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Abstract
This review provides a holistic perspective on the bi-directional relationship between cardiac mitochondrial 
dysfunction and myocardial structural remodeling in the context of metabolic heart disease, natural cardiac aging, 
and heart failure. First, a review of the physiologic and molecular drivers of cardiac mitochondrial dysfunction 
across a range of increasingly prevalent conditions such as metabolic syndrome and cardiac aging is presented, 
followed by a general review of the mechanisms of mitochondrial quality control (QC) in the heart. Several 
important mechanisms by which cardiac mitochondrial dysfunction triggers or contributes to structural remodeling 
of the heart are discussed: accumulated metabolic byproducts, oxidative damage, impaired mitochondrial QC, and 
mitochondrial-mediated cell death identified as substantial mechanistic contributors to cardiac structural 
remodeling such as hypertrophy and myocardial fibrosis. Subsequently, the less studied but nevertheless important 
reverse relationship is explored: the mechanisms by which cardiac structural remodeling feeds back to further alter 
mitochondrial bioenergetic function. We then provide a condensed pathogenesis of several increasingly important 
clinical conditions in which these relationships are central: diabetic cardiomyopathy, age-associated declines in 
cardiac function, and the progression to heart failure, with or without preserved ejection fraction. Finally, we 
identify promising therapeutic opportunities targeting mitochondrial function in these conditions.
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TRIGGERS OF CARDIAC MITOCHONDRIAL DYSFUNCTION
Systemic metabolic alterations
Based on recent National Health and Nutrition Examination Survey data, 35% of US adults and 55% of US 
adults over 60 years old meet the criteria for metabolic syndrome[1]. Systemic metabolic alterations such as 
hyperlipidemia and hyperglycemia are hallmarks of the suite of symptoms associated with this increasingly 
prevalent syndrome and constitute a primary risk factor for cardiovascular disease and mortality[2]. In 
addition to their deleterious effects on the micro- and macro-vasculature, such metabolic defects can also 
precipitate detrimental structural and functional alterations in the heart, including direct and indirect effects 
on cardiac mitochondrial bioenergetics, leading to cardiomyopathies and heart failure[3]. These include 
increased mitochondrial oxidative stress and impaired mitochondrial calcium handling, leading to 
mitochondrial dysfunction, and eventually cardiomyocyte cell death.

The metabolically ill myocardium has long been characterized by an increased reliance on free fatty acids 
(FFAs) and reduced glucose oxidation[4]. It has been proposed that this increased reliance may initially arise 
from elevated circulating FFA levels mediated by insulin resistance. Hyperphagic mouse models of diabetes 
(ob/ob and db/db) show increased FFA oxidation in the heart, increased myocardial oxygen consumption, 
and decreased cardiac contractile function[5,6]. These observations are consistent with those from human 
diabetic hearts, where insulin resistance and obesity were correlated with an increase in myocardial oxygen 
consumption and impaired cardiac function[7]. In addition, glucose utilization might be diminished due to 
insulin resistance, impaired pyruvate dehydrogenase activity, and decreased glucose transporter type 4 
(GLUT4) content. Additionally, increased levels of FFA have been shown to reduce glucose metabolism 
through dysregulation of insulin receptor signaling[1,8].

Reactive oxygen species (ROS) are free-radical and oxidant products derived from the one-electron 
reduction of molecular oxygen, including superoxide, hydrogen peroxide, and hydroxyl radicals, which are 
involved in both normal and pathological cell-signaling cascades. Superoxide radical is produced 
intracellularly within the mitochondrial electron transport chain of all cells, as well as by xanthine oxidase 
and the membrane-bound nicotinamide adenine dinucleotide phosphate (NADP)H-oxidase. Both 
enzymatic (superoxide dismutase (SOD), catalase, glutathione peroxide,  etc. ) and non-enzymatic (vitamins 
E, C, ubiquinone,  etc. ) antioxidant systems serve to maintain dynamic redox balance, preserving low 
concentrations of ROS involved in physiologic signaling pathways while mitigating pathological oxidative 
damage[9]. An imbalance in the production of ROS and free-radical scavenging antioxidant defense systems 
results in biochemical damage to crucial cellular macromolecules such as DNA, proteins, and lipids via 
oxidation [Figure 1][10]. In addition to increased ROS production, many heart failure phenotypes exhibit 
downregulated ROS scavenging systems[10,11]. It is important to note that increased mitochondrial oxidative 
stress during the onset of heart failure has been recognized as both a cause and a consequence of the cascade 
of mitochondrial dysfunction and cardiac structural remodeling[12]; this bi-directional interplay is the focus 
of the current work and will be discussed in further detail throughout.

In the context of systemic metabolic alterations, it has been shown that cardiac insulin receptor knockout 
mice exhibit reduced glucose uptake and increased ROS generation, promoting mitochondrial 
dysfunction[13,14]. Previous work from our lab has shown that loss of insulin signaling may potentiate 
mitochondrial uncoupling and lead to increased ROS production, further impairing mitochondrial 
bioenergetics[15]. Accumulation of mitochondrial-derived ROS also plays a pivotal role in cardiomyocyte 
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Figure 1. Altered systemic metabolism, aging, protein hyperacetylation, and calcium overload all mechanistically contribute to cardiac 
mitochondrial dysfunction. ROS: Reactive oxygen species; mtDNA: mitochondrial DNA. See Sections “Systemic metabolic alterations” 
and “Cardiac aging” for further details.

dysfunction, as will be discussed in detail subsequently, and it has been shown that hyperglycemia-induced 
ROS ultimately triggers the mitochondrially-mediated apoptosis pathway[16,17].

Another mechanism by which systemic metabolic alterations may trigger mitochondrial dysfunction is 
through impairment of mitochondrial calcium handling. Several important mitochondrial metabolic 
enzymes are regulated by calcium, including pyruvate dehydrogenase, isocitrate dehydrogenase, a-
ketoglutarate dehydrogenase, and ATP synthase (mitochondrial complex V). Calcium is also involved in 
crucial mitochondrial regulatory processes, and dysregulated calcium homeostasis is a hallmark of heart 
disease. Hyperglycemia, insulin resistance, and hyperinsulinemia have all been associated with calcium 
overload[18] and studies have demonstrated impaired calcium handling and accumulation in diabetic animal 
models[19,20]. While the exact etiology of altered mitochondrial calcium handling is not yet fully elucidated, 
the mitochondrial calcium uniporter has long been recognized to play a central role in the microdomain 
localization of intracellular calcium, driving both mitochondrial energy metabolism and cell-death pathways 
in a concentration-dependent manner. Further elucidation of the macromolecular structure of the 
mitochondrial calcium uniporter complex has allowed for the use of additional genetic models to study the 
causes and consequences of uniporter calcium handling and altered calcium homeostasis in vivo, as 
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reviewed elsewhere[21-24]. Additionally, it is known that sarcoplasmic reticulum calcium release results in 
increased cytosolic calcium concentrations leading to calmodulin-dependent depolarization of the 
mitochondrial membrane potential and opening of the mitochondrial permeability transition pore (mPTP), 
exacerbating mitochondrial dysfunction, and inducing cell death[25,26]. Additionally, a shift from oxidative 
phosphorylation (OXPHOS) to glycolysis in the metabolically dysregulated heart can result in cellular 
acidification, activating the Na+/H+ ion exchanger, leading to the accumulation of Na+ in the cytoplasm. This 
results in inverted Na+/Ca2+ ion exchanger activity, leading to intracellular and mitochondrial calcium 
overload [Figure 1][27]. On the other hand, decreased intramitochondrial calcium in cardiomyocytes exposed 
to hyperglycemia has also been reported[28,29].

Dyslipidemia is strongly and consistently implicated in the pathogenesis of atherosclerotic cardiovascular 
disease and cardiovascular mortality. In particular, elevated low-density lipoprotein (LDL) and diminished 
high-density lipoprotein (HDL) levels have proved to be consistent epidemiologic markers of cardiovascular 
mortality risk. While most studies have focused primarily on vascular function in this context, it is 
becoming increasingly recognized that myocardial metabolism, energetics, and whole-heart function are 
also impaired with dyslipidemia[30,31]. In fact, it has been suggested that HDL-associated molecules play a 
crucial role in maintaining cardiac mitochondrial function. For example, the HDL-related antioxidant 
enzyme Paraoxonase 1 has been shown to prevent damage to mitochondrial respiratory complexes by 
reducing oxidized lipid content[32], while apolipoprotein A-1 has been shown to stabilize electron transport 
chain complex II and inhibit oxidative damage to the respiratory complexes via interactions with Coenzyme 
Q[33]. Additionally, concomitant knockout of the LDL receptor and apolipoprotein E-1 in mice showed 
enhanced tricarboxylic acid (TCA) cycle function and mitochondrial biogenesis, leading to improved 
cardiac mitochondrial function[34], while a single knockout of the LDL receptor was associated with 
increased cardiac mitochondrial ROS production and a disturbance in mitochondrial membrane 
permeability[35]. Studies of apolipoprotein E-1 knockout mice reveal that hypercholesterolemia results in 
significant damage to cardiac mitochondrial DNA (mtDNA)[36].

Insulin resistance, hyperglycemia, and dyslipidemia can lead to lipotoxicity, which is the deleterious effects 
of lipid accumulation in non-adipose tissues, which may be caused by an accumulation of ROS, ceramides, 
and acylcarnitines[37]. Increased levels of acylcarnitines have been associated with mitochondrial-mediated 
incomplete beta oxidation[38]. On the other hand, mitochondrial uncoupling and futile cycling may serve as 
important adaptive mechanisms to protect the heart from damage caused by lipotoxicity. Uncoupling 
proteins (UCPs) function as FA anion exporters by switching fatty acids out of the mitochondrial matrix, 
lowering the proton gradient, and diminishing oxidative burden[39]. Studies have also indicated that 
enhanced peroxisome proliferator-activated receptor (PPAR) expression can reduce incomplete FA 
oxidation and regulate transcription of FA metabolism[40]. Therefore, dysregulation in any of the mentioned 
pathways can lead to lipid abnormalities and mitochondrial dysfunction.

Cardiac hypertrophy typically develops as an adaptive response to maintain cardiac output when challenged 
with an increased workload[41], and to a lesser extent, in response to growth factors and genetic mutations. 
Conditions of aortic stenosis, aortic constriction, and arterial hypertension are all examples of pressure 
overload (PO) that result in concentric cardiac hypertrophy[42-44]. Various animal models have been 
developed to study the causes and effects of cardiac hypertrophy, which often share a common theme of 
investigating alterations in mitochondrial structure or function during and after hypertrophic 
remodeling[45,46]. The metabolic alterations most frequently associated with hypertrophy tend to revolve 
around changes to fatty acid oxidation (FAO) and glucose utilization, but specific trends are not monotonic 
during the remodeling process and will be discussed in further detail in subsequent sections.
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Briefly, many studies have described impaired myocardial FAO during PO induced cardiac hypertrophy 
and heart failure[47,48]. Recent studies suggest that PO may cause the accumulation of myocardial 
triglycerides (TGs), an indication of lipotoxicity[49]. In addition, neurohormonal changes, such as increased 
adrenergic activity, enhance adipose tissue lipolysis lead to increased delivery of FFAs to the heart[50,51]. 
Concomitant with defective FA utilization, increased FFA delivery promotes fat accumulation and 
lipotoxicity in cardiomyocytes[52,53]. On the other hand, studies have shown an increase in glycolysis in PO 
induced cardiac hypertrophy, without an increase in glucose oxidation[54]. Such a shift toward glycolytic 
metabolism in the heart is not only energetically unfavorable, but also generates metabolic intermediates 
that may contribute to downstream adverse myocardial remodeling.

Cardiac aging 
Cardiac aging is an intrinsic process that results in cellular and molecular changes that impair cardiac 
function. Due to the high energy demand of the heart, it is not surprising that age-related mitochondria 
defects are associated with diminished cardiac function[55]. Many factors contribute to the reduced energetic 
capacity of cardiac mitochondria during aging, including mutations and deletions in the mitochondria 
genome, increased ROS production, inflammation, altered mitophagy, and dysregulation in proteostasis 
and mitochondrial biogenesis[56]. It has been documented that the activity of mitochondrial respiratory 
chain complexes and proteins involved in mitochondrial metabolism, including those in FA metabolism, 
declines with age in the heart[57]. In contrast, extracellular structural proteins and glycolytic pathways 
increase substantially with aging[58]. Additionally, studies have consistently shown that age-related increases 
in mitochondrial ROS result in deleterious lipid and protein oxidation and accumulation of mtDNA that 
impairs the mitochondrial respiratory efficacy and further increases ROS production, forming a vicious 
cycle[59-61]. Aging also likely contributes to diminished replication fidelity and quantity of mtDNA, which 
promotes the accumulation of dysfunctional mitochondria, leading to adverse outcomes[62,63].

In humans and several model systems, evidence suggests that mitochondrial structure is disrupted by the 
aging process. A disrupted morphology of the mitochondria and loss of cristae in the aged inner 
mitochondrial membrane has been shown with electron microscopy[64-66]. Studies have also indicated 
reduction and remodeling of cardiolipin in aging mitochondria[67,68]. As cardiolipin is responsible for 
maintaining optimal mitochondrial function and structure through its role in maintaining the proton 
gradient, cristae curvature, and preventing apoptosis, its loss is detrimental to the cardiac bioenergetic 
milieu[69,70].

Insulin-like growth factor signaling, the mammalian target of rapamycin (mTOR), and regulation of histone 
acetylation by sirtuins are among the regulatory pathways that modulate cardiac health and aging. 
Modification of these pathways during the aging process can trigger mitochondrial dysfunction to accelerate 
cardiac impairment. In humans, an age-dependent decrease in serum insulin-like growth factor 1 was 
shown to be correlated with an enhanced risk of heart failure[71]. Autophagy, protein translation, lipid 
synthesis, and ribosome biogenesis are just a few of the crucial processes that mTOR controls. In various 
model organisms, the mTOR inhibitor rapamycin is known to increase lifespan[72,73] while remodeling the 
aged heart proteome to a more youthful composition associated with improved mitochondrial function and 
decreased abundance of glycolytic pathway proteins. These findings might point to proteomic and 
metabolic remodeling as a mechanism behind the cardiac functional benefits granted by mTOR 
inhibitors[58].

Increased mitochondrial protein hyperacetylation has been observed in myocardial tissues from the failing 
hearts of both humans and animals. It has been demonstrated that protein hyperacetylation reduces the 
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activity of the TCA cycle enzymes succinate dehydrogenase, pyruvate dehydrogenase, as well as the malate-
aspartate shuttle[74]. Acetylation-mediated impairment of the malate-aspartate shuttle limits the transfer of 
cytosolic NADH into the mitochondria and alters the cytosolic redox state[75]. Increased myocardial short-
chain acyl-CoA content may contribute to increased protein acetylation; reduced protein deacetylation by 
sirtuins is another probable cause [Figure 1][76,77]. Given their regulation by intermediate metabolites, sirtuins 
have been suggested to act as sensors of metabolic flux, and they are known to play a role in metabolic heart 
disease, natural aging, and heart failure[78,79]. Three of the seven mammalian sirtuins reside in the 
mitochondria (SIRT3, SIRT4, and SIRT5), with SIRT3 acting as the main driver of deacetylation[80]. 
Downregulation of SIRT3 has been observed in aged and failing hearts and may be attributable to decreased 
NAD+ levels or NAD+/NADH ratios, as low NAD+ levels inhibit SIRT3, leading to mitochondrial protein 
hyperacetylation and dysfunction[75,81]. Sirtuins also help mediate apoptosis signaling and reduce ROS by 
regulating antioxidant enzymes such as manganese superoxide dismutase (MnSOD) and catalase[82,83]. 
Genetic models have shown that SIRT3 knockout results in a reduction in complex I and III of the electron 
transport chain and decreased FA oxidation leading to a more glycolytic state[83].

Mitochondrial quality control: biogenesis, dynamics, and mitophagy
Mitochondria are dynamic organelles that respond to physiological and pathological cues to confer 
adaptation to intracellular stresses and cellular energetic demand. As cardiac cells are post-mitotic and have 
limited capacity to proliferate during adulthood, maintenance of cardiomyocyte mitochondria is essential to 
prevent energetic failure and the accumulation of ROS. Mitochondrial fitness is maintained through QC 
mechanisms involving mitochondrial dynamics such as fission and fusion, biogenesis, and mitochondrial 
clearance or mitophagy [Figure 2]. The diversity of mitochondrial QC processes varies based on the 
energetic demand of the cell and cell-type specific regenerative capacity[84]. Here, we delineate the 
importance of specific mitochondrial QC mechanisms such as fission/fusion, biogenesis, and mitophagy, 
and discuss the contribution of impaired QC in the context of cardiac disease.

Mitochondrial biogenesis refers to the synthesis of a new organelle. The heart relies on mitochondrial 
biogenesis to adapt to an increase in energetic demand, such as during the transition from embryonic to 
post-natal growth[85]. Mitochondrial biogenesis is transcriptionally regulated by the PGC-1 family of 
transcriptional coactivators[86]. In the heart, gain and loss of function studies have revealed distinct and 
complementary roles for Pgc-1 coactivators in biogenesis and mitochondrial OXPHOS gene expression. 
Cardiomyocyte-specific Pgc-1 overexpression caused dilated cardiomyopathy (DCM) characterized by a 
massive increase in mitochondrial population[87]. Similarly, over-expression of Pgc-1α either in the post-
natal period or in adulthood also caused DCM[88]. Interestingly, cardiac-specific deletion of Pgc-1α also 
caused a DCM phenotype in mice[89]. In contrast to Pgc-1α, Pgc-1β whole-body knockouts had no obvious 
cardiac phenotype under unstressed conditions[90] but did develop systemic insulin resistance due to 
abnormal liver function[91,92]. In addition to Pgc-1α and β, Pgc-1-related coactivator is another regulator of 
mitochondrial biogenesis that has been shown to be essential for embryonic development[93], but its role in 
the mature heart is less clear.

Impairments in mitochondrial morphology, content, and function are hallmarks of the diseased heart. Most 
of the data related to the changes in mitochondrial biogenesis in human heart failure have relied on the 
quantification of PGC-1α transcripts. Gupte et al. reported a 1.3-fold decrease in PGC-1α in human end-
stage heart failure samples[94]. In mice, PO-induced heart failure is associated with reduced Pgc-1α 
expression[95,96]. Similarly, deletion of Pgc-1β precipitated cardiac dysfunction following PO in mice[97]. 
Contrary to these studies, others have reported increased or unchanged protein expression of PGC-1α in 
human failing hearts or in PO-induced heart failure in mice[98-100]. These discrepancies could be related to 
differences in the duration and the severity of heart failure as well as the type of medication the patients 
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Figure 2. Mitochondrial quality control mechanisms are activated during development and in periods of stress, while aging and disease 
are associated with diminished mitochondrial quality control. See Section “Mitochondrial quality control: biogenesis, dynamics, and 
mitophagy” for further details.

were taking. In addition to PGC-1 coactivators, mitochondrial biogenesis involves other transcriptional 
regulators including nuclear respiratory factor 1/2 (NRF1/2) and mitochondrial transcription factor A 
(TFAM)[101]. Cardiac ablation of Tfam resulted in mice either dying in the first week of life or three months 
after weaning with a DCM phenotype[102]. These findings underscore the importance of mitochondrial 
biogenesis during the perinatal to post-natal period, a period of high energy demand and a substrate switch 
from glucose to FAO.

Mitochondrial biogenesis is also activated in the setting of diabetic cardiomyopathy. Our group reported 
elevated Pgc-1α mRNA expression levels, increased mitochondrial number, and elevated mtDNA in the 
heart of leptin receptor deficient (db/db) mice[6]. Similarly, mtDNA and Pgc-1α, but not Pgc-1β, were 
elevated in the hearts of insulin resistant UCP-diphtheria toxin A mice[103]. Interestingly, the increase in 
cardiac Pgc-1α expression in these mice was completely abolished by genetic deletion of Pparα. These results 
suggest that there is a coordinated increase in mitochondrial biogenesis and FAO gene transcription in the 
insulin resistant diabetic heart, which is primarily regulated by Pparα. Aside from genetic models of obesity 
and diabetes, high fat feeding for ten weeks similarly enhanced cardiac Pgc-1α mRNA expression and 
increased mitochondrial content in mice[103]. Contrary to obesity and type II diabetic mouse models, Pgc-1α 
mRNA does not change in the hearts of Akita mice[104], which are a monogenic model of type 1 diabetes 
wherein mutation in the insulin 2 gene leads to improper folding of the insulin protein, resulting in 
pancreatic toxicity, reduced β-cell mass, and reduced insulin secretion. In contrast, a reduction in 
mitochondrial biogenesis was reported in the heart of mice treated with streptozotocin to induce type I 
diabetes[104-106].

Mitochondrial dynamics refers to the morphological change in mitochondrial shape during the cycle 
between fusion and fission states[107-110]. In mammals, mitochondrial fusion involves mainly three proteins: 
MFN1, MFN2, and OPA1[111,112]. Mitochondrial fission, on the other hand, involves two main proteins in 
mammals: Dynamin-related protein 1 (DRP1) and Mitochondrial fission protein 1 (FIS1)[113-115]. In addition 
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to these core proteins, mitochondrial fission and fusion are facilitated by additional proteins and involve 
both transcriptional and post-transcriptional mechanisms reviewed elsewhere[63].

The ultrastructure of the heart consists of compacted myofilaments with mitochondria located in between 
and closer to the myosin heads and endoplasmic reticulum to couple energy production to utilization and 
contraction. This well-organized compartmentalization makes it difficult for mitochondria to regularly 
change shape, especially in the adult heart[63]. However, mitochondrial dynamics play a central role in the 
perinatal period of heart growth. The disruption of fusion through the expression of a mutant Mfn2 in the 
heart perinatally but not postnatally was shown to result in cardiomyopathy[116]. In contrast, cardiomyocyte 
specific Mfn1 deletion caused mitochondrial fragmentation and conferred protection against ROS, with no 
apparent deleterious functional consequences[117]. The lack of cardiac dysfunction in these mice may be due 
to compensation by Mfn2. Indeed, tamoxifen-inducible cardiomyocyte Mfn1/Mfn2 double knockout mice 
develop progressive DCM[118,119]. Moreover, deletion of the fission protein Drp1 in cardiomyocytes germline 
or postnatally caused embryonic lethality or death shortly after birth, whereas tamoxifen-inducible deletion 
caused DCM[120-122]. Contrary to Mfn1/Mfn2 or Drp1 cardiac knockouts, tamoxifen-inducible ablation of 
both fission and fusion (Mfn1/Mfn2/Drp1 triple deletion) in the adult heart produced a less deleterious 
cardiac phenotype characterized by concentric cardiac hypertrophy; however, the animals still died about 
six months post-tamoxifen[123]. Aside from Mfn1/2 and Drp1, altered Opa1 processing in cardiomyocytes 
has been associated with mitochondrial fragmentation leading to the development of heart failure and early 
death in mice[124]. These studies highlight the importance of maintaining a balance between fusion and 
fission and provide evidence that proper mitochondrial dynamics are crucial for preserving function in both 
the developing and the adult heart.

An imbalance in mitochondrial dynamics is associated with several cardiovascular diseases[125] including 
ischemia-reperfusion[126-129], diabetic and non-diabetic cardiomyopathies[130-135], cardiac hypertrophy and 
heart failure (HF)[136-141]. The mechanisms underlying mitochondrial remodeling during cardiac disease are 
not yet fully characterized, but a recent study by Tsushima et al. implicated lipid overload in the induction 
of mitochondrial fission in the heart[134]. Whether impaired mitochondrial dynamics is the cause or the 
consequence of cardiac pathology remains to be determined, but numerous genetic studies in mice have 
shown that altering mitochondrial dynamics can cause cardiomyopathy and heart failure. A subsequent 
section of this review is dedicated to the contribution of mitochondrial dynamics to cardiac structural 
remodeling.

Mitophagy refers to the selective clearance of mitochondria. As is the case for mitochondrial biogenesis and 
dynamics, mitophagy is highly regulated. It is also often coupled to mitochondrial biogenesis and occurs 
following mitochondrial fission. Mitophagy requires intact macro-autophagy/lysosomal function but may 
also occur independently of autophagy in some cases. Mitophagy proteins Parkin and PINK1 are essential 
players in the process of mitochondrial clearance. PINK1 is translocated to depolarized or stressed 
mitochondria and recruits Parkin to ubiquitinate proteins in the outer membrane, providing the signal for 
the recruitment of autophagosomes to eliminate the organelle[142]. This ubiquitin-dependent mitophagy has 
been extensively studied in vitro in the presence of drugs that reduce mitochondrial membrane potential. 
Another form of mitophagy mediated by mitophagy receptors but independent of ubiquitination of 
mitochondrial proteins has also been described[143]. There are currently four main mitophagy receptors 
described: SQSTM1 (also called p62), optineurin (OPTN), BNIP3, and FUNDC1, all of which contain the 
LC3 recognition domain and allow the tethering of mitochondria to autophagosomes[144-146].
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Genetic strategies have informed us about the importance and the redundancy of mitophagy proteins in the 
heart. For example, germline deletion of Pink1 led to the development of cardiac hypertrophy and 
dysfunction with age[147]. Parkin, on the other hand, has been shown to minimally affect the heart at 
baseline[148,149]. In contrast, absence of Parkin perinatally or during ischemic stress had deleterious 
consequences[116,148,150]. Contrary to Pink1 and Parkin, mitophagy receptors have been less studied. Although 
their association with mitochondria has been previously established, especially under conditions of stress, 
their direct role in mitophagy in the heart has not been extensively studied apart from FUNDC1. Cardiac-
specific Fundc1 deletion caused mitochondrial elongation and led to the development of heart failure, 
which suggests that this receptor may facilitate both fission and mitochondrial clearance[151]. Together, these 
studies imply that mitophagy is dispensable in the adult heart under basal conditions, but may be necessary 
in response to stress.

Indirect evidence for the involvement of mitophagy in cardiac disease has been provided by the Otsu group, 
who showed that alteration of lysosomal degradation of mtDNA by deleting cardiomyocytes lysosomal 
deoxyribonuclease II caused cardiomyopathy and death after PO[152]. Failure to eliminate mtDNA led to the 
induction of cardiac inflammation. A similar reduction in mitophagy and accumulation of mtDNA was 
observed in the hearts of a mouse model of type 2 diabetes post-infarction[153], and it has been shown that 
total Bnip3 expression was elevated in the hearts of heart failure patients[154]. Diet-induced obesity has been 
shown to result in a sustained elevation of cardiac mitophagy, during which autophagy was initially elevated 
but then declined at later stages[155]. This autophagy-independent form of mitophagy involved Ulk1 and 
Rab9 and was shown to play a protective role against diet-induced cardiomyopathy. Taken together, these 
studies provide compelling associations between impaired mitophagy and cardiac disease.

MITOCHONDRIAL DYSFUNCTION DRIVES CARDIAC REMODELING
Accumulated metabolic byproducts
The heart consumes more ATP than any other organ in the body, and without a substantial local energy 
storage system, it relies on substrate uptake from the circulation to produce ATP primarily through 
OXPHOS. Thus, a mismatch between substrate uptake and oxidation can have devastating consequences on 
heart structure and function. This is evident when substrate uptake is compromised, such as for glucose in 
the setting of insulin resistance, wherein the heart is forced to almost exclusively utilize fatty acids[156]. 
Similarly, when FA oxidation is compromised, the heart switches to glucose oxidation or the oxidation of 
alternative substrates, such as in the failing heart[157,158]. It is accepted that a defect in mitochondrial function 
may contribute to altered substrate oxidation in the diseased heart[159-163]; thus, progressive failure of 
mitochondrial respiratory machinery may result in the accumulation of backlogged metabolites and 
metabolic intermediates. Many of these compounds are unstable and prone to oxidation or other 
modifications that form toxic byproducts, negatively feeding back on mitochondrial function and further 
driving cardiac structural changes in a cyclic cascade degenerative remodeling.

A defect in cardiac mitochondrial FA oxidation coupled with an increase in FA uptake causes the 
accumulation of toxic lipid species [Figure 3][164]. To directly test the implication of cardiac lipid overload on 
contractile function, several mouse models of cardiac lipotoxicity have been generated[164]. Cardiac 
hypertrophy, diastolic dysfunction, apoptotic cell death, cardiac fibrosis, and development of heart failure 
have all been observed after genetic manipulation of FA uptake or oxidation in the heart[165-171]. In addition, 
mice with leptin or leptin receptor deficiency have been used as models of lipotoxicity, with early studies 
establishing a link between cardiac TG accumulation and diastolic dysfunction in these mice[172,173]. Whether 
the early diastolic dysfunction associated with cardiac lipid accumulation is a consequence of cardiac 
fibrosis has not been directly tested. However, studies have shown that exposing cardiomyocytes to the 
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Figure 3. Mitochondrial dysfunction and downstream consequences trigger and exacerbate myocardial structural remodeling. ECM: 
Extracellular matrix; ROS: reactive oxygen species; TGF: transforming growth factor beta; PPAR: peroxisome proliferator-activated 
receptor; CPT1b: carnitine palmitoyltransferase 1b; TCA: tricarboxylic acid; DAG: diacylglycerol; GSH: glutathione; mPTP: mitochondrial 
permeability transition pore; UCP: uncoupling protein; MOMP: mitochondrial outer membrane permeabilization; PGC-1: peroxisome 
proliferator-activated receptor γ co-activators 1; GlcNAc: O-GlcNAcylation. See Section “MITOCHONDRIAL DYSFUNCTION DRIVES 
CARDIAC REMODELING” for further details.

saturated lipid palmitate in vitro induced cell death[174,175] and led to replacement fibrosis in vivo[166,167,174]. 
Similarly, defects in mitochondrial FA oxidation and increased FA uptake can lead to the formation of 
signaling lipid species that are known to cause cell death. This is the case for the sphingolipid intermediates 
ceramides, which are elevated in mouse models with enhanced cardiac FA uptake [Figure 3][167,174]. 
Ceramides have been shown to induce cell death in cardiomyocytes in vitro[176], but whether they cause cell 
death and replacement fibrosis in the heart in vivo has yet to be demonstrated.

As mentioned above, a common feature of altered FA oxidation in the heart is the accumulation of lipids 
and the development of cardiac hypertrophy. This has been recapitulated genetically by directly inhibiting 
the mitochondrial transport of FA through the deletion of Cpt1b in the heart [Figure 3]. Heterozygous 
Cpt1b knockout mice develop cardiac hypertrophy, increased fibrosis, and die within two weeks following 
transverse aortic constriction[177]. Similarly, conditional deletion of Cpt1b in skeletal and cardiac muscle 
caused massive cardiac hypertrophy and reduced survival due to the development of congestive heart 
failure, but cardiac fibrosis was not assessed in these mice[178]. Similar findings were observed in mice with 
defective beta-oxidation or lacking the master regulator of FA metabolism Ppparα[179-181], where the 
accumulation of cardiac fibrosis in Pparα null mice developed at a later stage than the other alterations 
observed in these animals[180]. Together, these studies associate cardiac lipid accumulation with cardiac 
fibrosis, but a causal relationship has not been demonstrated; in fact, another study detected cardiac lipid 
accumulation in the absence of cardiac fibrosis in the hearts of type 1 Akita mice[182].
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There are multiple mechanisms underlying mitochondrial dysfunction-induced cardiac fibrosis (discussed 
subsequently). However, few studies have explored the pro-fibrotic signaling by cardiac lipids. As 
mentioned above, lipid overload in cardiac cells induced ER stress and caused cardiomyocyte apoptosis. 
Loss of cardiomyocytes has been consistently observed in mice with cardiac lipid overload and coincides 
with the appearance of replacement fibrosis[166,167,174,176]. The mechanisms implicated in lipid-induced 
cardiomyocyte apoptosis may involve an increase in lipid peroxide, enhanced iNOS expression and NF-κB 
activation[183]. Excess polyunsaturated fatty acids such as linoleic, linolenic, or arachidonic acids have been 
shown to increase collagen I/III ratio in the mouse myocardium, leading to stiffening characterized by 
impaired transmitral flow, which is a hallmark of early diastolic dysfunction[184]. Diacylglycerol, which is 
known to activate Pkc, is elevated in the hearts of streptozotocin-induced diabetic mice[185], and Pkc was 
shown to activate Tgfβ and extracellular matrix (ECM) synthesis and fibrosis in multiple cell types 
[Figure 3][186]. Aside from cardiomyocytes, excess lipids induce ER stress, inflammasome activation, and 
apoptosis in cardiac fibroblasts[184,187]. Finally, interventions that reduced cardiac lipid accumulation or 
lipoapoptosis were efficacious in reducing cardiac fibrosis in obese diabetic rodents[183,188,189].

Nutrient excess and the accumulation of metabolic byproducts have been increasingly recognized to 
contribute to post-translational protein modification (PTPM). Until the mid-1980s, PTPM was only known 
to occur extracellularly[190], but it is now widely acknowledged that nuclear, cytosolic, and mitochondrial 
proteins are also susceptible, and that these modifications are important regulators of protein function that 
may result in significant alterations in mitochondrial and whole heart function[191-195]. The most widely 
recognized form of intracellular PTPM is known as O-GlcNAcylation and occurs when β-N-acetyl-
glucosamine is appended to the serine and threonine residues of proteins via an O-linkage. 
O-GlcNAcylation signaling is regulated in part via the hexosamine biosynthetic pathway, and thus 
combines inputs from glucose, amino acid, fatty acid, and nucleotide metabolism[196]. O-GlcNAcylation is 
now recognized to affect signal transduction, calcium handling, apoptosis, autophagy, proteasomal 
degradation, transcription factors, and chromatin modifiers. Additionally, O-GlcNAcylated proteins have 
been identified in complexes I, II, and III of the mitochondrial respiratory chain. In particular, increased O-
GlcNAcylation of mitochondrial complex I subunit A9 decreased the respiratory activity of the complex, 
which was rescued upon removal[192]. Alterations to mitochondrial fission have also been reported with O-
GlcNAcylation of DRP1 [Figure 3][197].

In contrast to O-GlcNAcylation, which occurs intracellularly, advanced glycation end products (AGEs) are 
a family of compounds formed extracellularly by non-enzymatic glycation of proteins and lipids by 
reducing sugars such as glucose and ribose. Interest in AGEs has grown rapidly in recent years, as they 
exhibit a wide range of chemical, cellular, and tissue-level effects that have been implicated in numerous 
diabetes-related complications in both humans and animal models across a range of cell and tissue 
types[198-200]. While tissue and plasma AGEs are well-known to accumulate progressively with aging, the rate 
and extent of AGE accumulation in the heart are dramatically accelerated during diabetic cardiomyopathy 
and chronic heart failure[201] due to excess circulating glucose and glycolytic byproducts. AGEs have widely 
been shown to drive pathological structural remodeling of the myocardial interstitium via irreversible cross-
linking of ECM collagens and proteoglycans [Figure 3], which leads to myocardial stiffening and functional 
decline[202]. In vitro models have also shown that cardiac cells treated with AGEs exhibit significantly 
decreased respiratory capacity[203], as well as dose- and time-dependent increases in ROS generation and 
apoptosis[204,205].

Beyond their direct toxicity and adverse modification of ECM structure, AGEs also initiate a cascade of 
signal transduction via association with the receptor RAGE that further drives oxidative stress, 
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inflammation, cell dysfunction, and apoptosis[206]. A study of RAGE knockout mice noted mRNA transcripts 
and protein expression levels associated with increased antioxidant defenses, improved mitochondrial 
dynamics, and improved autophagy-lysosomal flux (via SOD, Drp1 and Fis1, and cathepsin-L activity, 
respectively), which were found to partially protect against diet-induced pathological changes[207]. These 
results and many others suggest that the AGE/RAGE axis may play a key role in the development of cardiac 
mitochondrial dysfunction and drive a cyclic cascade of cardiac structural remodeling in the context of 
metabolic disease, diabetic cardiomyopathy, and chronic heart failure[208].

Oxidative stress
Numerous studies have identified molecular mechanisms linking increased mitochondrial ROS production 
and the associated oxidative stress with cellular- and tissue-level remodeling of the heart. Myocardial ECM 
remodeling is chiefly characterized by the diffuse deposition of excessive extracellular collagen, which is 
typically quantified by an increase in the percentage of total myocardial tissue occupied by collagen 
fibers[209]. Disproportionate accumulation of collagen between cardiomyocytes (interstitial or reactive 
fibrosis) and replacement of apoptotic or necrotic cardiomyocytes with extracellular collagen (replacement 
or reparative fibrosis) both contribute to myocardial fibrosis and are consistently associated with cardiac 
diastolic dysfunction[210,211]. Additionally, post-translational modification of extracellular collagen is 
increasingly recognized to contribute to pathophysiological ECM remodeling and impaired cardiac 
function[212,213].

Activated fibroblasts and myofibroblasts are recognized as the primary cellular drivers of myocardial 
fibrosis[214]; however, under conditions of stress, cardiomyocytes and immune cells, which produce 
substantial ROS, may also acquire a fibrogenic phenotype[214]. Mitochondrial ROS production is increased in 
activated fibroblasts and differentiated myofibroblasts, which exhibit enhanced expression of the ROS-
producing NADPH-oxidase Nox4[215]. The additional ROS produced by these fibrogenic cells likely further 
regulates their pro-fibrotic action both by activating ECM gene transcription and by regulating post-
translational modifications of ECM collagens [Figure 3][216,217]. One redox-relevant PTPM of the ECM is the 
hydroxylation of collagen proline and lysine residues, which induces a conformational change within the 
collagen helix structure that leads to the formation of supramolecular fibrillar structures while conferring 
resistance to proteolytic degradation, both of which impair normal collagen turnover[218-220]. Additionally, 
ROS are believed to be involved in the formation of covalent disulfide bridges within numerous ECM 
protein domains; however, relatively little is known about the enzymes regulating the formation and 
cleavage of redox-sensitive ECM disulfide bridges[221,222].

TGFβ1 is a fibrogenic growth factor that directs differentiation of fibroblasts into myofibroblasts and 
controls ECM production; it has been shown that ROS mediate TGFβ1-induced activation of fibroblasts and 
differentiation into myofibroblasts [Figure 3][223,224]. TGFβ1 has also been shown to stimulate Nox4 
expression, which produces additional ROS, forming a detrimental feedback cycle[225,226]. In addition to their 
effects on collagen synthesis and modification, ROS also substantially regulate the synthesis and activity of 
matrix metalloproteinases involved in ECM degradation and remodeling, which are generally secreted in an 
inactive form and has been shown to be activated post-translationally by ROS[227,228]. Thus, ROS are crucial 
regulators of ECM quantity and quality, as they exert both matrix deposition, modification, and degradation 
effects.

In addition to their fibrogenic actions, ROS have been shown to activate numerous canonical cell-signaling 
kinases and transcription factors involved in cardiac structural remodeling through modulation of protein 
and ion homeostasis, apoptosis, and growth pathways[229,230]. These effects have been shown to depend on 
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several redox-sensitive kinases, such as PKC, MAPK, NF-κB, and PI3K-PKB/Akt[231-233]. In fact, it has been 
shown that PI3K is required for H2O2-induced cardiac hypertrophy[234]. Furthermore, activation of 
hypertrophic versus apoptotic kinase signaling pathways have been shown to be H2O2-concentration 
dependent: low H2O2 concentrations (10-30 uM) increased Erk1/2 (but not Jnk, p38 kinase, or Pkb) activity 
and increased protein synthesis without affecting survival, while higher concentrations (100-200 uM) 
activated Jnk, p38 kinase, Pkb, and increased apoptosis, with both apoptosis and necrosis observed at still 
higher concentrations (300-1000 uM)[235]. ROS also play an important role in G protein-coupled 
hypertrophic stimulation by angiotensin and adrenergic stimulators[236,237], the latter involving oxidative 
modulation of Ras[238].

Mitochondrial quality control
As discussed above, maintenance of a dynamic mitochondrial population, including fission and clearance, is 
considered a protective mechanism during myocardial stress. Alteration in mitochondrial fission and 
clearance leads to the accumulation of damaged organelles that produce excessive ROS, exacerbating 
cardiac injury. In the adult heart, mitochondrial dynamics and mitophagy are minimal and deletion of 
proteins involved in mitochondrial dynamics or mitophagy has minimal effect under basal conditions. 
However, the necessity of these processes becomes evident during aging or in response to stress. While the 
causal relationship between mitochondrial QC and cardiac remodeling has not yet been directly 
investigated, indirect evidence suggests that the accumulation of dysfunctional mitochondria may 
exacerbate cardiac fibrosis through mechanisms involving ROS and inflammasome activation. Consistent 
with this idea, Pink null mice exhibit enhanced oxidative stress and fibrosis that was exacerbated with 
aging[147]. In contrast, Pink1 overexpression in a rat model of HFpEF stimulated mitochondrial fission and 
prevented cardiac fibrosis[139]. Similarly, deletion of Parkin in the adult mouse heart had no effect but 
mitigated excessive mitophagy and prevented cardiac remodeling and replacement fibrosis in the context of 
Drp1 deletion[149]. Similarly, impaired mitophagy via Ulk1 deletion exacerbated fibrotic remodeling after 
transverse aortic constriction and high-fat feeding in mice[155,239]. Perturbation of mitochondrial dynamics 
also resulted in the accumulation of cardiac fibrosis. Lack of the mitochondrial fission factor Mff led to the 
development of cardiomyopathy associated with fibroblast proliferation and replacement fibrosis[240]. 
Although the authors found increased apoptotic cell death in Mff knockout mice, they proposed that cell 
death alone did not account for the extent of fibrosis, suggesting additional mechanisms. Since Mff is a 
receptor for Drp1, knockout of Drp1 in the adult heart produced a similar cardiomyopathy phenotype 
characterized by the accumulation of substantial fibrosis[122]. Surprisingly, fibrosis is absent in Mfn1/Mfn2 
double mutant mice, suggesting that altered mitophagy, rather than dynamics, may be causal for the 
development of fibrosis. The mechanisms by which altered mitophagy leads to cardiac fibrosis are not well 
understood but likely involve apoptotic cell death, oxidative damage, and immune cell infiltration. Indeed, 
impairing lysosomal degradation of mtDNA led to the activation of toll-like receptor 9 (Tlr9), which in turn 
activated immune cell infiltration in the heart[152]. Treatment of cardiac-specific DNase 2a knockout mice 
with a Tlr9 inhibitor or deletion of Tlr9 attenuated cardiac fibrosis[152]. These results suggest that either 
excessive or stalled mitophagy leads to cardiomyocyte death, oxidative stress, mtDNA accumulation, and 
inflammation, all of which contribute to significant fibrotic remodeling of the heart [Figure 3].

Mitochondrial-mediated apoptosis and necrosis
Mitochondria are centrally involved in cell death pathways, and as such, mitochondrial health has a direct 
bearing on myocardial structure and function. The mitochondrial cell death pathway, which includes both 
apoptosis and necrosis, is activated by numerous factors, including nutrient deprivation, disrupted oxygen 
availability, excessive oxidative stress, nitrosative stress, proteotoxic stress, DNA damage, or elevated 
cytoplasmic or mitochondrial Ca2+[241,242]. Cardiac contractile tissues must sustain persistently high energetic 
demand to maintain numerous essential cellular processes such as ion transport, sarcomere function, and 
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Ca2+ homeostasis. Thus, diminished mitochondrial respiratory capacity associated with the progression to 
heart failure is thus typically followed by secondary dysregulation of cardiac Ca2+ and ion handling and 
reduced contractile function, resulting in a cyclic cascade that activates cell death pathways.

Mitochondrial-mediated necrosis is associated with Ca2+-triggered opening of the mPTP in the inner 
mitochondrial membrane[243], which may be dependent on cyclophilin D[244]. High Ca2+ is believed to be the 
proximal initiator of mPTP opening, and this process is known to be potentiated by oxidative stress and 
depletion of ATP and ADP [Figure 3][245]. While it has since been disproven that subunits of ATP synthase 
are components of the mPTP[246-248], it is agreed that opening of the mPTP immediately dissipates the proton 
gradient across the inner mitochondrial membrane, halting ATP production, and allowing the rapid 
osmotic influx of water into the solute-rich matrix, resulting in severe mitochondrial swelling.

In contrast, mitochondrial-mediated apoptosis is driven primarily by mitochondrial outer membrane 
permeabilization, which releases several apoptogenic factors promoting cytosolic procaspase activation and 
leading to apoptotic cell death [Figure 3]. The BCL-2 family of proteins is understood to be the primary 
regulators of mitochondrial OMP and either promote or inhibit cell death based on their specific BCL-2 
homology domains[249]. The pro-survival BCL-2 subfamily contains homology domains BH1-4, whereas the 
pro-death BCL-2 proteins are believed to contain only BH1-3; a third group contains only the BH3 domain 
and promotes cell death. These three subfamilies engage in complex interactions[242] to regulate 
mitochondrially mediated apoptosis via OMP.

Given the lack of proliferative capacity of cardiomyocytes in the adult heart, cardiomyocyte cell death via 
either the apoptotic or necrotic pathway results in a diminished functional population of contractile and 
conductive units. While the fibrotic scar tissue that typically replaces lost cardiomyocytes serves to maintain 
the structural integrity of the heart, preventing catastrophic mechanical failure[250], replacement fibrosis is 
considered a functionally adverse structural remodeling response associated with diminished systolic and 
diastolic function, as well as conduction abnormalities[214].

CARDIAC REMODELING ALTERS MITOCHONDRIAL BIOENERGETICS
While the mechanisms by which disrupted mitochondrial function may potentiate cardiac structural 
changes have been widely studied, as described above, fewer studies have explored the effects of myocardial 
structural remodeling on mitochondrial milieu and bioenergetic demand. However, the bidirectionality of 
structural and energetic remodeling cascades may prove particularly important during the transition and 
decompensation stages of heart failure, when the pathological mechanical and biochemical environment 
overwhelms disrupted energy systems beyond their compensatory capacity. Thus, future studies of the 
mechanistic progression to heart failure should consider altered mitochondrial function as both a cause and 
consequence of structural cardiac remodeling, such as hypertrophy and fibrosis.

Compensatory hypertrophy is believed to develop initially as an adaptive response to help maintain cardiac 
output and mitigate tissue-level stresses through thickening and stiffening of the ventricular walls[41]. 
However, along with increased energy demand due to chronic overload and decreased energy production 
capacity, hypertrophy progresses maladaptively and mechanistically contributes to the bioenergetic deficit 
precipitating heart failure. Additionally, it has been shown that the growth pathways involved in the 
development of cardiac hypertrophy directly regulate mitochondrial morphology and bioenergetic function, 
including regulation of TCA cycle and FAO enzymes[251]. Mitochondrial morphology is highly dynamic, and 
this functional plasticity endows the organelles with substantial adaptive capabilities. In healthy 
cardiomyocytes, mitochondria are abundant and contain intact membranes and clear cristae structures. In 
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hypertrophic hearts subject to chronic overload, mitochondrial density is decreased, and the organelles may 
become swollen, elongated, and deformed, exhibiting ruptured membranes and irregular cristae 
structures[252,253]. These deformities reduce the biogenetic capacity of the mitochondria in the hypertrophic 
heart, which further exacerbates the detrimental effects of cardiac structural remodeling and may contribute 
significantly to the progression into the decompensated stage of PO-induced heart failure.

While studies have shown that growth pathways involved in cardiac hypertrophy significantly interact with 
metabolic regulatory processes, the molecular mechanisms by which hypertrophic remodeling alters 
mitochondrial function are not yet fully elucidated. PKB, also known as Akt, is a serine-threonine kinase 
that has been widely studied across diverse physiologic and pathologic settings[254]. Activation of Akt is 
strongly associated with hypertrophic cardiac growth; while adaptive in the short-term, persistent 
stimulation of Akt signaling is deleterious due to feedback inhibition of insulin receptor substrate, PI3K 
signaling, and GLUT4-mediated glucose uptake, and may help precipitate heart failure due to a mismatch 
between cardiac hypertrophy and angiogenesis [Figure 4][255-257]. Furthermore, using mice with 
cardiomyocyte-specific constitutively activated Akt1 (caAkt) signaling, it has been shown that persistent 
activation of Akt directly alters cardiac mitochondrial bioenergetic function. Wende et al. observed 
selectively repressed expression levels of TCA cycle enzymes and proteins involved in OXPHOS, FAO, and 
mitochondrial biogenesis in caAkt hearts[251]. This was accompanied by a robust increase in left ventricular 
mass and contractile dysfunction at six weeks of age, as well as reduced functional measures of 
mitochondrial efficiency. Additionally, 18-week-old caAkt mouse hearts subject to ischemia-reperfusion 
showed decreased rates of glucose oxidation, palmitate oxidation, and myocardial oxygen consumption 
concomitant with increased glycolysis. A canonical pathways analysis also revealed that several 
mitochondrial metabolic and signaling pathways were differentially regulated in caAkt hearts, including 
Foxo1, Pparα, and Pgc-1α. Thus, hypertrophic factors such as Akt have a direct effect on mitochondrial 
bioenergetics and morphology.

Numerous animal studies of pressure-induced hypertrophy have reported reduced FAO rates during the 
compensated stages of hypertrophy preceding the onset of overt heart failure[47,258,259]. In addition to 
decreased fatty acid oxidative capacity, carnitine deficiency and reduced CPT-1 activity in cardiac 
hypertrophy may limit mitochondrial uptake and utilization of fatty acids[260,261]. Meanwhile, glucose 
oxidation has been variously observed to increase, remain unchanged, or decrease during cardiac 
hypertrophy and heart failure[47,258,262,263]. While decreased fatty acid and glucose oxidation in hypertrophy 
may be partially compensated by anaerobic glycolysis and increased anaplerotic flux through the TCA cycle, 
this is less energetically efficient and may contribute to energy insufficiency during the transition to heart 
failure [Figure 4][264].

Interstitial and perivascular fibrosis, as well as intramyocardial arterial thickening, often occur during the 
compensated stage of cardiac hypertrophy, increasing oxygen and substrate diffusion distances[265,266]. 
Without sufficient compensatory angiogenesis, limited oxygen availability in areas of substantial fibrosis 
may cause cardiomyocyte hypoxia and impair mitochondrial respiration, generating additional ROS, 
limiting aerobic substrate metabolism, and eventually resulting in tissue-level hypoxia and cardiomyocyte 
death [Figure 4][267]. This response is in part mediated by HIF-1, which is involved in coordinating 
transcriptional programs upregulating enzymes involved in glycolysis and downregulating mitochondrial 
respiratory complex proteins[268]. This shifts cardiac bioenergetics away from efficient aerobic metabolism 
toward anaerobic pathways with substantially lower energetic yield[269]. Given the increased energetic 
demand of the hypertrophic heart, these conditions set the stage for a cyclic cascade of energetic mismatch.
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Figure 4. Myocardial structural remodeling impairs mitochondrial energetic supply and demand. ROS: Reactive oxygen species; HIF-1: 
hypoxia-inducible factor 1; OXPHOS: oxidative phosphorylation; TCA: tricarboxylic acid; PGC-1α: peroxisome proliferator-activated 
receptor γ co-activators 1α; PKB: protein kinase B. See Section “CARDIAC REMODELING ALTERS MITOCHONDRIAL BIOENERGETICS” 
for further details.

In addition to global inhibition of aerobic metabolism via decreased oxygen and substrate transport, it has 
also been suggested that defects in the mitochondrial electron transport chain contribute to energy 
insufficiency during PO-induced hypertrophy. It has been observed that decreases in mitochondrial 
complex I State 3 respiratory capacity occurred concurrently with the development of systolic function, after 
the development of diastolic dysfunction, which began while mitochondrial function was still preserved[270]. 
This may suggest a mechanistic link between early cardiac structural remodeling associated with diastolic 
dysfunction and the subsequent development of mitochondrial dysfunction. Similarly, it has been observed 
that mitochondrial ROS production remained at normal levels during early compensated hypertrophy, only 
increasing with the onset of diastolic dysfunction and worsening with the progression to heart failure[270], 
similarly suggesting that early structural remodeling may in fact drive subsequent alterations to 
mitochondrial function.

PATHOGENIC CASCADES AND OPPORTUNITIES FOR THERAPEUTIC INTERVENTION
Diabetic cardiomyopathy
Diabetic cardiomyopathy refers to the diabetes-specific cascade of structural myocardial remodeling and 
functional decline not attributable to other macrovascular conditions such as atherosclerosis or 
hypertension and is expected to affect more than 30 million people[271]. The abnormal cardiac structural and 
functional changes associated with diabetic cardiomyopathy are promoted by chronic hyperglycemia, 
hyperinsulinemia, and resistance to the metabolic actions of insulin in the heart[272], with cardiovascular 
event risk quantifiably correlated to the level of glycemic control[273]. In a Swedish observational trial of 
20,985 individuals with type 1 diabetes, each 1% rise in HbA1c was linked to a 30% increase in the risk of 
heart failure, independent of other risk factors[274]. Despite a drastic increase in the number of studies on 
diabetic cardiomyopathy in the last decade, optimal therapies to treat diabetic cardiomyopathy are still 
lacking. However, recent advances in the development of SGLT2 inhibitors have shown great promise in the 
treatment of diabetes-associated heart failure, as discussed further below.
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In the early stages of diabetic cardiomyopathy, metabolic disturbances such as defective insulin signaling, 
excessive circulating insulin, impaired glucose uptake, elevations in myocardial fatty acid uptake, and 
mitochondrial dysfunction promote cardiac morphological and functional changes[275]. These combined 
metabolic abnormalities lead to pathophysiological changes including increased oxidative stress, reduced 
cardiomyocyte autophagy, inappropriate activation of the renin-angiotensin-aldosterone system, and 
maladaptive immune responses, which can all activate pro-fibrotic pathways resulting in cardiac stiffening 
and diastolic dysfunction[276]. Insulin resistance and dysregulated glucose homeostasis are not only 
detrimental to mitochondria via excessive ROS production and altered cardiomyocyte calcium handling but 
can also increase FFA flux through CD36, causing lipid accumulation. Excessive accumulation of 
intracellular FFA exceeding mitochondrial oxidative respiratory capacity results in lipotoxicity and 
eventually cardiomyocyte death and impaired cardiac function[172,277,278]. Alterations to cardiac structure are 
more pronounced in the later stages of diabetic cardiomyopathy and include cardiomyocyte apoptosis and 
necrosis, widespread interstitial and replacement fibrosis, increased ECM crosslinking, hypertrophy, and 
capillary microaneurysms[279,280]. Additionally, hyperglycemia increases the rate of advanced glycation end-
product crosslink formation, further stiffening the myocardial matrix, increasing ROS production, and 
activating RAGE signaling pathways[199]. Specific mitochondrial-targeted therapeutics that may be used in 
the treatment of diabetic cardiomyopathy will be discussed subsequently, but improving systemic glycemic 
control remains a key factor in the prevention of diabetic cardiomyopathy and cardiovascular morbidity.

Cardiac ageing
Approximately one in five individuals over 80 years old are at risk of cardiac dysfunction and heart failure, 
and among patients with congestive HF, arterial fibrillation, and coronary heart disease, over 70% are 
elderly[281,282]. Intrinsic cardiac aging is understood as the gradual progression of structural alterations and 
functional declines occurring with age independent of the prolonged exposure to canonical cardiovascular 
risk factors. The ‘free radical theory of aging’ suggests accumulated macromolecule oxidative damage as a 
hallmark of aging[283]. This paradigm is supported by observations that aged cardiomyocytes show increased 
markers of oxidative damage and associated abnormalities in mitochondrial structure, such as loss of 
cristae, enlarged organelles, and matrix derangement[284]. Additionally, age-dependent reductions in 
mitochondrial OXPHOS are correlated with a decline in the activity of ETC complexes I and IV, which may 
be driven by increased ROS generation and electron leakage. Furthermore, aged hearts exhibit four-fold 
increases in deletion frequency and point mutations in mtDNA, as well as increased mtDNA copy 
number[285]. Significantly downregulated autophagy is also widely observed in the aging heart; the inability 
to eliminate damaged cells and repair damaged organelles is particularly important in post-mitotic cells 
such as cardiomyocytes[286]. Therefore, therapeutic approaches that counteract age-related changes in 
mitochondrial QC, autophagy regulators, inflammation, and ROS generation would be potential targets to 
mediate the deleterious effects of cardiac aging.

Heart failure (with preserved and reduced ejection fraction)
National Health and Nutrition Examination Survey data indicates that 6.5 million American adults were 
living with heart failure (HF) as of 2014, with this number expected to increase to over 8 million by 2030[287]. 
Among patients presenting with clinical heart failure, left ventricular ejection fraction (EF) has emerged as a 
clinically useful prognostic indicator[288,289], where a bimodal distribution of EFs allows for patient 
classification into two HF phenotypes: heart failure with reduced ejection fraction (HFrEF; EF ≤ 40%) or 
heart failure with preserved ejection fraction (HFpEF). HFpEF has recently become the dominant form of 
heart failure worldwide alongside an aging population and concomitant with the increased prevalence of 
obesity, diabetes, and hypertension, which are all associated more strongly with HFpEF than with 
HFrEF[290]. Given the distinct etiology, pathophysiology, and specific therapeutic potential, it is essential that 
both heart failure phenotypes be well-characterized so that optimal diagnostic and treatment strategies may 
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be developed and applied for each[291-293].

While the diagnosis and treatment of HFpEF are complicated by heterogenous etiologies and pathogeneses, 
as well as limited tissue availability from HFpEF patients, recent studies have succeeded in identifying 
several distinguishing cellular- and tissue-level characteristics in myocardial structure and function 
consistent with clinical observation of HFpEF patients (i.e., concentric ventricular hypertrophy, diastolic 
dysfunction, and exercise intolerance)[294]. These observations include structural changes such as 
cardiomyocyte hypertrophy and interstitial fibrosis[295-297], functional measures such as impaired myofibrillar 
relaxation and increased cardiomyocyte stiffness[210,295-297], as well as increased oxidative stress and activation 
of pro-inflammatory and pro-fibrotic signaling pathways[297,298]. Additionally, it has been shown that 
cardiomyocyte mitochondria from HFpEF hearts exhibit structural and functional deficits involving redox 
imbalance, impaired mitochondrial dynamics, and QC, and reduced bioenergetic function[299]. Together, 
these changes result in deleterious activation of downstream signaling pathways that exacerbate pathological 
cardiac remodeling and inflammation, and drive a detrimental mismatch between cardiac mitochondrial 
metabolism and ATP production[154,300-303].

It is well established that HFrEF is differentially associated with a loss of cardiomyocytes and myocardial 
contractile function compared to HFpEF. While it is understood that these processes are at least in part 
mitochondrially mediated, as discussed above, relatively few studies have directly compared alterations to 
mitochondrial function between HFpEF and HFrEF hearts. In the context of HFrEF, it has been shown that 
mitochondrial content, electron transport chain complexes, and oxidative capacity are maintained or even 
enhanced during compensated hypertrophy alongside normal or increased EF, but that these parameters 
decline in concert with reducing EF during the progression to HF[47,154,304]. A 2019 study from Chaanine et al. 
directly comparing mitochondrial characteristics between human HFpEF and HFrEF hearts showed that 
human HFrEF hearts displayed uniquely increased DRP1 expression and decreased expression of PGC-1α 
and COX IV, as well as increased mitochondrial fragmentation and cristae disruption compared to HFpEF 
hearts, and that these alterations were associated with activation of the FOXO3a-BNIP3 pathway[154].

Mitochondria as therapeutic targets in heart disease 
Myriad therapeutics have been developed to aid in the prevention and treatment of heart disease over the 
last century. In this section, we will primarily focus on therapeutic targets involving mitochondria in the 
context of metabolic heart disease, cardiac aging, and heart failure. Human and animal data both suggest 
that reduced mitochondrial biogenesis and increased oxidative stress are hallmarks of several heart disease 
and heart failure phenotypes, including diabetic cardiomyopathy, cardiac aging, and heart failure. As such, 
therapeutics targeted at increasing mitochondrial biogenesis and reducing ROS are likely to prove beneficial 
in the treatment of various HF phenotypes[305].

One promising pharmacological avenue to stimulate mitochondrial biogenesis is through AMP-activated 
protein kinase (AMPK)[299,306]. AMPK is a highly conserved regulator of energy homeostasis and metabolism 
that is known to activate PGC-1α, the transcriptional coactivator considered to be the master regulator of 
mitochondrial biogenesis[277]. AMPK has been shown to increase mitochondrial biogenesis via both direct 
phosphorylation of PGC-1α and activation of NRF1/TFAM [Figure 5][307-309]. Several widely used 
cardioprotective therapies have been suggested to target AMPK activation indirectly, such as metformin, 
telmisartan, and thiazolidinediones[305,310,311]. For example, metformin and thiazolidinediones improve 
systemic and tissue insulin sensitivity, improving cardiomyocyte glucose uptake and cardiac function 
concomitant with the activation of PPARγ and AMPK[277]. AMPK can also enhance the expression and 
translocation of GLUT4 and glucose uptake, which is particularly beneficial in the context of diabetic 



Page 19 of Werbner et al. J Cardiovasc Aging 2023;3:9 https://dx.doi.org/10.20517/jca.2022.42 34

Figure 5. Promising pharmacologic therapies targeting mitochondrial pathways to ameliorate metabolic heart disease, aging, and heart 
failure. GLUT4: Glucose transporter type 4; PGC-1α: peroxisome proliferator-activated receptor γ co-activators 1α; TCA: tricarboxylic 
acid; ROS: reactive oxygen species; NRF1/2: nuclear respiratory factor 1/2; TFAM: mitochondrial transcription factor A; mtDNA: 
mitochondrial DNA; PKG: protein kinase G; cGMP: cyclic guanosine monophosphate; sGC: soluble guanylyl cyclase; GTP: Guanosine 
triphosphate. See Section “Mitochondria as therapeutic targets in heart disease” for further details.

cardiomyopathy[312]. Resveratrol is a naturally occurring polyphenolic stilbene that has been shown to 
increase mitochondrial biogenesis through both AMPK and NO-dependent mechanisms through activation 
of PGC-1α, NRFs, and TFAM. Importantly, several studies have reported improved mitochondrial 
biogenesis and cardiac functional parameters with resveratrol administration during hypertension-mediated 
HF in both humans and animals without a measurable reduction in blood pressure, suggesting direct effects 
on the heart[313-316]. Various direct activators of AMPK have also been developed and tested; however, the 
development of AMPK activators is complicated by variable expression levels and differential effects of 
various subunits and isoforms[317]. For example, several groups have reported that amino acid substitution 
within the C-terminal side of the γ2 subunit of AMPK leads to the development of aberrant conduction 
systems and severe cardiac hypertrophy[318-320], although it has been suggested that this hypertrophy 
phenotype may be attributable to increased carbohydrate storage as opposed to myocyte cytoskeletal 
growth[320,321]. Interestingly, it has also been observed that systemic pan-activation of AMPK, for example, by 
MK-8722, induced as opposed to ameliorated cardiac hypertrophy[322].

Another promising avenue for increasing mitochondrial biogenesis is the soluble guanylyl cyclase/cyclic 
guanosine monophosphate (sGC/cGMP) pathway. Nitric oxide synthesized in the vasculature binds to sGC 
in vessel smooth muscle, catalyzing the conversion of guanosine triphosphate to cGMP. cGMP clearance is 
regulated by hydrolyzing phosphodiesterases, including PDE5A, which is known to be expressed in 
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cardiomyocytes[323]. cGMP and its effector kinase, PKG, have been shown to regulate cardiac structure and 
function via regulation of calcium flux, phosphorylation of contractile proteins, and several other 
mechanisms [Figure 5][324]. It has also been suggested that this pathway stimulates mitochondrial biogenesis 
via PGC-1α and inhibits mitochondrially mediated cell death[325-327]. sGC stimulators have been previously 
used to treat pulmonary hypertension and have recently emerged as potential therapeutics for heart 
failure[305,306]. Recent clinical trials with the sGC stimulator vericiguat showed some promise by significantly 
reducing high-risk HFrEF patient hospitalization[328] and improving patient quality of life[329], nevertheless, 
no recent trials have shown benefits of sGC/cGMP stimulation in patients with HFpEF[306,330]. As PDE5 
expression is upregulated in hypertrophic and failing hearts, leading to decreased cGMP levels, inhibition of 
PDE5 represents an attractive therapeutic target, and it has been shown that the PDE5 inhibitor, sildenafil, 
ameliorates PO-induced cardiac hypertrophic remodeling in mice via deactivation of PKG and inhibition of 
the L-type Ca2+ channel[331].

Increasing evidence from animal models suggests that targeted inhibition of ROS within mitochondria, 
rather than globally, may be cardioprotective, as it was shown in the GISSI-Prevenzione trial that chronic 
supplementation with the global antioxidant α-tocopherol resulted in an increased risk of the development 
of HF in postinfarction patients[332]. Thus, agents that specifically target mitochondrial ROS should be 
prioritized. MitoQ is a lipophilic quinol that accumulates in the mitochondrial matrix by association with 
triphenylphosphonium[333]. Mitochondrial ROS are scavenged by oxidizing MitoQ to its quinone form, 
which is subsequently recycled back into the quinol form by ETC complex II[334]. A recent study in rats with 
PO-induced HF showed that MitoQ reduced H2O2 levels and improved mitochondrial respiration 
[Figure 5][335]. While MitoQ is widely considered a safe, orally bioavailable treatment with minimal off-target 
effects, its efficacy could be limited in severe HF where mitochondrial membrane potential is reduced, since 
its uptake is directly driven by membrane potential.

Szeto-Schiller peptides are small antioxidant molecules that rapidly accumulate in mitochondria, given their 
high affinity for cardiolipin. Elamipretide (Bendavia) is a Szeto-Schiller peptide that appears to exert 
cardioprotective effects by reducing mitochondrial ROS and limiting maladaptive cardiac remodeling[336,337]. 
A 2016 study showed that long-term elamipretide treatment improved systolic function, increased cardiac 
mitochondrial respiratory capacity, ATP production, and restored mitochondrial membrane potential, and 
reduced circulating inflammatory markers in dogs with advanced heart failure, and another study showed 
improved ex vivo function in mitochondria from failing human hearts[338,339] [Figure 5]. However, 
elamipretide has failed to show promising results in later-stage clinical trials in patients with various heart 
failure phenotypes (NCT02814097, NCT02914665, NCT02788747). Genetic overexpression of MnSOD and 
mitochondrial catalase have been shown to limit mitochondrial ROS, reduce cardiac hypertrophy, and 
improve in both type I and type II diabetic mice. Thus, it is unsurprising that SOD-mimetics such as 
mitoTEMPO, a mitochondrially targeted free radical scavenger, have also been successful in improving 
cardiac outcomes in various models of heart failure[340-342]. Another promising antioxidant compound is N-
acetylcysteine, which is an FDA-approved drug that is known to mediate cellular redox imbalance by 
increasing intracellular concentrations of glutathione[343], which was shown to normalize oxidative stress 
levels in diabetic rats and prevent the development of diabetic cardiomyopathy after 5 weeks of 
supplementation[344,345].

Sodium-glucose cotransporters are secondary active symporters of sodium and glucose, with the SGLT2 
isoform expressed in the proximal tubule of renal nephrons[346]. Inhibition of SGLT2 reduces renal glucose 
reabsorption and results in glucose concentration-dependent glucosuria, ameliorating hyperglycemia 
without the risk of inducing hypoglycemia[347]. SGLT2 inhibitors have proven to significantly reduce 
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cardiovascular mortality and heart failure hospitalizations in at least three large clinical trials of type II 
diabetic patients[348-351]. Beyond their glucose-lowering properties, SGLT2 inhibitors may provide additional 
cardioprotective effects by modulating sodium homeostasis. Regulation of sodium kinetics is crucial for 
maintaining cardiomyocyte mitochondrial redox balance and excitation-contraction coupling. Thus, these 
inhibitors might improve mitochondrial energetics and oxidative defense by attenuating intracellular 
sodium overload. It has also been suggested that SGLT2 inhibitors may improve mitochondrial dynamics 
through activation of AMPK, which alters DRP1 phosphorylation leading to suppression of mitochondrial 
fission[352,353].

Remarkably, additional cardioprotective benefits are increasingly believed to be conferred independently of 
glucose and sodium lowering, and it has been shown that SGLT2 inhibition with empagliflozin ameliorates 
adverse cardiac remodeling and enhances cardiac bioenergetic function in non-diabetic animal models of 
HF. In particular, in non-diabetic rats post-myocardial infarction, empagliflozin attenuated cardiomyocyte 
hypertrophy, diminished interstitial fibrosis, reduced myocardial oxidative stress, reduced mtDNA damage, 
and stimulated mitochondrial biogenesis [Figure 5][354-356]. These changes were associated with 
improvements in the pattern of glucose and fatty acid uptake and oxidation. Additionally, SGLT2 inhibitors 
have been widely shown to increase circulating ketone body levels, which has been postulated to occur via 
lowering of portal insulin-to-glucagon ratio, causing lipolysis and increased FFA delivery to the liver. 
Concurrently, SGLT2 inhibition has been associated with increased myocardial expression of the ketone 
body transporter and enzymes, indicating increased utilization of ketone bodies as an alternate efficient fuel 
source, resulting in significantly increased cardiac ATP production[354].

Finally, as the importance of mitochondrial dynamics and mitophagy is increasingly recognized, the field 
should continue to develop therapeutic strategies that target or mimic mitophagy in the heart[357]. Exercise 
and caloric restriction are both potent nonpharmacologic stimulators of mitophagy via activation of the 
AMPK-ULK1 pathway, facilitating the clearance of damaged mitochondria and limiting the associated 
inflammation[358-360]. It follows that fasting-memetic drugs may similarly upregulate mitophagy, and indeed 
both the allosteric mTOR inhibitor rapamycin and the aliphatic polyamine spermidine have been shown to 
stimulate mitophagy in cardiomyocytes in mice, restoring the proteome to a more youth composition and 
improving cardiac outcomes, as well as prolonging life [Figure 5][357,361,362]. Given the encouraging 
developments in therapies and drugs targeting autophagy and mitophagy in the heart, this area likely offers 
further therapeutic promise, and future research efforts should consider leveraging this axis to improve 
cardiac function and outcomes in the context of aging, heart disease, and heart failure.

CONCLUSION
The heart is the most energy-consuming organ in the body, and cardiac contractile machinery requires a 
constant supply of ATP to maintain systemic circulation. Thus, the heart displays remarkable metabolic 
flexibility in adapting to increased demands. However, chronically dysregulated systemic metabolism, 
persistent PO, and the natural decline in bioenergetic function and molecular milieu associated with aging 
set in motion a bi-directional cascade of mitochondrial dysfunction and structural remodeling in the heart. 
The mechanisms by which mitochondrial dysfunction occurs and potentiates cardiac structural changes 
have been widely studied and were reviewed in Sections (“TRIGGERS OF CARDIAC MITOCHONDRIAL 
DYSFUNCTION” and “MITOCHONDRIAL DYSFUNCTION DRIVES CARDIAC REMODELING”). 
Relatively fewer studies have explored the inverse relationship: the effects of myocardial structural 
remodeling on mitochondrial milieu and bioenergetic demand (Section “CARDIAC REMODELING 
ALTERS MITOCHONDRIAL BIOENERGETICS”). The bidirectionality of structural and energetic 
remodeling cascades may prove particularly important during the transition and decompensation stages of 
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heart failure, when the pathological mechanical and biochemical environment overwhelms disrupted energy 
systems beyond their compensatory capacity. Thus, future studies of the mechanistic progression to heart 
failure should consider altered mitochondrial function as both a cause and consequence of structural 
cardiac remodeling. We then discuss the encouraging development of therapies and drugs targeting 
mitochondrial function to improve cardiac outcomes in the context of aging, heart disease, and heart 
failure.

DECLARATIONS
Authors’ contributions
Contributed to the conceptualization, literature search, manuscript writing, figure creation, and manuscript
revision: Werbner B, Tavakoli-Rouzbehani OM, Fatahian AN, Boudina S

Availability of data and materials
Not applicable.

Financial support and sponsorship
This work was supported by the National Heart, Lung and Blood Institute (NHLBI) grants R01HL149870-
01A1 (Boudina S.). Benjamin Werbner is supported by NIH University of Utah T32 post-doctoral grant
NIDDK 2T32DK110966-06. All figures were created with BioRender.com.

Conflicts of interest
All authors declared that there are no conflicts of interest.

Ethical approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Copyright
© The Author(s) 2023.

REFERENCES
Shin D, Kongpakpaisarn K, Bohra C. Trends in the prevalence of metabolic syndrome and its components in the United States 2007-
2014. Int J Cardiol 2018;259:216-9.  DOI  PubMed

1.     

Cornier MA, Dabelea D, Hernandez TL, et al. The metabolic syndrome. Endocr Rev 2008;29:777-822.  DOI2.     
Jia G, Hill MA, Sowers JR. Diabetic cardiomyopathy: an update of mechanisms contributing to this clinical entity. Circ Res 
2018;122:624-38.  DOI  PubMed  PMC

3.     

Lopaschuk GD. Metabolic abnormalities in the diabetic heart. Heart Fail Rev 2002;7:149-59.  DOI  PubMed4.     
Boudina S, Sena S, O’Neill BT, Tathireddy P, Young ME, Abel ED. Reduced mitochondrial oxidative capacity and increased 
mitochondrial uncoupling impair myocardial energetics in obesity. Circulation 2005;112:2686-95.  DOI  PubMed

5.     

Boudina S, Sena S, Theobald H, et al. Mitochondrial energetics in the heart in obesity-related diabetes: direct evidence for increased 
uncoupled respiration and activation of uncoupling proteins. Diabetes 2007;56:2457-66.  DOI  PubMed

6.     

Peterson LR, Herrero P, Schechtman KB, et al. Effect of obesity and insulin resistance on myocardial substrate metabolism and 
efficiency in young women. Circulation 2004;109:2191-6.  DOI  PubMed

7.     

Peterson LR, Saeed IM, McGill JB, et al. Sex and type 2 diabetes: obesity-independent effects on left ventricular substrate 
metabolism and relaxation in humans. Obesity 2012;20:802-10.  DOI  PubMed  PMC

8.     

Giordano FJ. Oxygen, oxidative stress, hypoxia, and heart failure. J Clin Invest 2005;115:500-8.  DOI  PubMed  PMC9.     
Birben E, Sahiner UM, Sackesen C, Erzurum S, Kalayci O. Oxidative stress and antioxidant defense. World Allergy Organ J 
2012;5:9-19.  DOI  PubMed  PMC

10.     

Andreyev AY, Kushnareva YE, Starkov AA. Mitochondrial metabolism of reactive oxygen species. Biochemistry 2005;70:200-14.  11.     

https://biorender.com/
https://dx.doi.org/10.1016/j.ijcard.2018.01.139
http://www.ncbi.nlm.nih.gov/pubmed/29472026
https://dx.doi.org/10.1210/er.2008-0024
https://dx.doi.org/10.1161/CIRCRESAHA.117.311586
http://www.ncbi.nlm.nih.gov/pubmed/29449364
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5819359
https://dx.doi.org/10.1023/a:1015328625394
http://www.ncbi.nlm.nih.gov/pubmed/11988639
https://dx.doi.org/10.1161/CIRCULATIONAHA.105.554360
http://www.ncbi.nlm.nih.gov/pubmed/16246967
https://dx.doi.org/10.2337/db07-0481
http://www.ncbi.nlm.nih.gov/pubmed/17623815
https://dx.doi.org/10.1161/01.CIR.0000127959.28627.F8
http://www.ncbi.nlm.nih.gov/pubmed/15123530
https://dx.doi.org/10.1038/oby.2011.208
http://www.ncbi.nlm.nih.gov/pubmed/21818149
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3314727
https://dx.doi.org/10.1172/JCI24408
http://www.ncbi.nlm.nih.gov/pubmed/15765131
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1052012
https://dx.doi.org/10.1097/WOX.0b013e3182439613
http://www.ncbi.nlm.nih.gov/pubmed/23268465
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3488923


Page 23 of Werbner et al. J Cardiovasc Aging 2023;3:9 https://dx.doi.org/10.20517/jca.2022.42 34

DOI
Dietl A, Maack C. Targeting mitochondrial calcium handling and reactive oxygen species in heart failure. Curr Heart Fail Rep 
2017;14:338-49.  DOI  PubMed

12.     

Bugger H, Riehle C, Jaishy B, et al. Genetic loss of insulin receptors worsens cardiac efficiency in diabetes. J Mol Cell Cardiol 
2012;52:1019-26.  DOI  PubMed  PMC

13.     

Qi Y, Xu Z, Zhu Q, et al. Myocardial loss of IRS1 and IRS2 causes heart failure and is controlled by p38α MAPK during insulin 
resistance. Diabetes 2013;62:3887-900.  DOI  PubMed  PMC

14.     

Boudina S, Bugger H, Sena S, et al. Contribution of impaired myocardial insulin signaling to mitochondrial dysfunction and oxidative 
stress in the heart. Circulation 2009;119:1272-83.  DOI  PubMed  PMC

15.     

Cai L, Li W, Wang G, Guo L, Jiang Y, Kang YJ. Hyperglycemia-induced apoptosis in mouse myocardium: mitochondrial 
cytochrome C-mediated caspase-3 activation pathway. Diabetes 2002;51:1938-48.  DOI  PubMed

16.     

Shen E, Li Y, Li Y, et al. Rac1 is required for cardiomyocyte apoptosis during hyperglycemia. Diabetes 2009;58:2386-95.  DOI  
PubMed  PMC

17.     

Santulli G, Xie W, Reiken SR, Marks AR. Mitochondrial calcium overload is a key determinant in heart failure. Proc Natl Acad Sci 
USA 2015;112:11389-94.  DOI  PubMed  PMC

18.     

Flarsheim CE, Grupp IL, Matlib MA. Mitochondrial dysfunction accompanies diastolic dysfunction in diabetic rat heart. Am J 
Physiol 1996;271:H192-202.  DOI  PubMed

19.     

Tanaka Y, Konno N, Kako KJ. Mitochondrial dysfunction observed in situ in cardiomyocytes of rats in experimental diabetes. 
Cardiovasc Res 1992;26:409-14.  DOI  PubMed

20.     

Stefani D, Raffaello A, Teardo E, Szabò I, Rizzuto R. A forty-kilodalton protein of the inner membrane is the mitochondrial calcium 
uniporter. Nature 2011;476:336-40.  DOI  PubMed  PMC

21.     

Baughman JM, Perocchi F, Girgis HS, et al. Integrative genomics identifies MCU as an essential component of the mitochondrial 
calcium uniporter. Nature 2011;476:341-5.  DOI  PubMed  PMC

22.     

Kamer KJ, Mootha VK. The molecular era of the mitochondrial calcium uniporter. Nat Rev Mol Cell Biol 2015;16:545-53.  DOI  
PubMed

23.     

Kwong JQ. The mitochondrial calcium uniporter in the heart: energetics and beyond. J Physiol 2017;595:3743-51.  DOI  PubMed  
PMC

24.     

Odagiri K, Katoh H, Kawashima H, et al. Local control of mitochondrial membrane potential, permeability transition pore and 
reactive oxygen species by calcium and calmodulin in rat ventricular myocytes. J Mol Cell Cardiol 2009;46:989-97.  DOI  PubMed

25.     

Anderson EJ, Rodriguez E, Anderson CA, Thayne K, Chitwood WR, Kypson AP. Increased propensity for cell death in diabetic 
human heart is mediated by mitochondrial-dependent pathways. Am J Physiol Heart Circ Physiol 2011;300:H118-24.  DOI  PubMed  
PMC

26.     

Honda HM, Korge P, Weiss JN. Mitochondria and ischemia/reperfusion injury. Ann N Y Acad Sci 2005;1047:248-58.  DOI  PubMed27.     
Riojas-Hernández A, Bernal-Ramírez J, Rodríguez-Mier D, et al. Enhanced oxidative stress sensitizes the mitochondrial permeability 
transition pore to opening in heart from Zucker Fa/fa rats with type 2 diabetes. Life Sci 2015;141:32-43.  DOI  PubMed

28.     

Diaz-Juarez J, Suarez J, Cividini F, et al. Expression of the mitochondrial calcium uniporter in cardiac myocytes improves impaired 
mitochondrial calcium handling and metabolism in simulated hyperglycemia. Am J Physiol Cell Physiol 2016;311:C1005-13.  DOI  
PubMed  PMC

29.     

Linton MF. The role of lipids and lipoproteins in atherosclerosis. In Endotext, Feingold, KR. editors. South Dartmouth, MA, 2000.30.     
White CR, Datta G, Giordano S. High-density lipoprotein regulation of mitochondrial function. Adv Exp Med Biol 2017;982:407-29.  
DOI  PubMed  PMC

31.     

Huang Y, Wu Z, Riwanto M, et al. Myeloperoxidase, paraoxonase-1, and HDL form a functional ternary complex. J Clin Invest 
2013;123:3815-28.  DOI  PubMed  PMC

32.     

Dadabayev AR, Yin G, Latchoumycandane C, McIntyre TM, Lesnefsky EJ, Penn MS. Apolipoprotein A1 regulates coenzyme Q10 
absorption, mitochondrial function, and infarct size in a mouse model of myocardial infarction. J Nutr 2014;144:1030-6.  DOI  
PubMed  PMC

33.     

Olkowicz M, Tomczyk M, Debski J, et al. Enhanced cardiac hypoxic injury in atherogenic dyslipidaemia results from alterations in 
the energy metabolism pattern. Metabolism 2021;114:154400.  DOI  PubMed

34.     

Oliveira HC, Cosso RG, Alberici LC, et al. Oxidative stress in atherosclerosis-prone mouse is due to low antioxidant capacity of 
mitochondria. FASEB J 2005;19:278-80.  DOI  PubMed

35.     

Knight-Lozano CA, Young CG, Burow DL, et al. Cigarette smoke exposure and hypercholesterolemia increase mitochondrial 
damage in cardiovascular tissues. Circulation 2002;105:849-54.  DOI  PubMed

36.     

Harmancey R, Wilson CR, Taegtmeyer H. Adaptation and maladaptation of the heart in obesity. Hypertension 2008;52:181-7.  DOI  
PubMed  PMC

37.     

Huffman KM, Koves TR, Hubal MJ, et al. Metabolite signatures of exercise training in human skeletal muscle relate to mitochondrial 
remodelling and cardiometabolic fitness. Diabetologia 2014;57:2282-95.  DOI  PubMed  PMC

38.     

Schrauwen P, Saris WH, Hesselink MK. An alternative function for human uncoupling protein 3: protection of mitochondria against 
accumulation of nonesterified fatty acids inside the mitochondrial matrix. FASEB J 2001;15:2497-502.  DOI  PubMed

39.     

Palomer X, Barroso E, Zarei M, Botteri G, Vázquez-Carrera M. PPARβ/δ and lipid metabolism in the heart. Biochim Biophys Acta 40.     

https://dx.doi.org/10.1007/s10541-005-0102-7
https://dx.doi.org/10.1007/s11897-017-0347-7
http://www.ncbi.nlm.nih.gov/pubmed/28656516
https://dx.doi.org/10.1016/j.yjmcc.2012.02.001
http://www.ncbi.nlm.nih.gov/pubmed/22342406
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3327790
https://dx.doi.org/10.2337/db13-0095
http://www.ncbi.nlm.nih.gov/pubmed/24159000
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3806607
https://dx.doi.org/10.1161/CIRCULATIONAHA.108.792101
http://www.ncbi.nlm.nih.gov/pubmed/19237663
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2739097
https://dx.doi.org/10.2337/diabetes.51.6.1938
http://www.ncbi.nlm.nih.gov/pubmed/12031984
https://dx.doi.org/10.2337/db08-0617
http://www.ncbi.nlm.nih.gov/pubmed/19592621
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2750234
https://dx.doi.org/10.1073/pnas.1513047112
http://www.ncbi.nlm.nih.gov/pubmed/26217001
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4568687
https://dx.doi.org/10.1152/ajpheart.1996.271.1.H192
http://www.ncbi.nlm.nih.gov/pubmed/8760175
https://dx.doi.org/10.1093/cvr/26.4.409
http://www.ncbi.nlm.nih.gov/pubmed/1638575
https://dx.doi.org/10.1038/nature10230
http://www.ncbi.nlm.nih.gov/pubmed/21685888
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4141877
https://dx.doi.org/10.1038/nature10234
http://www.ncbi.nlm.nih.gov/pubmed/21685886
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3486726
https://dx.doi.org/10.1038/nrm4039
http://www.ncbi.nlm.nih.gov/pubmed/26285678
https://dx.doi.org/10.1113/JP273059
http://www.ncbi.nlm.nih.gov/pubmed/27991671
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5471511
https://dx.doi.org/10.1016/j.yjmcc.2008.12.022
http://www.ncbi.nlm.nih.gov/pubmed/19318235
https://dx.doi.org/10.1152/ajpheart.00932.2010
http://www.ncbi.nlm.nih.gov/pubmed/21076025
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3023249
https://dx.doi.org/10.1196/annals.1341.022
http://www.ncbi.nlm.nih.gov/pubmed/16093501
https://dx.doi.org/10.1016/j.lfs.2015.09.018
http://www.ncbi.nlm.nih.gov/pubmed/26407476
https://dx.doi.org/10.1152/ajpcell.00236.2016
http://www.ncbi.nlm.nih.gov/pubmed/27681178
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5206303
https://dx.doi.org/10.1007/978-3-319-55330-6_22
http://www.ncbi.nlm.nih.gov/pubmed/28551800
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5822681
https://dx.doi.org/10.1172/JCI67478
http://www.ncbi.nlm.nih.gov/pubmed/23908111
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3754253
https://dx.doi.org/10.3945/jn.113.184291
http://www.ncbi.nlm.nih.gov/pubmed/24759932
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4056643
https://dx.doi.org/10.1016/j.metabol.2020.154400
http://www.ncbi.nlm.nih.gov/pubmed/33058853
https://dx.doi.org/10.1096/fj.04-2095fje
http://www.ncbi.nlm.nih.gov/pubmed/15569776
https://dx.doi.org/10.1161/hc0702.103977
http://www.ncbi.nlm.nih.gov/pubmed/11854126
https://dx.doi.org/10.1161/HYPERTENSIONAHA.108.110031
http://www.ncbi.nlm.nih.gov/pubmed/18574077
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3660087
https://dx.doi.org/10.1007/s00125-014-3343-4
http://www.ncbi.nlm.nih.gov/pubmed/25091629
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4182127
https://dx.doi.org/10.1096/fj.01-0400hyp
http://www.ncbi.nlm.nih.gov/pubmed/11689475


Page 24 of Werbner et al. J Cardiovasc Aging 2023;3:9 https://dx.doi.org/10.20517/jca.2022.4234

2016;1861:1569-78.  DOI  PubMed
Grossman W, Jones D, McLaurin LP. Wall stress and patterns of hypertrophy in the human left ventricle. J Clin Invest 1975;56:56-
64.  DOI  PubMed  PMC

41.     

Bristow MR. Mechanisms of development of heart failure in the hypertensive patient. Cardiology 1999;92:3-6; discussion 7.  DOI  
PubMed

42.     

Kupari M, Turto H, Lommi J. Left ventricular hypertrophy in aortic valve stenosis: preventive or promotive of systolic dysfunction 
and heart failure? Eur Heart J 2005;26:1790-6.  DOI  PubMed

43.     

Carabello BA. Aortic stenosis: from pressure overload to heart failure. Heart Fail Clin 2006;2:435-42.  DOI  PubMed44.     
Rimbaud S, Garnier A, Ventura-clapier R. Mitochondrial biogenesis in cardiac pathophysiology. Pharmacol Rep 2009;61:131-8.  
DOI  PubMed

45.     

Molkentin JD, Robbins J. With great power comes great responsibility: using mouse genetics to study cardiac hypertrophy and 
failure. J Mol Cell Cardiol 2009;46:130-6.  DOI  PubMed  PMC

46.     

Doenst T, Pytel G, Schrepper A, et al. Decreased rates of substrate oxidation ex vivo predict the onset of heart failure and contractile 
dysfunction in rats with pressure overload. Cardiovasc Res 2010;86:461-70.  DOI  PubMed

47.     

Bilsen M, van Nieuwenhoven FA, van der Vusse GJ. Metabolic remodelling of the failing heart: beneficial or detrimental? 
Cardiovasc Res 2009;81:420-8.  DOI

48.     

Wende AR, Abel ED. Lipotoxicity in the heart. Biochim Biophys Acta 2010;1801:311-9.  DOI  PubMed  PMC49.     
Floras JS. Sympathetic nervous system activation in human heart failure: clinical implications of an updated model. J Am Coll 
Cardiol 2009;54:375-85.  DOI  PubMed

50.     

Opie LH, Knuuti J. The adrenergic-fatty acid load in heart failure. J Am Coll Cardiol 2009;54:1637-46.  DOI  PubMed51.     
Sharma S, Adrogue JV, Golfman L, et al. Intramyocardial lipid accumulation in the failing human heart resembles the lipotoxic rat 
heart. FASEB J 2004;18:1692-700.  DOI  PubMed

52.     

Schrauwen P, Schrauwen-Hinderling V, Hoeks J, Hesselink MK. Mitochondrial dysfunction and lipotoxicity. Biochim Biophys Acta 
2010;1801:266-71.  DOI  PubMed

53.     

Allard MF. Energy substrate metabolism in cardiac hypertrophy. Curr Hypertens Rep 2004;6:430-5.  DOI  PubMed54.     
Jang JY, Blum A, Liu J, Finkel T. The role of mitochondria in aging. J Clin Invest 2018;128:3662-70.  DOI  PubMed  PMC55.     
Navarro A, Boveris A. The mitochondrial energy transduction system and the aging process. Am J Physiol Cell Physiol 
2007;292:C670-86.  DOI  PubMed

56.     

Tatarková Z, Kuka S, Račay P, et al. Effects of aging on activities of mitochondrial electron transport chain complexes and oxidative 
damage in rat heart. Physiol Res 2011;60:281-9.  DOI  PubMed

57.     

Dai DF, Karunadharma PP, Chiao YA, et al. Altered proteome turnover and remodeling by short-term caloric restriction or rapamycin 
rejuvenate the aging heart. Aging Cell 2014;13:529-39.  DOI

58.     

Fraga CG, Shigenaga MK, Park JW, Degan P, Ames BN. Oxidative damage to DNA during aging: 8-hydroxy-2′-deoxyguanosine in 
rat organ DNA and urine. Proc Natl Acad Sci USA 1990;87:4533-7.  DOI  PubMed  PMC

59.     

Pikó L, Hougham AJ, Bulpitt KJ. Studies of sequence heterogeneity of mitochondrial DNA from rat and mouse tissues: evidence for 
an increased frequency of deletions/additions with aging. Mech Ageing Dev 1988;43:279-93.  DOI  PubMed

60.     

Kujoth GC, Hiona A, Pugh TD, et al. Mitochondrial DNA mutations, oxidative stress, and apoptosis in mammalian aging. Science 
2005;309:481-4.  DOI  PubMed

61.     

Nakada K, Inoue K, Chen CS, et al. Correlation of functional and ultrastructural abnormalities of mitochondria in mouse heart 
carrying a pathogenic mutant mtDNA with a 4696-bp deletion. Biochem Biophys Res Commun 2001;288:901-7.  DOI  PubMed

62.     

Hom J, Sheu SS. Morphological dynamics of mitochondria-a special emphasis on cardiac muscle cells. J Mol Cell Cardiol 
2009;46:811-20.  DOI  PubMed  PMC

63.     

Dai DF, Rabinovitch PS. Cardiac aging in mice and humans: the role of mitochondrial oxidative stress. Trends Cardiovasc Med 
2009;19:213-20.  DOI  PubMed  PMC

64.     

Tate EL, Herbener GH. A morphometric study of the density of mitochondrial cristae in heart and liver of aging mice. J Gerontol 
1976;31:129-34.  DOI  PubMed

65.     

Fleischer M, Warmuth H, Backwinkel KP, Themann H. [Ultrastructural morphometric analysis of normally loaded human 
myocardial left ventricles from young and old patients (author’s transl)]. Virchows Arch A Pathol Anat Histol 1978;380:123-33.  DOI  
PubMed

66.     

Lee HJ, Mayette J, Rapoport SI, Bazinet RP. Selective remodeling of cardiolipin fatty acids in the aged rat heart. Lipids Health Dis 
2006;5:2.  DOI  PubMed  PMC

67.     

Tamburini I, Quartacci MF, Izzo R, Bergamini E. Effects of dietary restriction on age-related changes in the phospholipid fatty acid 
composition of various rat tissues. Aging Clin Exp Res 2004;16:425-31.  DOI  PubMed

68.     

Schlame M, Ren M. The role of cardiolipin in the structural organization of mitochondrial membranes. Biochim Biophys Acta 
2009;1788:2080-3.  DOI  PubMed  PMC

69.     

Schlame M. Cardiolipin remodeling and the function of tafazzin. Biochim Biophys Acta 2013;1831:582-8.  DOI  PubMed70.     
Khan A. Growth hormone, insulin-like growth factor-1 and the aging cardiovascular system. Cardiovasc Res 2002;54:25-35.  DOI  
PubMed

71.     

Johnson SC, Rabinovitch PS, Kaeberlein M. mTOR is a key modulator of ageing and age-related disease. Nature 2013;493:338-45.  72.     

https://dx.doi.org/10.1016/j.bbalip.2016.01.019
http://www.ncbi.nlm.nih.gov/pubmed/26825692
https://dx.doi.org/10.1172/JCI108079
http://www.ncbi.nlm.nih.gov/pubmed/124746
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC436555
https://dx.doi.org/10.1159/000047287
http://www.ncbi.nlm.nih.gov/pubmed/10652966
https://dx.doi.org/10.1093/eurheartj/ehi290
http://www.ncbi.nlm.nih.gov/pubmed/15860517
https://dx.doi.org/10.1016/j.hfc.2006.11.001
http://www.ncbi.nlm.nih.gov/pubmed/17448430
https://dx.doi.org/10.1016/s1734-1140(09)70015-5
http://www.ncbi.nlm.nih.gov/pubmed/19307701
https://dx.doi.org/10.1016/j.yjmcc.2008.09.002
http://www.ncbi.nlm.nih.gov/pubmed/18845155
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2644412
https://dx.doi.org/10.1093/cvr/cvp414
http://www.ncbi.nlm.nih.gov/pubmed/20035032
https://dx.doi.org/10.1093/cvr/cvn282
https://dx.doi.org/10.1016/j.bbalip.2009.09.023
http://www.ncbi.nlm.nih.gov/pubmed/19818871
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2823976
https://dx.doi.org/10.1016/j.jacc.2009.03.061
http://www.ncbi.nlm.nih.gov/pubmed/19628111
https://dx.doi.org/10.1016/j.jacc.2009.07.024
http://www.ncbi.nlm.nih.gov/pubmed/19850204
https://dx.doi.org/10.1096/fj.04-2263com
http://www.ncbi.nlm.nih.gov/pubmed/15522914
https://dx.doi.org/10.1016/j.bbalip.2009.09.011
http://www.ncbi.nlm.nih.gov/pubmed/19782153
https://dx.doi.org/10.1007/s11906-004-0036-2
http://www.ncbi.nlm.nih.gov/pubmed/15527686
https://dx.doi.org/10.1172/JCI120842
http://www.ncbi.nlm.nih.gov/pubmed/30059016
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6118639
https://dx.doi.org/10.1152/ajpcell.00213.2006
http://www.ncbi.nlm.nih.gov/pubmed/17020935
https://dx.doi.org/10.33549/physiolres.932019
http://www.ncbi.nlm.nih.gov/pubmed/21114360
https://dx.doi.org/10.1111/acel.12203
https://dx.doi.org/10.1073/pnas.87.12.4533
http://www.ncbi.nlm.nih.gov/pubmed/2352934
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC54150
https://dx.doi.org/10.1016/0047-6374(88)90037-1
http://www.ncbi.nlm.nih.gov/pubmed/2849701
https://dx.doi.org/10.1126/science.1112125
http://www.ncbi.nlm.nih.gov/pubmed/16020738
https://dx.doi.org/10.1006/bbrc.2001.5873
http://www.ncbi.nlm.nih.gov/pubmed/11688994
https://dx.doi.org/10.1016/j.yjmcc.2009.02.023
http://www.ncbi.nlm.nih.gov/pubmed/19281816
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2995918
https://dx.doi.org/10.1016/j.tcm.2009.12.004
http://www.ncbi.nlm.nih.gov/pubmed/20382344
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2858758
https://dx.doi.org/10.1093/geronj/31.2.129
http://www.ncbi.nlm.nih.gov/pubmed/1249400
https://dx.doi.org/10.1007/BF00430619
http://www.ncbi.nlm.nih.gov/pubmed/153031
https://dx.doi.org/10.1186/1476-511X-5-2
http://www.ncbi.nlm.nih.gov/pubmed/16430781
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1402292
https://dx.doi.org/10.1007/BF03327396
http://www.ncbi.nlm.nih.gov/pubmed/15739591
https://dx.doi.org/10.1016/j.bbamem.2009.04.019
http://www.ncbi.nlm.nih.gov/pubmed/19413994
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2757492
https://dx.doi.org/10.1016/j.bbalip.2012.11.007
http://www.ncbi.nlm.nih.gov/pubmed/23200781
https://dx.doi.org/10.1016/s0008-6363(01)00533-8
http://www.ncbi.nlm.nih.gov/pubmed/12062358


Page 25 of Werbner et al. J Cardiovasc Aging 2023;3:9 https://dx.doi.org/10.20517/jca.2022.42 34

DOI  PubMed  PMC
Kapahi P, Zid BM, Harper T, Koslover D, Sapin V, Benzer S. Regulation of lifespan in Drosophila by modulation of genes in the 
TOR signaling pathway. Curr Biol 2004;14:885-90.  DOI  PubMed  PMC

73.     

Karamanlidis G, Lee CF, Garcia-Menendez L, et al. Mitochondrial complex I deficiency increases protein acetylation and accelerates 
heart failure. Cell Metab 2013;18:239-50.  DOI  PubMed  PMC

74.     

Yang H, Zhou L, Shi Q, et al. SIRT3-dependent GOT2 acetylation status affects the malate-aspartate NADH shuttle activity and 
pancreatic tumor growth. EMBO J 2015;34:1110-25.  DOI  PubMed  PMC

75.     

Lee CF, Chavez JD, Garcia-Menendez L, et al. Normalization of NAD+ redox balance as a therapy for heart failure. Circulation 
2016;134:883-94.  DOI  PubMed  PMC

76.     

Zhang X, Ji R, Liao X, et al. MicroRNA-195 regulates metabolism in failing myocardium via alterations in sirtuin 3 expression and 
mitochondrial protein acetylation. Circulation 2018;137:2052-67.  DOI  PubMed  PMC

77.     

Cencioni C, Spallotta F, Mai A, et al. Sirtuin function in aging heart and vessels. J Mol Cell Cardiol 2015;83:55-61.  DOI  PubMed78.     
Wang B, Yang Q, Sun YY, et al. Resveratrol-enhanced autophagic flux ameliorates myocardial oxidative stress injury in diabetic 
mice. J Cell Mol Med 2014;18:1599-611.  DOI  PubMed  PMC

79.     

Sack MN, Finkel T. Mitochondrial metabolism, sirtuins, and aging. Cold Spring Harb Perspect Biol 2012;4:a013102-a013102.  DOI  
PubMed  PMC

80.     

Walker MA, Tian R. NAD(H) in mitochondrial energy transduction: implications for health and disease. Curr Opin Physiol 
2018;3:101-9.  DOI  PubMed  PMC

81.     

Sundaresan NR, Samant SA, Pillai VB, Rajamohan SB, Gupta MP. SIRT3 is a stress-responsive deacetylase in cardiomyocytes that 
protects cells from stress-mediated cell death by deacetylation of Ku70. Mol Cell Biol 2008;28:6384-401.  DOI  PubMed  PMC

82.     

Sack MN. Emerging characterization of the role of SIRT3-mediated mitochondrial protein deacetylation in the heart. Am J Physiol 
Heart Circ Physiol 2011;301:H2191-7.  DOI  PubMed  PMC

83.     

Ghosh R, Vinod V, Symons JD, Boudina S. Protein and mitochondria quality control mechanisms and cardiac aging. Cells 
2020;9:933.  DOI  PubMed  PMC

84.     

Muller S, Isabey A, Couppez M, Plaue S, Sommermeyer G, Van Regenmortel MH. Specificity of antibodies raised against 
triacetylated histone H4. Mol Immunol 1987;24:779-89.  DOI  PubMed

85.     

Scarpulla RC. Metabolic control of mitochondrial biogenesis through the PGC-1 family regulatory network. Biochim Biophys Acta 
2011;1813:1269-78.  DOI  PubMed  PMC

86.     

Lehman JJ, Barger PM, Kovacs A, Saffitz JE, Medeiros DM, Kelly DP. Peroxisome proliferator-activated receptor gamma 
coactivator-1 promotes cardiac mitochondrial biogenesis. J Clin Invest 2000;106:847-56.  DOI  PubMed  PMC

87.     

Russell LK, Mansfield CM, Lehman JJ, et al. Cardiac-Specific Induction of the Transcriptional Coactivator Peroxisome Proliferator-
Activated Receptor γ Coactivator-1α Promotes Mitochondrial Biogenesis and Reversible Cardiomyopathy in a Developmental Stage-
Dependent Manner. Circ Res 2004;94:525-33.  DOI  PubMed

88.     

Valori M, Jansson L, Tienari PJ. CD8+ cell somatic mutations in multiple sclerosis patients and controls-Enrichment of mutations in 
STAT3 and other genes implicated in hematological malignancies. PLoS One 2021;16:e0261002.  DOI  PubMed  PMC

89.     

Lelliott CJ, Medina-Gomez G, Petrovic N, et al. Ablation of PGC-1beta results in defective mitochondrial activity, thermogenesis, 
hepatic function, and cardiac performance. PLoS Biol 2006;4:e369.  DOI  PubMed  PMC

90.     

Sonoda J, Mehl IR, Chong LW, Nofsinger RR, Evans RM. PGC-1beta controls mitochondrial metabolism to modulate circadian 
activity, adaptive thermogenesis, and hepatic steatosis. Proc Natl Acad Sci USA 2007;104:5223-8.  DOI  PubMed  PMC

91.     

Vianna CR, Huntgeburth M, Coppari R, et al. Hypomorphic mutation of PGC-1beta causes mitochondrial dysfunction and liver 
insulin resistance. Cell Metab 2006;4:453-64.  DOI  PubMed  PMC

92.     

He X, Sun C, Wang F, et al. Peri-implantation lethality in mice lacking the PGC-1-related coactivator protein. Dev Dyn 
2012;241:975-83.  DOI  PubMed

93.     

Gupte AA, Hamilton DJ, Cordero-Reyes AM, et al. Mechanical unloading promotes myocardial energy recovery in human heart 
failure. Circ Cardiovasc Genet 2014;7:266-76.  DOI  PubMed  PMC

94.     

Garnier A, Fortin D, Deloménie C, Momken I, Veksler V, Ventura-Clapier R. Depressed mitochondrial transcription factors and 
oxidative capacity in rat failing cardiac and skeletal muscles. J Physiol 2003;551:491-501.  DOI  PubMed  PMC

95.     

Huss JM, Imahashi K, Dufour CR, et al. The nuclear receptor ERRalpha is required for the bioenergetic and functional adaptation to 
cardiac pressure overload. Cell Metab 2007;6:25-37.  DOI  PubMed

96.     

Riehle C, Wende AR, Zaha VG, et al. PGC-1β deficiency accelerates the transition to heart failure in pressure overload hypertrophy. 
Circ Res 2011;109:783-93.  DOI  PubMed  PMC

97.     

Hu X, Xu X, Huang Y, et al. Disruption of sarcolemmal ATP-sensitive potassium channel activity impairs the cardiac response to 
systolic overload. Circ Res 2008;103:1009-17.  DOI  PubMed  PMC

98.     

Hu X, Xu X, Lu Z, et al. AMP activated protein kinase-α2 regulates expression of estrogen-related receptor-α, a metabolic 
transcription factor related to heart failure development. Hypertension 2011;58:696-703.  DOI  PubMed  PMC

99.     

Karamanlidis G, Nascimben L, Couper GS, Shekar PS, del Monte F, Tian R. Defective DNA replication impairs mitochondrial 
biogenesis in human failing hearts. Circ Res 2010;106:1541-8.  DOI  PubMed  PMC

100.     

Scarpulla RC, Vega RB, Kelly DP. Transcriptional integration of mitochondrial biogenesis. Trends Endocrinol Metab 2012;23:459-
66.  DOI  PubMed  PMC

101.     

https://dx.doi.org/10.1038/nature11861
http://www.ncbi.nlm.nih.gov/pubmed/23325216
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3687363
https://dx.doi.org/10.1016/j.cub.2004.03.059
http://www.ncbi.nlm.nih.gov/pubmed/15186745
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2754830
https://dx.doi.org/10.1016/j.cmet.2013.07.002
http://www.ncbi.nlm.nih.gov/pubmed/23931755
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3779647
https://dx.doi.org/10.15252/embj.201591041
http://www.ncbi.nlm.nih.gov/pubmed/25755250
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4406655
https://dx.doi.org/10.1161/CIRCULATIONAHA.116.022495
http://www.ncbi.nlm.nih.gov/pubmed/27489254
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5193133
https://dx.doi.org/10.1161/CIRCULATIONAHA.117.030486
http://www.ncbi.nlm.nih.gov/pubmed/29330215
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6449058
https://dx.doi.org/10.1016/j.yjmcc.2014.12.023
http://www.ncbi.nlm.nih.gov/pubmed/25579854
https://dx.doi.org/10.1111/jcmm.12312
http://www.ncbi.nlm.nih.gov/pubmed/24889822
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4190906
https://dx.doi.org/10.1101/cshperspect.a013102
http://www.ncbi.nlm.nih.gov/pubmed/23209156
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3504438
https://dx.doi.org/10.1016/j.cophys.2018.03.011
http://www.ncbi.nlm.nih.gov/pubmed/32258851
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7112453
https://dx.doi.org/10.1128/MCB.00426-08
http://www.ncbi.nlm.nih.gov/pubmed/18710944
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2577434
https://dx.doi.org/10.1152/ajpheart.00199.2011
http://www.ncbi.nlm.nih.gov/pubmed/21984547
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3233806
https://dx.doi.org/10.3390/cells9040933
http://www.ncbi.nlm.nih.gov/pubmed/32290135
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7226975
https://dx.doi.org/10.1016/0161-5890(87)90062-9
http://www.ncbi.nlm.nih.gov/pubmed/2443844
https://dx.doi.org/10.1016/j.bbamcr.2010.09.019
http://www.ncbi.nlm.nih.gov/pubmed/20933024
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3035754
https://dx.doi.org/10.1172/JCI10268
http://www.ncbi.nlm.nih.gov/pubmed/11018072
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC517815
https://dx.doi.org/10.1161/01.RES.0000117088.36577.EB
http://www.ncbi.nlm.nih.gov/pubmed/14726475
https://dx.doi.org/10.1371/journal.pone.0261002
http://www.ncbi.nlm.nih.gov/pubmed/34874980
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8651110
https://dx.doi.org/10.1371/journal.pbio.0040369
http://www.ncbi.nlm.nih.gov/pubmed/17090215
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1634886
https://dx.doi.org/10.1073/pnas.0611623104
http://www.ncbi.nlm.nih.gov/pubmed/17360356
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1829290
https://dx.doi.org/10.1016/j.cmet.2006.11.003
http://www.ncbi.nlm.nih.gov/pubmed/17141629
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1764615
https://dx.doi.org/10.1002/dvdy.23769
http://www.ncbi.nlm.nih.gov/pubmed/22411706
https://dx.doi.org/10.1161/CIRCGENETICS.113.000404
http://www.ncbi.nlm.nih.gov/pubmed/24825877
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4394989
https://dx.doi.org/10.1113/jphysiol.2003.045104
http://www.ncbi.nlm.nih.gov/pubmed/12824444
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2343221
https://dx.doi.org/10.1016/j.cmet.2007.06.005
http://www.ncbi.nlm.nih.gov/pubmed/17618854
https://dx.doi.org/10.1161/CIRCRESAHA.111.243964
http://www.ncbi.nlm.nih.gov/pubmed/21799152
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3175248
https://dx.doi.org/10.1161/CIRCRESAHA.107.170795
http://www.ncbi.nlm.nih.gov/pubmed/18802029
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2877276
https://dx.doi.org/10.1161/HYPERTENSIONAHA.111.174128
http://www.ncbi.nlm.nih.gov/pubmed/21825219
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3182261
https://dx.doi.org/10.1161/CIRCRESAHA.109.212753
http://www.ncbi.nlm.nih.gov/pubmed/20339121
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2880225
https://dx.doi.org/10.1016/j.tem.2012.06.006
http://www.ncbi.nlm.nih.gov/pubmed/22817841
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3580164


Page 26 of Werbner et al. J Cardiovasc Aging 2023;3:9 https://dx.doi.org/10.20517/jca.2022.4234

Li H, Wang J, Wilhelmsson H, et al. Genetic modification of survival in tissue-specific knockout mice with mitochondrial 
cardiomyopathy. Proc Natl Acad Sci USA 2000;97:3467-72.  DOI  PubMed  PMC

102.     

Duncan JG, Fong JL, Medeiros DM, Finck BN, Kelly DP. Insulin-resistant heart exhibits a mitochondrial biogenic response driven 
by the peroxisome proliferator-activated receptor-alpha/PGC-1alpha gene regulatory pathway. Circulation 2007;115:909-17.  DOI  
PubMed  PMC

103.     

Bugger H, Boudina S, Hu XX, et al. Type 1 diabetic akita mouse hearts are insulin sensitive but manifest structurally abnormal 
mitochondria that remain coupled despite increased uncoupling protein 3. Diabetes 2008;57:2924-32.  DOI  PubMed  PMC

104.     

Tao L, Huang X, Xu M, Yang L, Hua F. MiR-144 protects the heart from hyperglycemia-induced injury by regulating mitochondrial 
biogenesis and cardiomyocyte apoptosis. FASEB J 2020;34:2173-97.  DOI  PubMed

105.     

Chang LT, Sun CK, Wang CY, et al. Downregulation of peroxisme proliferator activated receptor gamma co-activator 1alpha in 
diabetic rats. Int Heart J 2006;47:901-10.  DOI  PubMed

106.     

Chan DC. Dissecting mitochondrial fusion. Dev Cell 2006;11:592-4.  DOI107.     
Detmer SA, Chan DC. Functions and dysfunctions of mitochondrial dynamics. Nat Rev Mol Cell Biol 2007;8:870-9.  DOI  PubMed108.     
Hoppins S, Nunnari J. The molecular mechanism of mitochondrial fusion. Biochim Biophys Acta 2009;1793:20-6.  DOI  PubMed109.     
Logan DC. Mitochondrial dynamics. New Phytol 2003;160:463-78.  DOI  PubMed110.     
Griparic L, van der Wel NN, Orozco IJ, Peters PJ, van der Bliek AM. Loss of the intermembrane space protein Mgm1/OPA1 induces 
swelling and localized constrictions along the lengths of mitochondria. J Biol Chem 2004;279:18792-8.  DOI  PubMed

111.     

Santel A, Fuller MT. Control of mitochondrial morphology by a human mitofusin. J Cell Sci 2001;114:867-74.  DOI  PubMed112.     
Lee YJ, Jeong SY, Karbowski M, Smith CL, Youle RJ. Roles of the mammalian mitochondrial fission and fusion mediators Fis1, 
Drp1, and Opa1 in apoptosis. Mol Biol Cell 2004;15:5001-11.  DOI  PubMed  PMC

113.     

Pitts KR, Yoon Y, Krueger EW, McNiven MA. The dynamin-like protein DLP1 is essential for normal distribution and morphology 
of the endoplasmic reticulum and mitochondria in mammalian cells. Mol Biol Cell 1999;10:4403-17.  DOI  PubMed  PMC

114.     

Stojanovski D, Koutsopoulos OS, Okamoto K, Ryan MT. Levels of human Fis1 at the mitochondrial outer membrane regulate 
mitochondrial morphology. J Cell Sci 2004;117:1201-10.  DOI  PubMed

115.     

Gong G, Song M, Csordas G, Kelly DP, Matkovich SJ, Dorn GW 2nd. Parkin-mediated mitophagy directs perinatal cardiac metabolic 
maturation in mice. Science 2015;350:aad2459.  DOI  PubMed  PMC

116.     

Papanicolaou KN, Ngoh GA, Dabkowski ER, et al. Cardiomyocyte deletion of mitofusin-1 leads to mitochondrial fragmentation and 
improves tolerance to ROS-induced mitochondrial dysfunction and cell death. Am J Physiol Heart Circ Physiol 2012;302:H167-79.  
DOI  PubMed  PMC

117.     

Chen Y, Liu Y, Dorn GW 2nd. Mitochondrial fusion is essential for organelle function and cardiac homeostasis. Circ Res 
2011;109:1327-31.  DOI  PubMed  PMC

118.     

Papanicolaou KN, Kikuchi R, Ngoh GA, et al. Mitofusins 1 and 2 are essential for postnatal metabolic remodeling in heart. Circ Res 
2012;111:1012-26.  DOI  PubMed  PMC

119.     

Ikeda Y, Shirakabe A, Maejima Y, et al. Endogenous Drp1 mediates mitochondrial autophagy and protects the heart against energy 
stress. Circ Res 2015;116:264-78.  DOI  PubMed

120.     

Kageyama Y, Hoshijima M, Seo K, et al. Parkin-independent mitophagy requires Drp1 and maintains the integrity of mammalian 
heart and brain. EMBO J 2014;33:2798-813.  DOI  PubMed  PMC

121.     

Song M, Mihara K, Chen Y, Scorrano L, Dorn GW 2nd. Mitochondrial fission and fusion factors reciprocally orchestrate mitophagic 
culling in mouse hearts and cultured fibroblasts. Cell Metab 2015;21:273-86.  DOI  PubMed  PMC

122.     

Song M, Franco A, Fleischer JA, Zhang L, Dorn GW 2nd. Abrogating mitochondrial dynamics in mouse hearts accelerates 
mitochondrial senescence. Cell Metab 2017;26:872-883.e5.  DOI  PubMed  PMC

123.     

Wai T, García-Prieto J, Baker MJ, et al. Imbalanced OPA1 processing and mitochondrial fragmentation cause heart failure in mice. 
Science 2015;350:aad0116.  DOI  PubMed

124.     

Uchikado Y, Ikeda Y, Ohishi M. Current understanding of the pivotal role of mitochondrial dynamics in cardiovascular diseases and 
senescence. Front Cardiovasc Med 2022;9:905072.  DOI  PubMed  PMC

125.     

Bouche L, Kamel R, Tamareille S, et al. DRP1 haploinsufficiency attenuates cardiac ischemia/reperfusion injuries. PLoS One 
2021;16:e0248554.  DOI  PubMed  PMC

126.     

Brady NR, Hamacher-Brady A, Gottlieb RA. Proapoptotic BCL-2 family members and mitochondrial dysfunction during 
ischemia/reperfusion injury, a study employing cardiac HL-1 cells and GFP biosensors. Biochim Biophys Acta 2006;1757:667-78.  
DOI  PubMed

127.     

Le Page S, Niro M, Fauconnier J, et al. Increase in cardiac ischemia-reperfusion injuries in opa1+/- mouse model. PLoS One 
2016;11:e0164066.  DOI  PubMed  PMC

128.     

Varanita T, Soriano ME, Romanello V, et al. The OPA1-dependent mitochondrial cristae remodeling pathway controls atrophic, 
apoptotic, and ischemic tissue damage. Cell Metab 2015;21:834-44.  DOI  PubMed  PMC

129.     

Haileselassie B, Mukherjee R, Joshi AU, et al. Drp1/Fis1 interaction mediates mitochondrial dysfunction in septic cardiomyopathy. J 
Mol Cell Cardiol 2019;130:160-9.  DOI  PubMed  PMC

130.     

Hsiao YT, Shimizu I, Wakasugi T, et al. Cardiac mitofusin-1 is reduced in non-responding patients with idiopathic dilated 
cardiomyopathy. Sci Rep 2021;11:6722.  DOI  PubMed  PMC

131.     

Hu Q, Zhang H, Gutiérrez Cortés N, et al. Increased Drp1 acetylation by lipid overload induces cardiomyocyte death and heart 132.     

https://dx.doi.org/10.1073/pnas.97.7.3467
http://www.ncbi.nlm.nih.gov/pubmed/10737799
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC16263
https://dx.doi.org/10.1161/CIRCULATIONAHA.106.662296
http://www.ncbi.nlm.nih.gov/pubmed/17261654
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4322937
https://dx.doi.org/10.2337/db08-0079
http://www.ncbi.nlm.nih.gov/pubmed/18678617
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2570388
https://dx.doi.org/10.1096/fj.201901838R
http://www.ncbi.nlm.nih.gov/pubmed/31907983
https://dx.doi.org/10.1536/ihj.47.901
http://www.ncbi.nlm.nih.gov/pubmed/17268124
https://dx.doi.org/10.1016/j.devcel.2006.10.009
https://dx.doi.org/10.1038/nrm2275
http://www.ncbi.nlm.nih.gov/pubmed/17928812
https://dx.doi.org/10.1016/j.bbamcr.2008.07.005
http://www.ncbi.nlm.nih.gov/pubmed/18691613
https://dx.doi.org/10.1046/j.1469-8137.2003.00918.x
http://www.ncbi.nlm.nih.gov/pubmed/33873653
https://dx.doi.org/10.1074/jbc.M400920200
http://www.ncbi.nlm.nih.gov/pubmed/14970223
https://dx.doi.org/10.1242/jcs.114.5.867
http://www.ncbi.nlm.nih.gov/pubmed/11181170
https://dx.doi.org/10.1091/mbc.e04-04-0294
http://www.ncbi.nlm.nih.gov/pubmed/15356267
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC524759
https://dx.doi.org/10.1091/mbc.10.12.4403
http://www.ncbi.nlm.nih.gov/pubmed/10588666
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC25766
https://dx.doi.org/10.1242/jcs.01058
http://www.ncbi.nlm.nih.gov/pubmed/14996942
https://dx.doi.org/10.1126/science.aad2459
http://www.ncbi.nlm.nih.gov/pubmed/26785495
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4747105
https://dx.doi.org/10.1152/ajpheart.00833.2011
http://www.ncbi.nlm.nih.gov/pubmed/22037195
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3334239
https://dx.doi.org/10.1161/CIRCRESAHA.111.258723
http://www.ncbi.nlm.nih.gov/pubmed/22052916
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3237902
https://dx.doi.org/10.1161/CIRCRESAHA.112.274142
http://www.ncbi.nlm.nih.gov/pubmed/22904094
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3518037
https://dx.doi.org/10.1161/CIRCRESAHA.116.303356
http://www.ncbi.nlm.nih.gov/pubmed/25332205
https://dx.doi.org/10.15252/embj.201488658
http://www.ncbi.nlm.nih.gov/pubmed/25349190
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4282557
https://dx.doi.org/10.1016/j.cmet.2014.12.011
http://www.ncbi.nlm.nih.gov/pubmed/25600785
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4318753
https://dx.doi.org/10.1016/j.cmet.2017.09.023
http://www.ncbi.nlm.nih.gov/pubmed/29107503
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5718956
https://dx.doi.org/10.1126/science.aad0116
http://www.ncbi.nlm.nih.gov/pubmed/26785494
https://dx.doi.org/10.3389/fcvm.2022.905072
http://www.ncbi.nlm.nih.gov/pubmed/35665261
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9157625
https://dx.doi.org/10.1371/journal.pone.0248554
http://www.ncbi.nlm.nih.gov/pubmed/33765018
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7993837
https://dx.doi.org/10.1016/j.bbabio.2006.04.011
http://www.ncbi.nlm.nih.gov/pubmed/16730326
https://dx.doi.org/10.1371/journal.pone.0164066
http://www.ncbi.nlm.nih.gov/pubmed/27723783
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5056696
https://dx.doi.org/10.1016/j.cmet.2015.05.007
http://www.ncbi.nlm.nih.gov/pubmed/26039448
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4457892
https://dx.doi.org/10.1016/j.yjmcc.2019.04.006
http://www.ncbi.nlm.nih.gov/pubmed/30981733
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6948926
https://dx.doi.org/10.1038/s41598-021-86209-y
http://www.ncbi.nlm.nih.gov/pubmed/33762690
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7990924


Page 27 of Werbner et al. J Cardiovasc Aging 2023;3:9 https://dx.doi.org/10.20517/jca.2022.42 34

dysfunction. Circ Res 2020;126:456-70.  DOI  PubMed  PMC
Montaigne D, Marechal X, Coisne A, et al. Myocardial contractile dysfunction is associated with impaired mitochondrial function 
and dynamics in type 2 diabetic but not in obese patients. Circulation 2014;130:554-64.  DOI

133.     

Tsushima K, Bugger H, Wende AR, et al. Mitochondrial reactive oxygen species in lipotoxic hearts induce post-translational 
modifications of AKAP121, DRP1, and OPA1 That Promote Mitochondrial Fission. Circ Res 2018;122:58-73.  DOI  PubMed  PMC

134.     

Wu QR, Zheng DL, Liu PM, et al. High glucose induces Drp1-mediated mitochondrial fission via the Orai1 calcium channel to 
participate in diabetic cardiomyocyte hypertrophy. Cell Death Dis 2021;12:216.  DOI  PubMed  PMC

135.     

Chen L, Gong Q, Stice JP, Knowlton AA. Mitochondrial OPA1, apoptosis, and heart failure. Cardiovasc Res 2009;84:91-9.  DOI  
PubMed  PMC

136.     

Guo Y, Wang Z, Qin X, et al. Enhancing fatty acid utilization ameliorates mitochondrial fragmentation and cardiac dysfunction via 
rebalancing optic atrophy 1 processing in the failing heart. Cardiovasc Res 2018;114:979-91.  DOI  PubMed

137.     

Shirakabe A, Zhai P, Ikeda Y, et al. Drp1-dependent mitochondrial autophagy plays a protective role against pressure overload-
induced mitochondrial dysfunction and heart failure. Circulation 2016;133:1249-63.  DOI

138.     

Shou J, Huo Y. PINK1 phosphorylates Drp1(S616) to improve mitochondrial fission and inhibit the progression of hypertension-
induced HFpEF. Int J Mol Sci 2022;23:11934.  DOI  PubMed  PMC

139.     

Thai PN, Seidlmayer LK, Miller C, et al. Mitochondrial quality control in aging and heart failure: influence of ketone bodies and 
mitofusin-stabilizing peptides. Front Physiol 2019;10:382.  DOI  PubMed  PMC

140.     

Yu H, Guo Y, Mi L, Wang X, Li L, Gao W. Mitofusin 2 inhibits angiotensin II-induced myocardial hypertrophy. J Cardiovasc 
Pharmacol Ther 2011;16:205-11.  DOI  PubMed

141.     

Youle RJ, Narendra DP. Mechanisms of mitophagy. Nat Rev Mol Cell Biol 2011;12:9-14.  DOI  PubMed  PMC142.     
Quiles JM, Gustafsson ÅB. Mitochondrial quality control and cellular proteostasis: two sides of the same coin. Front Physiol 
2020;11:515.  DOI  PubMed  PMC

143.     

Gustafsson ÅB, Dorn GW 2nd. Evolving and expanding the roles of mitophagy as a homeostatic and pathogenic process. Physiol Rev 
2019;99:853-92.  DOI  PubMed  PMC

144.     

Onishi M, Yamano K, Sato M, Matsuda N, Okamoto K. Molecular mechanisms and physiological functions of mitophagy. EMBO J 
2021;40:e104705.  DOI  PubMed  PMC

145.     

Saito T, Hamano K, Sadoshima J. Molecular mechanisms and clinical implications of multiple forms of mitophagy in the heart. 
Cardiovasc Res 2021;117:2730-41.  DOI  PubMed  PMC

146.     

Billia F, Hauck L, Konecny F, Rao V, Shen J, Mak TW. PTEN-inducible kinase 1 (PINK1)/Park6 is indispensable for normal heart 
function. Proc Natl Acad Sci USA 2011;108:9572-7.  DOI  PubMed  PMC

147.     

Kubli DA, Quinsay MN, Gustafsson AB. Parkin deficiency results in accumulation of abnormal mitochondria in aging myocytes. 
Commun Integr Biol 2013;6:e24511.  DOI  PubMed  PMC

148.     

Song M, Gong G, Burelle Y, et al. Interdependence of parkin-mediated mitophagy and mitochondrial fission in adult mouse hearts. 
Circ Res 2015;117:346-51.  DOI  PubMed  PMC

149.     

Kubli DA, Zhang X, Lee Y, et al. Parkin protein deficiency exacerbates cardiac injury and reduces survival following myocardial 
infarction. J Biol Chem 2013;288:915-26.  DOI  PubMed  PMC

150.     

Wu S, Lu Q, Wang Q, et al. Binding of FUN14 domain containing 1 with inositol 1,4,5-trisphosphate receptor in mitochondria-
associated endoplasmic reticulum membranes maintains mitochondrial dynamics and function in hearts in vivo. Circulation 
2017;136:2248-66.  DOI  PubMed  PMC

151.     

Oka T, Hikoso S, Yamaguchi O, et al. Mitochondrial DNA that escapes from autophagy causes inflammation and heart failure. 
Nature 2012;485:251-5.  DOI  PubMed  PMC

152.     

Durga Devi T, Babu M, Mäkinen P, et al. Aggravated postinfarct heart failure in type 2 diabetes is associated with impaired 
mitophagy and exaggerated inflammasome activation. Am J Pathol 2017;187:2659-73.  DOI  PubMed

153.     

Chaanine AH, Joyce LD, Stulak JM, et al. Mitochondrial morphology, dynamics, and function in human pressure overload or 
ischemic heart disease with preserved or reduced ejection fraction. Circ Heart Fail 2019;12:e005131.  DOI

154.     

Tong M, Saito T, Zhai P, et al. Alternative mitophagy protects the heart against obesity-associated cardiomyopathy. Circ Res 
2021;129:1105-21.  DOI  PubMed

155.     

Boudina S, Abel ED. Diabetic cardiomyopathy revisited. Circulation 2007;115:3213-23.  DOI  PubMed156.     
Aubert G, Martin OJ, Horton JL, et al. The failing heart relies on ketone bodies as a fuel. Circulation 2016;133:698-705.  DOI157.     
Ho KL, Karwi QG, Connolly D, et al. Metabolic, structural and biochemical changes in diabetes and the development of heart failure. 
Diabetologia 2022;65:411-23.  DOI  PubMed

158.     

Abel ED, Doenst T. Mitochondrial adaptations to physiological vs. pathological cardiac hypertrophy. Cardiovasc Res 2011;90:234-
42.  DOI  PubMed  PMC

159.     

Boudina S, Abel ED. Mitochondrial uncoupling: a key contributor to reduced cardiac efficiency in diabetes. Physiology 2006;21:250-
8.  DOI  PubMed

160.     

Bugger H, Abel ED. Molecular mechanisms for myocardial mitochondrial dysfunction in the metabolic syndrome. Clin Sci 
2008;114:195-210.  DOI  PubMed

161.     

Bugger H, Abel ED. Mitochondria in the diabetic heart. Cardiovasc Res 2010;88:229-40.  DOI  PubMed  PMC162.     
Rosca MG, Tandler B, Hoppel CL. Mitochondria in cardiac hypertrophy and heart failure. J Mol Cell Cardiol 2013;55:31-41.  DOI  163.     

https://dx.doi.org/10.1161/CIRCRESAHA.119.315252
http://www.ncbi.nlm.nih.gov/pubmed/31896304
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7035202
https://dx.doi.org/10.1161/circulationaha.113.008476
https://dx.doi.org/10.1161/CIRCRESAHA.117.311307
http://www.ncbi.nlm.nih.gov/pubmed/29092894
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5756120
https://dx.doi.org/10.1038/s41419-021-03502-4
http://www.ncbi.nlm.nih.gov/pubmed/33637715
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7910592
https://dx.doi.org/10.1093/cvr/cvp181
http://www.ncbi.nlm.nih.gov/pubmed/19493956
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2741347
https://dx.doi.org/10.1093/cvr/cvy052
http://www.ncbi.nlm.nih.gov/pubmed/29490017
https://dx.doi.org/10.1161/CIRCULATIONAHA.115.020502
https://dx.doi.org/10.3390/ijms231911934
http://www.ncbi.nlm.nih.gov/pubmed/36233236
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9570161
https://dx.doi.org/10.3389/fphys.2019.00382
http://www.ncbi.nlm.nih.gov/pubmed/31024341
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6467974
https://dx.doi.org/10.1177/1074248410385683
http://www.ncbi.nlm.nih.gov/pubmed/21106870
https://dx.doi.org/10.1038/nrm3028
http://www.ncbi.nlm.nih.gov/pubmed/21179058
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4780047
https://dx.doi.org/10.3389/fphys.2020.00515
http://www.ncbi.nlm.nih.gov/pubmed/32528313
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7263099
https://dx.doi.org/10.1152/physrev.00005.2018
http://www.ncbi.nlm.nih.gov/pubmed/30540226
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6442924
https://dx.doi.org/10.15252/embj.2020104705
http://www.ncbi.nlm.nih.gov/pubmed/33438778
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7849173
https://dx.doi.org/10.1093/cvr/cvaa340
http://www.ncbi.nlm.nih.gov/pubmed/33331644
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8932294
https://dx.doi.org/10.1073/pnas.1106291108
http://www.ncbi.nlm.nih.gov/pubmed/21606348
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3111326
https://dx.doi.org/10.4161/cib.24511
http://www.ncbi.nlm.nih.gov/pubmed/23986804
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3737749
https://dx.doi.org/10.1161/CIRCRESAHA.117.306859
http://www.ncbi.nlm.nih.gov/pubmed/26038571
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4522211
https://dx.doi.org/10.1074/jbc.M112.411363
http://www.ncbi.nlm.nih.gov/pubmed/23152496
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3543040
https://dx.doi.org/10.1161/CIRCULATIONAHA.117.030235
http://www.ncbi.nlm.nih.gov/pubmed/28942427
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5716911
https://dx.doi.org/10.1038/nature10992
http://www.ncbi.nlm.nih.gov/pubmed/22535248
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3378041
https://dx.doi.org/10.1016/j.ajpath.2017.08.023
http://www.ncbi.nlm.nih.gov/pubmed/28935571
https://dx.doi.org/10.1161/CIRCHEARTFAILURE.118.005131
https://dx.doi.org/10.1161/CIRCRESAHA.121.319377
http://www.ncbi.nlm.nih.gov/pubmed/34724805
https://dx.doi.org/10.1161/CIRCULATIONAHA.106.679597
http://www.ncbi.nlm.nih.gov/pubmed/17592090
https://dx.doi.org/10.1161/CIRCULATIONAHA.115.017355
https://dx.doi.org/10.1007/s00125-021-05637-7
http://www.ncbi.nlm.nih.gov/pubmed/34994805
https://dx.doi.org/10.1093/cvr/cvr015
http://www.ncbi.nlm.nih.gov/pubmed/21257612
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3115280
https://dx.doi.org/10.1152/physiol.00008.2006
http://www.ncbi.nlm.nih.gov/pubmed/16868314
https://dx.doi.org/10.1042/CS20070166
http://www.ncbi.nlm.nih.gov/pubmed/18184113
https://dx.doi.org/10.1093/cvr/cvq239
http://www.ncbi.nlm.nih.gov/pubmed/20639213
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2952534
https://dx.doi.org/10.1016/j.yjmcc.2012.09.002


Page 28 of Werbner et al. J Cardiovasc Aging 2023;3:9 https://dx.doi.org/10.20517/jca.2022.4234

PubMed  PMC
Goldberg IJ, Trent CM, Schulze PC. Lipid metabolism and toxicity in the heart. Cell Metab 2012;15:805-12.  DOI  PubMed  PMC164.     
Cheng L, Ding G, Qin Q, et al. Cardiomyocyte-restricted peroxisome proliferator-activated receptor-delta deletion perturbs 
myocardial fatty acid oxidation and leads to cardiomyopathy. Nat Med 2004;10:1245-50.  DOI  PubMed

165.     

Chiu H, Kovacs A, Blanton RM, et al. Transgenic expression of fatty acid transport protein 1 in the heart causes lipotoxic 
cardiomyopathy. Circ Res 2005;96:225-33.  DOI  PubMed

166.     

Chiu HC, Kovacs A, Ford DA, et al. A novel mouse model of lipotoxic cardiomyopathy. J Clin Invest 2001;107:813-22.  DOI  
PubMed  PMC

167.     

Finck BN, Lehman JJ, Leone TC, et al. The cardiac phenotype induced by PPARalpha overexpression mimics that caused by diabetes 
mellitus. J Clin Invest 2002;109:121-30.  DOI  PubMed  PMC

168.     

Haemmerle G, Lass A, Zimmermann R, et al. Defective lipolysis and altered energy metabolism in mice lacking adipose triglyceride 
lipase. Science 2006;312:734-7.  DOI  PubMed

169.     

Schweiger M, Schreiber R, Haemmerle G, et al. Adipose triglyceride lipase and hormone-sensitive lipase are the major enzymes in 
adipose tissue triacylglycerol catabolism. J Biol Chem 2006;281:40236-41.  DOI  PubMed

170.     

Son NH, Park TS, Yamashita H, et al. Cardiomyocyte expression of PPARgamma leads to cardiac dysfunction in mice. J Clin Invest 
2007;117:2791-801.  DOI  PubMed  PMC

171.     

Buchanan J, Mazumder PK, Hu P, et al. Reduced cardiac efficiency and altered substrate metabolism precedes the onset of 
hyperglycemia and contractile dysfunction in two mouse models of insulin resistance and obesity. Endocrinology 2005;146:5341-9.  
DOI  PubMed

172.     

Christoffersen C, Bollano E, Lindegaard ML, et al. Cardiac lipid accumulation associated with diastolic dysfunction in obese mice. 
Endocrinology 2003;144:3483-90.  DOI  PubMed

173.     

Borradaile NM, Han X, Harp JD, Gale SE, Ory DS, Schaffer JE. Disruption of endoplasmic reticulum structure and integrity in 
lipotoxic cell death. J Lipid Res 2006;47:2726-37.  DOI  PubMed

174.     

Sparagna GC, Hickson-Bick DL, Buja LM, McMillin JB. A metabolic role for mitochondria in palmitate-induced cardiac myocyte 
apoptosis. Am J Physiol Heart Circ Physiol 2000;279:H2124-32.  DOI  PubMed

175.     

Law BA, Liao X, Moore KS, et al. Lipotoxic very-long-chain ceramides cause mitochondrial dysfunction, oxidative stress, and cell 
death in cardiomyocytes. FASEB J 2018;32:1403-16.  DOI  PubMed  PMC

176.     

He L, Kim T, Long Q, et al. Carnitine palmitoyltransferase-1b deficiency aggravates pressure overload-induced cardiac hypertrophy 
caused by lipotoxicity. Circulation 2012;126:1705-16.  DOI  PubMed  PMC

177.     

Haynie KR, Vandanmagsar B, Wicks SE, Zhang J, Mynatt RL. Inhibition of carnitine palymitoyltransferase1b induces cardiac 
hypertrophy and mortality in mice. Diabetes Obes Metab 2014;16:757-60.  DOI  PubMed  PMC

178.     

Gélinas R, Thompson-Legault J, Bouchard B, et al. Prolonged QT interval and lipid alterations beyond β-oxidation in very long-chain 
acyl-CoA dehydrogenase null mouse hearts. Am J Physiol Heart Circ Physiol 2011;301:H813-23.  DOI  PubMed  PMC

179.     

Watanabe K, Fujii H, Takahashi T, et al. Constitutive regulation of cardiac fatty acid metabolism through peroxisome proliferator-
activated receptor alpha associated with age-dependent cardiac toxicity. J Biol Chem 2000;275:22293-9.  DOI  PubMed

180.     

Xiong D, He H, James J, et al. Cardiac-specific VLCAD deficiency induces dilated cardiomyopathy and cold intolerance. Am J 
Physiol Heart Circ Physiol 2014;306:H326-38.  DOI  PubMed  PMC

181.     

Basu R, Oudit GY, Wang X, et al. Type 1 diabetic cardiomyopathy in the Akita (Ins2WT/C96Y) mouse model is characterized by 
lipotoxicity and diastolic dysfunction with preserved systolic function. Am J Physiol Heart Circ Physiol 2009;297:H2096-108.  DOI  
PubMed

182.     

Zhou YT, Grayburn P, Karim A, et al. Lipotoxic heart disease in obese rats: implications for human obesity. Proc Natl Acad Sci USA 
2000;97:1784-9.  DOI  PubMed  PMC

183.     

Beam J, Botta A, Ye J, et al. Excess linoleic acid increases collagen I/III ratio and “stiffens” the heart muscle following high fat diets. 
J Biol Chem 2015;290:23371-84.  DOI  PubMed  PMC

184.     

Inoguchi T, Battan R, Handler E, Sportsman JR, Heath W, King GL. Preferential elevation of protein kinase C isoform beta II and 
diacylglycerol levels in the aorta and heart of diabetic rats: differential reversibility to glycemic control by islet cell transplantation. 
Proc Natl Acad Sci USA 1992;89:11059-63.  DOI  PubMed  PMC

185.     

Evcimen N, King GL. The role of protein kinase C activation and the vascular complications of diabetes. Pharmacol Res 
2007;55:498-510.  DOI  PubMed

186.     

Sokolova M, Vinge LE, Alfsnes K, et al. Palmitate promotes inflammatory responses and cellular senescence in cardiac fibroblasts. 
Biochim Biophys Acta Mol Cell Biol Lipids 2017;1862:234-45.  DOI  PubMed

187.     

Ueno M, Suzuki J, Zenimaru Y, et al. Cardiac overexpression of hormone-sensitive lipase inhibits myocardial steatosis and fibrosis in 
streptozotocin diabetic mice. Am J Physiol Endocrinol Metab 2008;294:E1109-18.  DOI  PubMed

188.     

Xiong Z, Li Y, Zhao Z, et al. Mst1 knockdown alleviates cardiac lipotoxicity and inhibits the development of diabetic 
cardiomyopathy in db/db mice. Biochim Biophys Acta Mol Basis Dis 2020;1866:165806.  DOI  PubMed

189.     

Torres CR, Hart GW. Topography and polypeptide distribution of terminal N-acetylglucosamine residues on the surfaces of intact 
lymphocytes. Evidence for O-linked GlcNAc. J Biol Chem 1984;259:3308-17.  DOI

190.     

Ding F, Yu L, Wang M, Xu S, Xia Q, Fu G. O-GlcNAcylation involvement in high glucose-induced cardiac hypertrophy via ERK1/2 
and cyclin D2. Amino Acids 2013;45:339-49.  DOI  PubMed

191.     

http://www.ncbi.nlm.nih.gov/pubmed/22982369
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3805050
https://dx.doi.org/10.1016/j.cmet.2012.04.006
http://www.ncbi.nlm.nih.gov/pubmed/22682221
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3387529
https://dx.doi.org/10.1038/nm1116
http://www.ncbi.nlm.nih.gov/pubmed/15475963
https://dx.doi.org/10.1161/01.RES.0000154079.20681.B9
http://www.ncbi.nlm.nih.gov/pubmed/15618539
https://dx.doi.org/10.1172/JCI10947
http://www.ncbi.nlm.nih.gov/pubmed/11285300
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC199569
https://dx.doi.org/10.1172/JCI14080
http://www.ncbi.nlm.nih.gov/pubmed/11781357
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC150824
https://dx.doi.org/10.1126/science.1123965
http://www.ncbi.nlm.nih.gov/pubmed/16675698
https://dx.doi.org/10.1074/jbc.M608048200
http://www.ncbi.nlm.nih.gov/pubmed/17074755
https://dx.doi.org/10.1172/JCI30335
http://www.ncbi.nlm.nih.gov/pubmed/17823655
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1964508
https://dx.doi.org/10.1210/en.2005-0938
http://www.ncbi.nlm.nih.gov/pubmed/16141388
https://dx.doi.org/10.1210/en.2003-0242
http://www.ncbi.nlm.nih.gov/pubmed/12865329
https://dx.doi.org/10.1194/jlr.M600299-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/16960261
https://dx.doi.org/10.1152/ajpheart.2000.279.5.H2124
http://www.ncbi.nlm.nih.gov/pubmed/11045945
https://dx.doi.org/10.1096/fj.201700300R
http://www.ncbi.nlm.nih.gov/pubmed/29127192
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5892719
https://dx.doi.org/10.1161/CIRCULATIONAHA.111.075978
http://www.ncbi.nlm.nih.gov/pubmed/22932257
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3484985
https://dx.doi.org/10.1111/dom.12248
http://www.ncbi.nlm.nih.gov/pubmed/24330405
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4057362
https://dx.doi.org/10.1152/ajpheart.01275.2010
http://www.ncbi.nlm.nih.gov/pubmed/21685264
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3191095
https://dx.doi.org/10.1074/jbc.M000248200
http://www.ncbi.nlm.nih.gov/pubmed/10801788
https://dx.doi.org/10.1152/ajpheart.00931.2012
http://www.ncbi.nlm.nih.gov/pubmed/24285112
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3920141
https://dx.doi.org/10.1152/ajpheart.00452.2009
http://www.ncbi.nlm.nih.gov/pubmed/19801494
https://dx.doi.org/10.1073/pnas.97.4.1784
http://www.ncbi.nlm.nih.gov/pubmed/10677535
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC26513
https://dx.doi.org/10.1074/jbc.M115.682195
http://www.ncbi.nlm.nih.gov/pubmed/26240151
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4645600
https://dx.doi.org/10.1073/pnas.89.22.11059
http://www.ncbi.nlm.nih.gov/pubmed/1438315
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC50483
https://dx.doi.org/10.1016/j.phrs.2007.04.016
http://www.ncbi.nlm.nih.gov/pubmed/17574431
https://dx.doi.org/10.1016/j.bbalip.2016.11.003
http://www.ncbi.nlm.nih.gov/pubmed/27845246
https://dx.doi.org/10.1152/ajpendo.00016.2008
http://www.ncbi.nlm.nih.gov/pubmed/18413675
https://dx.doi.org/10.1016/j.bbadis.2020.165806
http://www.ncbi.nlm.nih.gov/pubmed/32320827
https://dx.doi.org/10.1016/S0021-9258(17)43295-9
https://dx.doi.org/10.1007/s00726-013-1504-2
http://www.ncbi.nlm.nih.gov/pubmed/23665912


Page 29 of Werbner et al. J Cardiovasc Aging 2023;3:9 https://dx.doi.org/10.20517/jca.2022.42 34

Hu Y, Suarez J, Fricovsky E, et al. Increased enzymatic O-GlcNAcylation of mitochondrial proteins impairs mitochondrial function 
in cardiac myocytes exposed to high glucose. J Biol Chem 2009;284:547-55.  DOI  PubMed  PMC

192.     

Lu S, Liao Z, Lu X, et al. Hyperglycemia acutely increases cytosolic reactive oxygen species via O-linked GlcNAcylation and 
CaMKII activation in mouse ventricular myocytes. Circ Res 2020;126:e80-96.  DOI  PubMed  PMC

193.     

Ngoh GA, Watson LJ, Facundo HT, Jones SP. Augmented O-GlcNAc signaling attenuates oxidative stress and calcium overload in 
cardiomyocytes. Amino Acids 2011;40:895-911.  DOI  PubMed  PMC

194.     

Palaniappan KK, Hangauer MJ, Smith TJ, et al. A chemical glycoproteomics platform reveals O-GlcNAcylation of mitochondrial 
voltage-dependent anion channel 2. Cell Rep 2013;5:546-52.  DOI  PubMed  PMC

195.     

Chatham JC, Zhang J, Wende AR. Role of O-linked N-acetylglucosamine protein modification in cellular (patho)physiology. Physiol 
Rev 2021;101:427-93.  DOI  PubMed  PMC

196.     

Gawlowski T, Suarez J, Scott B, et al. Modulation of dynamin-related protein 1 (DRP1) function by increased O-linked-β-N-
acetylglucosamine modification (O-GlcNAc) in cardiac myocytes. J Biol Chem 2012;287:30024-34.  DOI  PubMed  PMC

197.     

Ahmed N. Advanced glycation endproducts-role in pathology of diabetic complications. Diabetes Res Clin Pract 2005;67:3-21.  DOI  
PubMed

198.     

Singh R, Barden A, Mori T, Beilin L. Advanced glycation end-products: a review. Diabetologia 2001;44:129-46.  DOI  PubMed199.     
Vlassara H, Palace MR. Diabetes and advanced glycation endproducts. J Intern Med 2002;251:87-101.  DOI  PubMed200.     
Barlovic DP, Soro-Paavonen A, Jandeleit-Dahm KA. RAGE biology, atherosclerosis and diabetes. Clin Sci 2011;121:43-55.  DOI  
PubMed

201.     

Hartog JW, Voors AA, Bakker SJ, Smit AJ, van Veldhuisen DJ. Advanced glycation end-products (AGEs) and heart failure: 
pathophysiology and clinical implications. Eur J Heart Fail 2007;9:1146-55.  DOI  PubMed

202.     

Nelson MB, Swensen AC, Winden DR, Bodine JS, Bikman BT, Reynolds PR. Cardiomyocyte mitochondrial respiration is reduced 
by receptor for advanced glycation end-product signaling in a ceramide-dependent manner. Am J Physiol Heart Circ Physiol 
2015;309:H63-9.  DOI  PubMed

203.     

Yang YC, Tsai CY, Chen CL, et al. Pkcδ activation is involved in ROS-mediated mitochondrial dysfunction and apoptosis in 
cardiomyocytes exposed to advanced glycation end products (ages). Aging Dis 2018;9:647-63.  DOI  PubMed  PMC

204.     

Zhang M, Kho AL, Anilkumar N, et al. Glycated proteins stimulate reactive oxygen species production in cardiac myocytes: 
involvement of Nox2 (gp91phox)-containing NADPH oxidase. Circulation 2006;113:1235-43.  DOI  PubMed

205.     

Manigrasso MB, Juranek J, Ramasamy R, Schmidt AM. Unlocking the biology of RAGE in diabetic microvascular complications. 
Trends Endocrinol Metab 2014;25:15-22.  DOI  PubMed  PMC

206.     

Yu Y, Wang L, Delguste F, et al. Advanced glycation end products receptor RAGE controls myocardial dysfunction and oxidative 
stress in high-fat fed mice by sustaining mitochondrial dynamics and autophagy-lysosome pathway. Free Radic Biol Med 
2017;112:397-410.  DOI  PubMed

207.     

Neviere R, Yu Y, Wang L, Tessier F, Boulanger E. Implication of advanced glycation end products (Ages) and their receptor (Rage) 
on myocardial contractile and mitochondrial functions. Glycoconj J 2016;33:607-17.  DOI  PubMed

208.     

González A, Schelbert EB, Díez J, Butler J. Myocardial interstitial fibrosis in heart failure: biological and translational perspectives. J 
Am Coll Cardiol 2018;71:1696-706.  DOI  PubMed

209.     

Kasner M, Westermann D, Lopez B, et al. Diastolic tissue Doppler indexes correlate with the degree of collagen expression and 
cross-linking in heart failure and normal ejection fraction. J Am Coll Cardiol 2011;57:977-85.  DOI  PubMed

210.     

Zile MR, Baicu CF, Ikonomidis JS, et al. Myocardial stiffness in patients with heart failure and a preserved ejection fraction: 
contributions of collagen and titin. Circulation 2015;131:1247-59.  DOI

211.     

González A, López B, Ravassa S, San José G, Díez J. The complex dynamics of myocardial interstitial fibrosis in heart failure. Focus 
on collagen cross-linking. Biochim Biophys Acta Mol Cell Res 2019;1866:1421-32.  DOI

212.     

López B, Querejeta R, González A, Larman M, Díez J. Collagen cross-linking but not collagen amount associates with elevated 
filling pressures in hypertensive patients with stage C heart failure: potential role of lysyl oxidase. Hypertension 2012;60:677-83.  
DOI

213.     

Frangogiannis NG. Cardiac fibrosis. Cardiovasc Res 2021;117:1450-88.  DOI  PubMed  PMC214.     
Sampson N, Berger P, Zenzmaier C. Redox signaling as a therapeutic target to inhibit myofibroblast activation in degenerative 
fibrotic disease. Biomed Res Int 2014;2014:131737.  DOI  PubMed  PMC

215.     

Grosche J, Meißner J, Eble JA. More than a syllable in fib-ROS-is: the role of ROS on the fibrotic extracellular matrix and on cellular 
contacts. Mol Aspects Med 2018;63:30-46.  DOI  PubMed

216.     

Marinho HS, Real C, Cyrne L, Soares H, Antunes F. Hydrogen peroxide sensing, signaling and regulation of transcription factors. 
Redox Biol 2014;2:535-62.  DOI  PubMed  PMC

217.     

Brodsky B, Persikov AV. Molecular structure of the collagen triple helix. Adv Protein Chem 2005;70:301-39.  DOI  PubMed218.     
Perret S, Merle C, Bernocco S, et al. Unhydroxylated triple helical collagen I produced in transgenic plants provides new clues on the 
role of hydroxyproline in collagen folding and fibril formation. J Biol Chem 2001;276:43693-8.  DOI  PubMed

219.     

Wagner K, Pöschl E, Turnay J, et al. Coexpression of α and β subunits of prolyl 4-hydroxylase stabilizes the triple helix of 
recombinant human type X collagen. Biochem J 2000;352:907-11.  DOI

220.     

Barth D, Kyrieleis O, Frank S, Renner C, Moroder L. The role of cystine knots in collagen folding and stability, part II. 
Conformational properties of (Pro-Hyp-Gly)n model trimers with N- and C-terminal collagen type III cystine knots. Chemistry 

221.     

https://dx.doi.org/10.1074/jbc.M808518200
http://www.ncbi.nlm.nih.gov/pubmed/19004814
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2610513
https://dx.doi.org/10.1161/CIRCRESAHA.119.316288
http://www.ncbi.nlm.nih.gov/pubmed/32134364
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7210078
https://dx.doi.org/10.1007/s00726-010-0728-7
http://www.ncbi.nlm.nih.gov/pubmed/20798965
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3118675
https://dx.doi.org/10.1016/j.celrep.2013.08.048
http://www.ncbi.nlm.nih.gov/pubmed/24120863
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3869705
https://dx.doi.org/10.1152/physrev.00043.2019
http://www.ncbi.nlm.nih.gov/pubmed/32730113
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8428922
https://dx.doi.org/10.1074/jbc.M112.390682
http://www.ncbi.nlm.nih.gov/pubmed/22745122
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3436129
https://dx.doi.org/10.1016/j.diabres.2004.09.004
http://www.ncbi.nlm.nih.gov/pubmed/15620429
https://dx.doi.org/10.1007/s001250051591
http://www.ncbi.nlm.nih.gov/pubmed/11270668
https://dx.doi.org/10.1046/j.1365-2796.2002.00932.x
http://www.ncbi.nlm.nih.gov/pubmed/11905595
https://dx.doi.org/10.1042/CS20100501
http://www.ncbi.nlm.nih.gov/pubmed/21457145
https://dx.doi.org/10.1016/j.ejheart.2007.09.009
http://www.ncbi.nlm.nih.gov/pubmed/18023248
https://dx.doi.org/10.1152/ajpheart.00043.2015
http://www.ncbi.nlm.nih.gov/pubmed/25957215
https://dx.doi.org/10.14336/AD.2017.0924
http://www.ncbi.nlm.nih.gov/pubmed/30090653
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6065295
https://dx.doi.org/10.1161/CIRCULATIONAHA.105.581397
http://www.ncbi.nlm.nih.gov/pubmed/16505175
https://dx.doi.org/10.1016/j.tem.2013.08.002
http://www.ncbi.nlm.nih.gov/pubmed/24011512
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3877224
https://dx.doi.org/10.1016/j.freeradbiomed.2017.08.012
http://www.ncbi.nlm.nih.gov/pubmed/28826719
https://dx.doi.org/10.1007/s10719-016-9679-x
http://www.ncbi.nlm.nih.gov/pubmed/27277623
https://dx.doi.org/10.1016/j.jacc.2018.02.021
http://www.ncbi.nlm.nih.gov/pubmed/29650126
https://dx.doi.org/10.1016/j.jacc.2010.10.024
http://www.ncbi.nlm.nih.gov/pubmed/21329845
https://dx.doi.org/10.1161/CIRCULATIONAHA.114.013215
https://dx.doi.org/10.1016/j.bbamcr.2019.06.001
https://dx.doi.org/10.1161/HYPERTENSIONAHA.112.196113
https://dx.doi.org/10.1093/cvr/cvaa324
http://www.ncbi.nlm.nih.gov/pubmed/33135058
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8152700
https://dx.doi.org/10.1155/2014/131737
http://www.ncbi.nlm.nih.gov/pubmed/24701562
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3950649
https://dx.doi.org/10.1016/j.mam.2018.03.005
http://www.ncbi.nlm.nih.gov/pubmed/29596842
https://dx.doi.org/10.1016/j.redox.2014.02.006
http://www.ncbi.nlm.nih.gov/pubmed/24634836
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3953959
https://dx.doi.org/10.1016/S0065-3233(05)70009-7
http://www.ncbi.nlm.nih.gov/pubmed/15837519
https://dx.doi.org/10.1074/jbc.M105507200
http://www.ncbi.nlm.nih.gov/pubmed/11557756
https://dx.doi.org/10.1042/bj3520907


Page 30 of Werbner et al. J Cardiovasc Aging 2023;3:9 https://dx.doi.org/10.20517/jca.2022.4234

2003;9:3703-14.  DOI  PubMed
Singh P, Carraher C, Schwarzbauer JE. Assembly of fibronectin extracellular matrix. Annu Rev Cell Dev Biol 2010;26:397-419.  DOI  
PubMed  PMC

222.     

Goh KY, He L, Song J, et al. Mitoquinone ameliorates pressure overload-induced cardiac fibrosis and left ventricular dysfunction in 
mice. Redox Biol 2019;21:101100.  DOI  PubMed  PMC

223.     

Liu RM, Desai LP. Reciprocal regulation of TGF-β and reactive oxygen species: a perverse cycle for fibrosis. Redox Biol 2015;6:565-
77.  DOI  PubMed  PMC

224.     

Barnes JL, Gorin Y. Myofibroblast differentiation during fibrosis: role of NAD(P)H oxidases. Kidney Int 2011;79:944-56.  DOI  
PubMed  PMC

225.     

Cucoranu I, Clempus R, Dikalova A, et al. NAD(P)H oxidase 4 mediates transforming growth factor-β1-induced differentiation of 
cardiac fibroblasts into myofibroblasts. Circ Res 2005;97:900-7.  DOI  PubMed

226.     

Barcellos-Hoff MH, Dix TA. Redox-mediated activation of latent transforming growth factor-beta 1. Mol Endocrinol 1996;10:1077-
83.  DOI  PubMed

227.     

Siwik DA, Pagano PJ, Colucci WS. Oxidative stress regulates collagen synthesis and matrix metalloproteinase activity in cardiac 
fibroblasts. Am J Physiol Cell Physiol 2001;280:C53-60.  DOI  PubMed

228.     

Sabri A, Hughie HH, Lucchesi PA. Regulation of hypertrophic and apoptotic signaling pathways by reactive oxygen species in 
cardiac myocytes. Antioxid Redox Signal 2003;5:731-40.  DOI  PubMed

229.     

Takimoto E, Kass DA. Role of oxidative stress in cardiac hypertrophy and remodeling. Hypertension 2007;49:241-8.  DOI  PubMed230.     
Aikawa R, Nagai T, Tanaka M, et al. Reactive oxygen species in mechanical stress-induced cardiac hypertrophy. Biochem Biophys 
Res Commun 2001;289:901-7.  DOI  PubMed

231.     

Sabri A, Byron KL, Samarel AM, Bell J, Lucchesi PA. Hydrogen peroxide activates mitogen-activated protein kinases and Na+-H+ 
exchange in neonatal rat cardiac myocytes. Cir Res 1998;82:1053-62.  DOI  PubMed

232.     

Wei S, Rothstein EC, Fliegel L, Dell’Italia LJ, Lucchesi PA. Differential MAP kinase activation and Na+/H+ exchanger 
phosphorylation by H2O2 in rat cardiac myocytes. Am J Physiol Cell Physiol 2001;281:C1542-50.  DOI  PubMed

233.     

Tu VC, Bahl JJ, Chen QM. Signals of oxidant-induced cardiomyocyte hypertrophy: key activation of p70 S6 kinase-1 and 
phosphoinositide 3-kinase. J Pharmacol Exp Ther 2002;300:1101-10.  DOI  PubMed

234.     

Kwon S. H2O2 regulates cardiac myocyte phenotype via concentration-dependent activation of distinct kinase pathways. J Mol Cell 
Cardiol 2003;35:615-21.  DOI  PubMed

235.     

Amin JK, Xiao L, Pimental DR, et al. Reactive oxygen species mediate alpha-adrenergic receptor-stimulated hypertrophy in adult rat 
ventricular myocytes. J Mol Cell Cardiol 2001;33:131-9.  DOI  PubMed

236.     

Tanaka K, Honda M, Takabatake T. Redox regulation of MAPK pathways and cardiac hypertrophy in adult rat cardiac myocyte. J 
Am Coll Cardiol 2001;37:676-85.  DOI  PubMed

237.     

Kuster GM, Pimentel DR, Adachi T, et al. α-adrenergic receptor-stimulated hypertrophy in adult rat ventricular myocytes is mediated 
via thioredoxin-1-sensitive oxidative modification of thiols on ras. Circulation 2005;111:1192-8.  DOI  PubMed

238.     

Nah J, Shirakabe A, Mukai R, et al. Ulk1-dependent alternative mitophagy plays a protective role during pressure overload in the 
heart. Cardiovasc Res 2022;118:2638-51.  DOI  PubMed

239.     

Chen H, Ren S, Clish C, et al. Titration of mitochondrial fusion rescues Mff-deficient cardiomyopathy. J Cell Biol 2015;211:795-805.  
DOI  PubMed  PMC

240.     

Danial NN, Korsmeyer SJ. Cell death: critical control points. Cell 2004;116:205-19.  DOI  PubMed241.     
Re DP, Amgalan D, Linkermann A, Liu Q, Kitsis RN. Fundamental mechanisms of regulated cell death and implications for heart 
disease. Physiol Rev 2019;99:1765-817.  DOI  PubMed  PMC

242.     

Nakagawa T, Shimizu S, Watanabe T, et al. Cyclophilin D-dependent mitochondrial permeability transition regulates some necrotic 
but not apoptotic cell death. Nature 2005;434:652-8.  DOI

243.     

Baines CP, Kaiser RA, Purcell NH, et al. Loss of cyclophilin D reveals a critical role for mitochondrial permeability transition in cell 
death. Nature 2005;434:658-62.  DOI  PubMed

244.     

Karch J, Molkentin JD. Identifying the components of the elusive mitochondrial permeability transition pore. Proc Natl Acad Sci 
USA 2014;111:10396-7.  DOI  PubMed  PMC

245.     

Alavian KN, Beutner G, Lazrove E, et al. An uncoupling channel within the c-subunit ring of the F1FO ATP synthase is the 
mitochondrial permeability transition pore. Proc Natl Acad Sci USA 2014;111:10580-5.  DOI

246.     

Carroll J, He J, Ding S, Fearnley IM, Walker JE. Persistence of the permeability transition pore in human mitochondria devoid of an 
assembled ATP synthase. Proc Natl Acad Sci USA 2019;116:12816-21.  DOI  PubMed  PMC

247.     

He J, Ford HC, Carroll J, Ding S, Fearnley IM, Walker JE. Persistence of the mitochondrial permeability transition in the absence of 
subunit c of human ATP synthase. Proc Natl Acad Sci USA 2017;114:3409-14.  DOI  PubMed  PMC

248.     

Chipuk JE, Moldoveanu T, Llambi F, Parsons MJ, Green DR. The BCL-2 family reunion. Mol Cell 2010;37:299-310.  DOI  PubMed  
PMC

249.     

Gao XM, White DA, Dart AM, Du XJ. Post-infarct cardiac rupture: recent insights on pathogenesis and therapeutic interventions. 
Pharmacol Ther 2012;134:156-79.  DOI  PubMed

250.     

Wende AR, O’Neill BT, Bugger H, et al. Enhanced cardiac Akt/protein kinase B signaling contributes to pathological cardiac 
hypertrophy in part by impairing mitochondrial function via transcriptional repression of mitochondrion-targeted nuclear genes. Mol 

251.     

https://dx.doi.org/10.1002/chem.200304918
http://www.ncbi.nlm.nih.gov/pubmed/12898697
https://dx.doi.org/10.1146/annurev-cellbio-100109-104020
http://www.ncbi.nlm.nih.gov/pubmed/20690820
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3628685
https://dx.doi.org/10.1016/j.redox.2019.101100
http://www.ncbi.nlm.nih.gov/pubmed/30641298
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6330374
https://dx.doi.org/10.1016/j.redox.2015.09.009
http://www.ncbi.nlm.nih.gov/pubmed/26496488
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4625010
https://dx.doi.org/10.1038/ki.2010.516
http://www.ncbi.nlm.nih.gov/pubmed/21307839
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3675765
https://dx.doi.org/10.1161/01.RES.0000187457.24338.3D
http://www.ncbi.nlm.nih.gov/pubmed/16179589
https://dx.doi.org/10.1210/mend.10.9.8885242
http://www.ncbi.nlm.nih.gov/pubmed/8885242
https://dx.doi.org/10.1152/ajpcell.2001.280.1.C53
http://www.ncbi.nlm.nih.gov/pubmed/11121376
https://dx.doi.org/10.1089/152308603770380034
http://www.ncbi.nlm.nih.gov/pubmed/14588146
https://dx.doi.org/10.1161/01.HYP.0000254415.31362.a7
http://www.ncbi.nlm.nih.gov/pubmed/17190878
https://dx.doi.org/10.1006/bbrc.2001.6068
http://www.ncbi.nlm.nih.gov/pubmed/11735132
https://dx.doi.org/10.1161/01.res.82.10.1053
http://www.ncbi.nlm.nih.gov/pubmed/9622158
https://dx.doi.org/10.1152/ajpcell.2001.281.5.C1542
http://www.ncbi.nlm.nih.gov/pubmed/11600417
https://dx.doi.org/10.1124/jpet.300.3.1101
http://www.ncbi.nlm.nih.gov/pubmed/11861821
https://dx.doi.org/10.1016/s0022-2828(03)00084-1
http://www.ncbi.nlm.nih.gov/pubmed/12788379
https://dx.doi.org/10.1006/jmcc.2000.1285
http://www.ncbi.nlm.nih.gov/pubmed/11133229
https://dx.doi.org/10.1016/s0735-1097(00)01123-2
http://www.ncbi.nlm.nih.gov/pubmed/11216996
https://dx.doi.org/10.1161/01.CIR.0000157148.59308.F5
http://www.ncbi.nlm.nih.gov/pubmed/15723974
https://dx.doi.org/10.1093/cvr/cvac003
http://www.ncbi.nlm.nih.gov/pubmed/35018428
https://dx.doi.org/10.1083/jcb.201507035
http://www.ncbi.nlm.nih.gov/pubmed/26598616
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4657172
https://dx.doi.org/10.1016/s0092-8674(04)00046-7
http://www.ncbi.nlm.nih.gov/pubmed/14744432
https://dx.doi.org/10.1152/physrev.00022.2018
http://www.ncbi.nlm.nih.gov/pubmed/31364924
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6890986
https://dx.doi.org/10.1038/nature03317
https://dx.doi.org/10.1038/nature03434
http://www.ncbi.nlm.nih.gov/pubmed/15800627
https://dx.doi.org/10.1073/pnas.1410104111
http://www.ncbi.nlm.nih.gov/pubmed/25002521
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4115577
https://dx.doi.org/10.1073/pnas.1401591111
https://dx.doi.org/10.1073/pnas.1904005116
http://www.ncbi.nlm.nih.gov/pubmed/31213546
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6601249
https://dx.doi.org/10.1073/pnas.1702357114
http://www.ncbi.nlm.nih.gov/pubmed/28289229
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5380099
https://dx.doi.org/10.1016/j.molcel.2010.01.025
http://www.ncbi.nlm.nih.gov/pubmed/20159550
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3222298
https://dx.doi.org/10.1016/j.pharmthera.2011.12.010
http://www.ncbi.nlm.nih.gov/pubmed/22260952


Page 31 of Werbner et al. J Cardiovasc Aging 2023;3:9 https://dx.doi.org/10.20517/jca.2022.42 34

Cell Biol 2015;35:831-46.  DOI  PubMed  PMC
Gao S, Li G, Shao Y, et al. FABP5 deficiency impairs mitochondrial function and aggravates pathological cardiac remodeling and 
dysfunction. Cardiovasc Toxicol 2021;21:619-29.  DOI  PubMed

252.     

Yang D, Liu HQ, Liu FY, et al. Mitochondria in pathological cardiac hypertrophy research and therapy. Front Cardiovasc Med 
2021;8:822969.  DOI  PubMed  PMC

253.     

Manning BD, Toker A. AKT/PKB signaling: navigating the network. Cell 2017;169:381-405.  DOI  PubMed  PMC254.     
O’Neill BT, Abel ED. Akt1 in the cardiovascular system: friend or foe? J Clin Invest 2005;115:2059-64.  DOI  PubMed  PMC255.     
Shiojima I, Sato K, Izumiya Y, et al. Disruption of coordinated cardiac hypertrophy and angiogenesis contributes to the transition to 
heart failure. J Clin Invest 2005;115:2108-18.  DOI  PubMed  PMC

256.     

Zhu Y, Pereira RO, O’Neill BT, et al. Cardiac PI3K-Akt impairs insulin-stimulated glucose uptake independent of mTORC1 and 
GLUT4 translocation. Mol Endocrinol 2013;27:172-84.  DOI  PubMed  PMC

257.     

Akki A, Smith K, Seymour AM. Compensated cardiac hypertrophy is characterised by a decline in palmitate oxidation. Mol Cell 
Biochem 2008;311:215-24.  DOI  PubMed

258.     

Fujii N, Nozawa T, Igawa A, et al. Saturated glucose uptake capacity and impaired fatty acid oxidation in hypertensive hearts before 
development of heart failure. Am J Physiol Heart Circ Physiol 2004;287:H760-6.  DOI  PubMed

259.     

Osorio JC, Stanley WC, Linke A, et al. Impaired myocardial fatty acid oxidation and reduced protein expression of retinoid X 
receptor-α in pacing-induced heart failure. Circulation 2002;106:606-12.  DOI  PubMed

260.     

Sambandam N, Lopaschuk GD, Brownsey RW, Allard MF. Energy metabolism in the hypertrophied heart. Heart Fail Rev 
2002;7:161-73.  DOI  PubMed

261.     

Lydell C. Pyruvate dehydrogenase and the regulation of glucose oxidation in hypertrophied rat hearts. Cardiovascr Res 2002;53:841-
51.  DOI  PubMed  PMC

262.     

Summers MD, Smith GE. Comparative studies of baculovirus granulins and polyhedrins. Intervirology 1976;6:168-80.  DOI  
PubMed

263.     

Sorokina N, O’Donnell JM, McKinney RD, et al. Recruitment of compensatory pathways to sustain oxidative flux with reduced 
carnitine palmitoyltransferase I activity characterizes inefficiency in energy metabolism in hypertrophied hearts. Circulation 
2007;115:2033-41.  DOI  PubMed

264.     

Friehs I, del Nido PJ. Increased susceptibility of hypertrophied hearts to ischemic injury. Ann Thorac Surg 2003;75:S678-84.  DOI  
PubMed

265.     

Sabbah HN, Sharov VG, Lesch M, Goldstein S. Progression of heart failure: a role for interstitial fibrosis. Mol Cell Biochem 
1995;147:29-34.  DOI  PubMed

266.     

Boer RA, Pinto YM, Van Veldhuisen DJ. The imbalance between oxygen demand and supply as a potential mechanism in the 
pathophysiology of heart failure: the role of microvascular growth and abnormalities. Microcirculation 2003;10:113-26.  PubMed

267.     

Semenza GL. Oxygen-dependent regulation of mitochondrial respiration by hypoxia-inducible factor 1. Biochem J 2007;405:1-9.  
DOI  PubMed

268.     

Webster KA, Gunning P, Hardeman E, Wallace DC, Kedes L. Coordinate reciprocal trends in glycolytic and mitochondrial transcript 
accumulations during the in vitro differentiation of human myoblasts. J Cell Physiol 1990;142:566-73.  DOI  PubMed

269.     

Osterholt M, Nguyen TD, Schwarzer M, Doenst T. Alterations in mitochondrial function in cardiac hypertrophy and heart failure. 
Heart Fail Rev 2013;18:645-56.  DOI  PubMed

270.     

Bertoni AG, Hundley WG, Massing MW, Bonds DE, Burke GL, Goff DC Jr. Heart failure prevalence, incidence, and mortality in the 
elderly with diabetes. Diabetes Care 2004;27:699-703.  DOI  PubMed

271.     

Rubler S, Dlugash J, Yuceoglu YZ, Kumral T, Branwood AW, Grishman A. New type of cardiomyopathy associated with diabetic 
glomerulosclerosis. Am J Cardiol 1972;30:595-602.  DOI  PubMed

272.     

Dauriz M, Mantovani A, Bonapace S, et al. Prognostic impact of diabetes on long-term survival outcomes in patients with heart 
failure: a meta-analysis. Diabetes Care 2017;40:1597-605.  DOI  PubMed

273.     

Lind M, Bounias I, Olsson M, Gudbjörnsdottir S, Svensson A, Rosengren A. Glycaemic control and incidence of heart failure in 20 
985 patients with type 1 diabetes: an observational study. Lancet 2011;378:140-6.  DOI  PubMed

274.     

Adeghate E, Singh J. Structural changes in the myocardium during diabetes-induced cardiomyopathy. Heart Fail Rev 2014;19:15-23.  
DOI  PubMed

275.     

Fang ZY, Prins JB, Marwick TH. Diabetic cardiomyopathy: evidence, mechanisms, and therapeutic implications. Endocr Rev 
2004;25:543-67.  DOI  PubMed

276.     

Jia G, DeMarco VG, Sowers JR. Insulin resistance and hyperinsulinaemia in diabetic cardiomyopathy. Nat Rev Endocrinol 
2016;12:144-53.  DOI  PubMed  PMC

277.     

Ramírez E, Picatoste B, González-Bris A, et al. Sitagliptin improved glucose assimilation in detriment of fatty-acid utilization in 
experimental type-II diabetes: role of GLP-1 isoforms in Glut4 receptor trafficking. Cardiovasc Diabetol 2018;17:12.  DOI  PubMed  
PMC

278.     

Mytas DZ, Stougiannos PN, Zairis MN, Foussas SG, Pyrgakis VN, Kyriazis IA. Diabetic myocardial disease: pathophysiology, early 
diagnosis and therapeutic options. J Diabetes Complications 2009;23:273-82.  DOI  PubMed

279.     

Wang J, Song Y, Wang Q, Kralik PM, Epstein PN. Causes and characteristics of diabetic cardiomyopathy. Rev Diabet Stud 
2006;3:108-17.  DOI  PubMed  PMC

280.     

https://dx.doi.org/10.1128/MCB.01109-14
http://www.ncbi.nlm.nih.gov/pubmed/25535334
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4323486
https://dx.doi.org/10.1007/s12012-021-09653-2
http://www.ncbi.nlm.nih.gov/pubmed/33929718
https://dx.doi.org/10.3389/fcvm.2021.822969
http://www.ncbi.nlm.nih.gov/pubmed/35118147
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8804293
https://dx.doi.org/10.1016/j.cell.2017.04.001
http://www.ncbi.nlm.nih.gov/pubmed/28431241
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5546324
https://dx.doi.org/10.1172/JCI25900
http://www.ncbi.nlm.nih.gov/pubmed/16075047
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1180557
https://dx.doi.org/10.1172/JCI24682
http://www.ncbi.nlm.nih.gov/pubmed/16075055
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1180541
https://dx.doi.org/10.1210/me.2012-1210
http://www.ncbi.nlm.nih.gov/pubmed/23204326
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3545208
https://dx.doi.org/10.1007/s11010-008-9711-y
http://www.ncbi.nlm.nih.gov/pubmed/18278440
https://dx.doi.org/10.1152/ajpheart.00734.2003
http://www.ncbi.nlm.nih.gov/pubmed/15031123
https://dx.doi.org/10.1161/01.cir.0000023531.22727.c1
http://www.ncbi.nlm.nih.gov/pubmed/12147544
https://dx.doi.org/10.1023/a:1015380609464
http://www.ncbi.nlm.nih.gov/pubmed/11988640
https://dx.doi.org/10.1016/s0008-6363(01)00560-0
http://www.ncbi.nlm.nih.gov/pubmed/11922894
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2131743
https://dx.doi.org/10.1159/000149469
http://www.ncbi.nlm.nih.gov/pubmed/786939
https://dx.doi.org/10.1161/CIRCULATIONAHA.106.668665
http://www.ncbi.nlm.nih.gov/pubmed/17404155
https://dx.doi.org/10.1016/s0003-4975(02)04692-1
http://www.ncbi.nlm.nih.gov/pubmed/12607712
https://dx.doi.org/10.1007/BF00944780
http://www.ncbi.nlm.nih.gov/pubmed/7494551
https://dx.doi.org/10.1042/BJ20070389
http://www.ncbi.nlm.nih.gov/pubmed/17555402
https://dx.doi.org/10.1002/jcp.1041420316
http://www.ncbi.nlm.nih.gov/pubmed/2138161
https://dx.doi.org/10.1007/s10741-012-9346-7
http://www.ncbi.nlm.nih.gov/pubmed/22968404
https://dx.doi.org/10.2337/diacare.27.3.699
http://www.ncbi.nlm.nih.gov/pubmed/14988288
https://dx.doi.org/10.1016/0002-9149(72)90595-4
http://www.ncbi.nlm.nih.gov/pubmed/4263660
https://dx.doi.org/10.2337/dc17-0697
http://www.ncbi.nlm.nih.gov/pubmed/29061587
https://dx.doi.org/10.1016/S0140-6736(11)60471-6
http://www.ncbi.nlm.nih.gov/pubmed/21705065
https://dx.doi.org/10.1007/s10741-013-9388-5
http://www.ncbi.nlm.nih.gov/pubmed/23467937
https://dx.doi.org/10.1210/er.2003-0012
http://www.ncbi.nlm.nih.gov/pubmed/15294881
https://dx.doi.org/10.1038/nrendo.2015.216
http://www.ncbi.nlm.nih.gov/pubmed/26678809
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4753054
https://dx.doi.org/10.1186/s12933-017-0643-2
http://www.ncbi.nlm.nih.gov/pubmed/29325553
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5765634
https://dx.doi.org/10.1016/j.jdiacomp.2007.12.005
http://www.ncbi.nlm.nih.gov/pubmed/18413201
https://dx.doi.org/10.1900/RDS.2006.3.108
http://www.ncbi.nlm.nih.gov/pubmed/17487334
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1783586
https://pubmed.ncbi.nlm.nih.gov/12700580/


Page 32 of Werbner et al. J Cardiovasc Aging 2023;3:9 https://dx.doi.org/10.20517/jca.2022.4234

Baris OR, Ederer S, Neuhaus JF, et al. Mosaic deficiency in mitochondrial oxidative metabolism promotes cardiac arrhythmia during 
aging. Cell Metab 2015;21:667-77.  DOI

281.     

Zhang Y, Mi SL, Hu N, et al. Mitochondrial aldehyde dehydrogenase 2 accentuates aging-induced cardiac remodeling and contractile 
dysfunction: role of AMPK, Sirt1, and mitochondrial function. Free Radic Biol Med 2014;71:208-20.  DOI  PubMed  PMC

282.     

HARMAN D. Aging: a theory based on free radical and radiation chemistry. J Gerontol 1956;11:298-300.  DOI  PubMed283.     
Dutta D, Calvani R, Bernabei R, Leeuwenburgh C, Marzetti E. Contribution of impaired mitochondrial autophagy to cardiac aging: 
mechanisms and therapeutic opportunities. Circ Res 2012;110:1125-38.  DOI  PubMed  PMC

284.     

Dai DF, Santana LF, Vermulst M, et al. Overexpression of catalase targeted to mitochondria attenuates murine cardiac aging. 
Circulation 2009;119:2789-97.  DOI  PubMed  PMC

285.     

Shi R, Guberman M, Kirshenbaum LA. Mitochondrial quality control: the role of mitophagy in aging. Trends Cardiovasc Med 
2018;28:246-60.  DOI  PubMed

286.     

Benjamin EJ, Blaha MJ, Chiuve SE, et al. Heart disease and stroke statistics-2017 update: a report from the american heart 
association. Circulation 2017;135:e146-603.  DOI

287.     

Borlaug BA, Redfield MM. Diastolic and systolic heart failure are distinct phenotypes within the heart failure spectrum. Circulation 
2011;123:2006-13; discussion 2014.  DOI  PubMed  PMC

288.     

Paulus WJ, Tschöpe C. A novel paradigm for heart failure with preserved ejection fraction: comorbidities drive myocardial 
dysfunction and remodeling through coronary microvascular endothelial inflammation. J Am Coll Cardiol 2013;62:263-71.  DOI  
PubMed

289.     

Dunlay SM, Roger VL, Redfield MM. Epidemiology of heart failure with preserved ejection fraction. Nat Rev Cardiol 2017;14:591-
602.  DOI  PubMed

290.     

McMurray JJ. Clinical practice. Systolic heart failure. N Engl J Med 2010;362:228-38.  DOI  PubMed291.     
Redfield MM. Heart failure with preserved ejection fraction. N Engl J Med 2016;375:1868-77.  DOI292.     
Shah SJ, Kitzman DW, Borlaug BA, et al. Phenotype-specific treatment of heart failure with preserved ejection fraction: a multiorgan 
roadmap. Circulation 2016;134:73-90.  DOI  PubMed  PMC

293.     

Zile MR, Gottdiener JS, Hetzel SJ, et al. Prevalence and significance of alterations in cardiac structure and function in patients with 
heart failure and a preserved ejection fraction. Circulation 2011;124:2491-501.  DOI

294.     
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