Hickey, A. J. R. (2014). Mitochondrial inefficiencies and anoxic ATP hydrolysis capacities in diabetic rat heart. Am. J. Phys. Cell Physiol. 307, C499–C507. doi: 10.1152/ajpcell.00006.2014 

 Picard, M., Shirihai, O. S., Gentil, B. J., and Burelle, Y. (2013). Mitochondrial morphology transitions and functions: implications for retrograde signaling? Am. J. Phys. Regul. Integr. Comp. Phys. 304, R393–R406. doi: 10.1152/ajpregu.00584.2012 

 Raza, H., John, A., and Howarth, F. C. (2012). Alterations in glutathione redox metabolism, oxidative stress, and mitochondrial function in the left ventricle of elderly Zucker diabetic fatty rat heart. Int. J. Mol. Sci. 13, 16241–16254. doi: 10.3390/ijms131216241 

 Saeedi, P., Petersohn, I., Salpea, P., Malanda, B., Karuranga, S., Unwin, N., et al. (2019). Global and regional diabetes prevalence estimates for 2019 and projections for 2030 and 2045: results from the international diabetes federation diabetes atlas, 9(th) edition. Diabetes Res. Clin. Pract. 157:107843. doi: 10.1016/j.diabres.2019.107843 

 Salin Raj, P., Swapna, S. U. S., and Raghu, K. G. (2019). High glucose induced calcium overload via impairment of SERCA/PLN pathway and mitochondrial dysfunction leads to oxidative stress in H9c2 cells and amelioration with ferulic acid. Fundam. Clin. Pharmacol. 33, 412–425. doi: 10.1111/fcp.12452 

 Scialò, F., Sriram, A., Stefanatos, R., Spriggs, R. V., Loh, S. H. Y., Martins, L. M., et al. (2020). Mitochondrial complex I derived ROS regulate stress adaptation in Drosophila melanogaster. Redox Biol. 32:101450. doi: 10.1016/j.redox.2020.101450 

 Shah, M. S., and Brownlee, M. (2016). Molecular and cellular mechanisms of cardiovascular disorders in diabetes. Circ. Res. 118, 1808–1829. doi: 10.1161/circresaha.116.306923 

 Sloan, C., Tuinei, J., Nemetz, K., Frandsen, J., Soto, J., Wride, N., et al. (2011). Central leptin signaling is required to normalize myocardial fatty acid oxidation rates in caloric-restricted Ob/Ob mice. Diabetes 60, 1424–1434. doi: 10.2337/db10-1106 

 Smadja, D. M., Guerin, C. L., Chocron, R., Yatim, N., Boussier, J., Gendron, N., et al. (2020). Angiopoietin-2 as a marker of endothelial activation is a good predictor factor for intensive care unit admission of COVID-19 patients. Angiogenesis 23, 611–620. doi: 10.1007/s10456-020-09730-0 

 Sun, X., Chen, R. C., Yang, Z. H., Sun, G. B., Wang, M., Ma, X. J., et al. (2014). Taxifolin prevents diabetic cardiomyopathy in vivo and in vitro by inhibition of oxidative stress and cell apoptosis. Food Chem. Toxicol. 63, 221–232. doi: 10.1016/j.fct.2013.11.013 

 Takov, K., He, Z., Johnston, H. E., Timms, J. F., Guillot, P. V., Yellon, D. M., et al. (2020). Small extracellular vesicles secreted from human amniotic fluid mesenchymal stromal cells possess cardioprotective and promigratory potential. Basic Res. Cardiol. 115:26. doi: 10.1007/s00395-020-0785-3 

 Tang, S., Le, P. K., Tse, S., Wallace, D. C., and Huang, T. (2009). Heterozygous mutation of Opa1 in Drosophila shortens lifespan mediated through increased reactive oxygen species production. PLoS One 4:e4492. doi: 10.1371/journal.pone.0004492 

 Tong, M., Saito, T., Zhai, P., Oka, S. I., Mizushima, W., Nakamura, M., et al. (2019). Mitophagy is essential for maintaining cardiac function during high fat diet-induced diabetic cardiomyopathy. Circ. Res. 124, 1360–1371. doi: 10.1161/circresaha.118.314607 

 Tsushima, K., Bugger, H., Wende, A. R., Soto, J., Jenson, G. A., Tor, A. R., et al. (2018). Mitochondrial reactive oxygen species in lipotoxic hearts induce post-translational modifications of AKAP121, DRP1, and OPA1 that promote mitochondrial fission. Circ. Res. 122, 58–73. doi: 10.1161/circresaha.117.311307 

 Tsuyama, T., Tsubouchi, A., Usui, T., Imamura, H., and Uemura, T. (2017). Mitochondrial dysfunction induces dendritic loss via eIF2α phosphorylation. J. Cell Biol. 216, 815–834. doi: 10.1083/jcb.201604065 

 Uthman, L., Baartscheer, A., Bleijlevens, B., Schumacher, C. A., Fiolet, J. W. T., Koeman, A., et al. (2018). Class effects of SGLT2 inhibitors in mouse cardiomyocytes and hearts: inhibition of Na(+)/H(+) exchanger, lowering of cytosolic Na(+) and vasodilation. Diabetologia 61, 722–726. doi: 10.1007/s00125-017-4509-7 

 Vaeyens, M. M., Jorge-Peñas, A., Barrasa-Fano, J., Steuwe, C., Heck, T., Carmeliet, P., et al. (2020). Matrix deformations around angiogenic sprouts correlate to sprout dynamics and suggest pulling activity. Angiogenesis 23, 315–324. doi: 10.1007/s10456-020-09708-y 

 Vlacil, A. K., Schuett, J., Ruppert, V., Soufi, M., Oberoi, R., Shahin, K., et al. (2020). Deficiency of nucleotide-binding oligomerization domain-containing proteins (NOD) 1 and 2 reduces atherosclerosis. Basic Res. Cardiol. 115:47. doi: 10.1007/s00395-020-0806-2 

 Wang, J., Toan, S., and Zhou, H. (2020). New insights into the role of mitochondria in cardiac microvascular ischemia/reperfusion injury. Angiogenesis 23, 299–314. doi: 10.1007/s10456-020-09720-2 

 Wang, J., and Zhou, H. (2020). Mitochondrial quality control mechanisms as molecular targets in cardiac ischemia-reperfusion injury. Acta Pharm. Sin. B 10, 1866–1879. doi: 10.1016/j.apsb.2020.03.004 

 Wassef, M. A. E., Tork, O. M., Rashed, L. A., Ibrahim, W., Morsi, H., and Rabie, D. M. M. (2018). Mitochondrial dysfunction in diabetic cardiomyopathy: effect of mesenchymal stem cell with PPAR-γ agonist or exendin-4. Exp. Clin. Endocrinol. Diabetes 126, 27–38. doi: 10.1055/s-0043-106859 

 Watanabe, T., Saotome, M., Nobuhara, M., Sakamoto, A., Urushida, T., Katoh, H., et al. (2014). Roles of mitochondrial fragmentation and reactive oxygen species in mitochondrial dysfunction and myocardial insulin resistance. Exp. Cell Res. 323, 314–325. doi: 10.1016/j.yexcr.2014.02.027 

 Wiviott, S. D., Raz, I., Bonaca, M. P., Mosenzon, O., Kato, E. T., Cahn, A., et al. (2019). Dapagliflozin and cardiovascular outcomes in type 2 diabetes. N. Engl. J. Med. 380, 347–357. doi: 10.1056/NEJMoa1812389 

 Xu, X., Kobayashi, S., Chen, K., Timm, D., Volden, P., Huang, Y., et al. (2013). Diminished autophagy limits cardiac injury in mouse models of type 1 diabetes. J. Biol. Chem. 288, 18077–18092. doi: 10.1074/jbc.M113.474650 

 Yang, F., Qin, Y., Wang, Y., Meng, S., Xian, H., Che, H., et al. (2019). Metformin inhibits the NLRP3 inflammasome via AMPK/mTOR-dependent effects in diabetic cardiomyopathy. Int. J. Biol. Sci. 15, 1010–1019. doi: 10.7150/ijbs.29680 

 Yu, Q., Fang, D., Swerdlow, R. H., Yu, H., Chen, J. X., and Yan, S. S. (2016). Antioxidants rescue mitochondrial transport in differentiated Alzheimer's disease trans-mitochondrial cybrid cells. J. Alzheimers Dis. 54, 679–690. doi: 10.3233/jad-160532 

 Zhang, Y. J., Zhang, M., Zhao, X., Shi, K., Ye, M., Tian, J., et al. (2020). NAD(+) administration decreases microvascular damage following cardiac ischemia/reperfusion by restoring autophagic flux. Basic Res. Cardiol. 115:57. doi: 10.1007/s00395-020-0817-z 

 Zhou, H., Toan, S., Zhu, P., Wang, J., Ren, J., and Zhang, Y. (2020). DNA-PKcs promotes cardiac ischemia reperfusion injury through mitigating BI-1-governed mitochondrial homeostasis. Basic Res. Cardiol. 115:11. doi: 10.1007/s00395-019-0773-7 

 Zorov, D. B., Juhaszova, M., and Sollott, S. J. (2014). Mitochondrial reactive oxygen species (ROS) and ROS-induced ROS release. Physiol. Rev. 94, 909–950. doi: 10.1152/physrev.00026.2013 


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Bai, Liu, Zhu and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Novel Insights Into Molecular Mechanism of Mitochondria in Diabetic Cardiomyopathy



		Introduction



		Molecular Mechanisms of Mitochondria in Diabetic Cardiomyopathy



		Abnormal Mitochondrial Morphology



		Mitochondrial Energy Metabolism Disorder



		Enhanced Mitochondrial Oxidative Stress



		Mitochondrial Unbalanced Calcium Homeostasis



		Mitochondrial Autophagy









		Potential Dcm Treatments Targeting Mitochondria



		Discussion



		Author Contributions



		Funding



		References



















OPS/images/fphys-11-609157-g001.jpg





OPS/images/cover.jpg
’ frontiers
in Physiology

Novel Insights Into Molecular
Mechanism of Mitochondria in
Diabetic Cardiomyopathy









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Physiology





