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Abstract: Diabetes is a major risk factor for the development of cardiovascular disease via contribut-
ing and/or triggering significant cellular signaling and metabolic and structural alterations at the
level of the heart and the whole body. The main cause of mortality and morbidity in diabetic patients
is cardiovascular disease including diabetic cardiomyopathy. Therefore, understanding how diabetes
increases the incidence of diabetic cardiomyopathy and how it mediates the major perturbations in
cell signaling and energy metabolism should help in the development of therapeutics to prevent these
perturbations. One of the significant metabolic alterations in diabetes is a marked increase in cardiac
fatty acid oxidation rates and the domination of fatty acids as the major energy source in the heart.
This increased reliance of the heart on fatty acids in the diabetic has a negative impact on cardiac
function and structure through a number of mechanisms. It also has a detrimental effect on cardiac
efficiency and worsens the energy status in diabetes, mainly through inhibiting cardiac glucose
oxidation. Furthermore, accelerated cardiac fatty acid oxidation rates in diabetes also make the heart
more vulnerable to ischemic injury. In this review, we discuss how cardiac energy metabolism is
altered in diabetic cardiomyopathy and the impact of cardiac insulin resistance on the contribution
of glucose and fatty acid to overall cardiac ATP production and cardiac efficiency. Furthermore, how
diabetes influences the susceptibility of the myocardium to ischemia/reperfusion injury and the role
of the changes in glucose and fatty acid oxidation in mediating these effects are also discussed.

Keywords: diabetic cardiomyopathy; fatty acid oxidation; glucose oxidation; cardiac insulin resistance;
lipotoxicity; ischemia/reperfusion

1. Introduction
1.1. Definition of Diabetic Cardiomyopathy

Diabetes mellitus is associated with a number of life-threatening disorders that com-
promise life quality and increase mortality [1–4]. In addition, diabetes is a major risk factor
for developing cardiovascular disease including heart failure and myocardial infarction.
Moreover, there is a positive correlation between diabetes and increased all-cause mortality
and myocardial infarction reoccurrence in patients with coronary heart disease compared
to non-diabetic subjects [5]. The negative impact of diabetes on coronary heart disease and
heart failure is partly due to the alterations in the capacity of the coronary arteries to dilate,
coronary artery reserve, and coronary capillary density that occur in diabetes [6–8].

Cardiovascular disease (CVD) is the major cause of mortality and morbidity in pa-
tients with diabetes, with approximately 5 million deaths worldwide being attributable
to diabetes in 2017 [9]. Despite the latest advancements in therapeutics and lifestyle inter-
ventions, CVD still accounts for ~40% of deaths in diabetic patients [10], with expectations
that this number will increase due to the aging population and the obesity epidemic. Many
epidemiological studies have demonstrated that diabetic patients are more likely to de-
velop cardiomyopathy than non-diabetic patients, independent of coronary artery disease,
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hypertension, body mass index, and other risk factors [11–13]. The development of this car-
diomyopathy independently of underlying coronary artery disease or hypertension is now
recognized as a distinct clinical entity termed “diabetic cardiomyopathy” [14]. The exact
link between diabetes and heart failure is not fully defined, and this is largely due to the
complexity and multifactorial nature of this link. However, several underlying causes have
been proposed including insulin resistance, fuel preference, mitochondrial dysfunction,
calcium overload and mishandling, reactive oxygen species generation, inflammation,
cell death pathways, neurohormonal mechanisms, advanced glycated end-products ac-
cumulation, lipotoxicity, glucotoxicity, transcriptional changes, and post-translational
modifications in diabetes (as recently reviewed in [15,16]). This review focuses on the
contribution of accelerated fatty acid oxidation to the development and severity of diabetic
cardiomyopathy via influencing cardiac energy metabolism.

1.2. Alterations in Cardiac Function and Structure in Diabetic Cardiomyopathy

One of the major impacts of diabetes on the cardiovascular system is its effect on
cardiac function and structure. Ventricular hypertrophy is a major structural alteration in
diabetic cardiomyopathy, and it negatively impacts contractile function [17]. In the Strong
Heart Study [18], it has been demonstrated that patients with type 2 diabetes (T2D) have an
increase in LV mass and wall thickness, increased atrial thickness, and reduced LV systolic
chamber. Of importance is that the adverse structural alterations in the myocardium are
independent of associated increases in BMI and arterial pressure, which may contribute
to CVD in diabetic individuals [18]. It has also been suggested that cardiac hypertrophy
and adverse remodeling could be a predictor of cardiovascular outcomes including being
a predictor of cardiovascular-related mortality [19,20]. For instance, adverse remodeling,
evidenced by increased LV mass, was accompanied by an increased risk of cardiovascular-
related mortality and morbidity in the Framingham study [20]. Similar adverse remodeling,
including increased LV mass and decreased ventricle mass, has also been shown in the
preclinical model of diabetes [21]. It has also been reported that cardiac hypertrophy in
diabetes may precede the onset of systolic dysfunction and can also be used as a diagnostic
indicator in developing heart failure in diabetes [22].

Cardiac structural changes are also accompanied by changes in the contractile function.
Using Doppler echocardiography, it has been shown that there is a strong link between
diabetes and impaired diastolic function characterized by decreased left ventricular fill-
ing capacity, increased chamber stiffness and impaired relaxation, longer isovolumetric
relaxation times, reduced early-diastolic-filling (E-wave)-to-atrial-contraction-late-filling
(A-wave) ratio, longer deceleration times, higher E-wave-to-early-diastolic-mitral-annular-
velocity (e’) ratio, and impaired left ventricular (LV) compliance [23–25]. It is worth
mentioning that these alterations in diastolic function occur in both type 1 (T1D) and T2D,
independent of sex, age, or duration of diabetes [24,26]. The changes in diastolic function
can further be aggravated when diabetes is associated with hypertension, causing severe
impairment in the filling and relaxation of the LV [27]. Moreover, diabetes is also associated
with systolic dysfunction characterized by decreased ejection fraction, reduced fractional
shortening, increased LV end-systolic volume, and decreased stress-corrected mid-wall
shortening [18,28]. Of importance is that diastolic dysfunction often precedes systolic
dysfunction [29].

2. Alterations in Cardiac Energy Metabolism in Diabetic Cardiomyopathy
2.1. Brief Description of Cardiac Metabolism in Normal Heart

The heart requires a continuous and high amount of energy in the form of adenosine
5’-triphosphate (ATP) to sustain its contractile function. In order to achieve this, the
heart is efficient at utilizing a variety of substrates as energy sources including fatty
acid, glucose, lactate, ketone, and amino acid [30–33] (Figure 1A). Among the oxidative
substrates, fatty acids, such as oleate and palmitate, are the major fuel sources for the
heart, as they contribute approximately 40–60% of the overall cardiac ATP production
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through mitochondrial fatty acid β-oxidation [30,32,34–36]. Glucose is the second main fuel
source for the heart, contributing 20–40% of the overall cardiac ATP production. Glucose
is taken up into cardiomyocytes by glucose transporter 4 (GLUT4) insulin-dependent or
glucose transporter 1 (GLUT1). Glucose metabolism is a two-part process. The first part,
glycolysis, involves converting glucose to pyruvate. While glycolysis does produce some
ATP (2ATP/one molecule of glucose) without oxygen consumption, it contributes to less
than 10% of the total ATP production in the heart [32]. The second part, glucose oxidation,
occurs in the mitochondria and converts pyruvate to acetyl CoA. In addition to being
generated from glycolysis, pyruvate can also be produced from lactate but to a lesser extent
than from glycolysis. It is worth mentioning that lactate can be converted back into glucose
in the liver through gluconeogenesis or Cori’s cycle [37]. This process has the potential to
influence circulating glucose levels and can be critical in conditions such as diabetes and
obesity. However, the contribution of heart-produced lactate compared to skeletal muscle,
for example, is yet to be directly assessed.
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ACC, acetyl CoA carboxylase; MCD, malonyl CoA decarboxylase; MPC, mitochondrial pyruvate carrier; PDP, pyruvate 
dehydrogenase phosphatase; PDK, pyruvate dehydrogenase kinase; OMM, outer mitochondrial membrane; IMM, inner 
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Figure 1. Cardiac energy metabolism in the normal heart (A) and in diabetic cardiomyopathy (B). There are accelerated rates
of cardiac fatty acid uptake and β-oxidation in diabetes that are associated with marked reduction in the rates of cardiac
glucose uptake and oxidation in diabetic cardiomyopathy. The occurrence of cardiac insulin resistance and impaired insulin
signaling contribute to these changes in glucose and fatty acid oxidation in diabetic cardiomyopathy. An arrow facing
up indicates an increase and down indicates a decrease. LPL, lipoprotein lipase; FAT, fatty acid translocase; ACC, acetyl
CoA carboxylase; MCD, malonyl CoA decarboxylase; MPC, mitochondrial pyruvate carrier; PDP, pyruvate dehydrogenase
phosphatase; PDK, pyruvate dehydrogenase kinase; OMM, outer mitochondrial membrane; IMM, inner mitochondrial
membrane; CD36, fatty acid transporter; CPT1, carnitine palmitoyltransferase 1; CPT2, carnitine palmitoyltransferase 2;
GLUT1, glucose transporter 1; GLUT4, glucose transporter 4; MPC, mitochondrial pyruvate carrier; PDH, pyruvate
dehydrogenase; TCA, tricarboxylic acid cycle; TG, triaceylglycerol.

Ketone bodies, which are endogenously produced mainly by the liver, are also rec-
ognized as essential contributors to energy production in the heart (15–20%) [38,39].
β-hydroxybutyrate (βOHB) is the main circulating ketone body in our bodies, and its
levels can be increased in diabetes and during fasting. Of importance is that ketone bodies
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can readily be oxidized by the heart and could become a major source of fuel when the
heart is exposed to high circulating levels of ketone bodies [31]. The heart can also utilize
amino acids, such as glutamate, alanine, histidine, cystine, and lysine [40], to meet its
energy demands. However, it is still not clear what the major amino acids used by the
heart are, although amino acid oxidation contributes less than 2% of the total cardiac ATP
production [40,41]. Similar to Cori’s cycle, the utilization of amino acid in the skeletal
muscle results in the generation of nitrogen that can be transported to the liver as ala-
nine by transamination of pyruvate in the skeletal muscle. Alanine is then shuttled to
the liver, where it can be converted to glucose by a process called the “Cahill cycle” or
“glucose–alanine cycle” [42,43]. Among those amino acids, branched-chain amino acids,
namely, leucine, isoleucine, and valine, have been shown to play an important role as
signaling molecules in influencing cardiac energy metabolism and cardiac remodeling in
heart failure, diabetes, and obesity (see [44–46] for review).

2.2. How Cardiac Energy Metabolism Is Altered in Diabetes
2.2.1. Accelerated Cardiac Fatty Acid Oxidation

It is important to recognize that the heart is metabolically flexible [47]. It can switch
its fuel preference between different oxidative substrates based on the workload, neurohor-
monal activity, and substrate availability. However, there is impaired metabolic flexibility,
with fatty acid β-oxidation dominating as a source of cardiac ATP production and a marked
decrease in glucose oxidation in diabetes (Figure 1B). These alterations have been docu-
mented in patients with T1D and T2D and in preclinical models. For example, a number of
clinical studies have reported a decrease in myocardial glucose oxidation at rest and under
increasing workload in patients with T1D [48–52]. Similarly, cardiac glucose oxidation
has also been shown to be depressed in patients with T2D [53,54]. Furthermore, clinical
studies have shown that the reduction in glucose oxidation in diabetes is accompanied by a
marked increase in cardiac fatty acid uptake and oxidation in patients with T1D [48,50,51]
and T2D [53–56]. These metabolic changes in cardiac energy metabolism are also seen in
preclinical models of T1D and T2D [57–60].

One of the main contributors to the accelerated cardiac fatty acid flux rates in diabetes
is the increase in circulating free fatty acids. Augmented levels of circulating free fatty
acids are partly due to the fact of insulin resistance in the adipose tissue, which increases
lipolysis and circulating fatty acids [61,62]. Diabetes also causes alterations in lipoprotein
metabolism. For instance, low HDL-C levels and high TG levels in patients with T1D are
associated with a high risk of CVD [63]. Consistent with that, higher levels of TG and
LDL-C and lower levels of HDL-C were associated with greater risk for CVD and mortality
in the T1DM Pittsburgh Epidemiology of Diabetes Complications study [64].

Furthermore, this relationship between high levels of TG and LDL-C and CVD risk
was also emphasized in the Diabetes Control and Complications Trial/Epidemiology of
Diabetes Interventions and Complications study [65]. Despite having relatively normal
LDL-C levels, patients with T2D often have a prevalence of both dyslipidemia (~40–60%)
and metabolic syndrome with high levels of TG and low levels of HDL-C [66–68]. These al-
terations in lipoprotein levels correlate with an increased risk of CVD [69,70]. Although
LDL-C levels are often normal in T2D, there have been suggestions that LDL-C becomes
small and denser in T2D, increasing their tendency to become more atherogenic [71],
although this concept has been challenged [72].

Along with these changes in the levels of free fatty acids and lipoproteins, there is
an upregulation in key proteins involved in fatty acid uptake and handling in the car-
diomyocytes in diabetes such as CD36 and fatty acid-binding protein (FABP) [73–75].
The excessive reliance on fatty acid β-oxidation is also accompanied by complex repro-
gramming of the cardiac fatty acid metabolic enzymes through various transcriptional
factors. This includes the activation of estrogen-related receptor γ (ERRγ) and peroxisome
proliferator-activated receptor α (PPARα) [76,77]. PPARα is a key transcription regulator
of cardiac fatty acid oxidation, and its expression increases in diabetic hearts [78]. These in-
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creases in PPARα also influence the expression of other genes involved in cardiac fatty acid
metabolism such as mitochondrial carnitine palmitoyltransferase (CPT-1), malonyl CoA de-
carboxylase (MCD), and long-chain acyl CoA dehydrogenase (LCAD) [76,79,80]. Moreover,
the expression level of peroxisome proliferator-activated receptor-gamma coactivator-1 al-
pha (PGC-1α), an activator of PPARα, is elevated in the heart in diabetes [81]. In addition to
its direct effect on enhancing cardiac fatty acid β-oxidation, PPARα also indirectly enhances
cardiac fatty acid β-oxidation by inhibiting cardiac glucose oxidation [82]. This effect is me-
diated by increasing the expression of pyruvate dehydrogenase kinase-4 (PDK4), an enzyme
that phosphorylates and inhibits the activity of pyruvate dehydrogenase (PDH), the rate-
limiting enzyme of glucose oxidation [82]. Recent studies have shown that overexpression
of cardiac ERRγ mimics key characters of cardiac metabolic alterations in diabetes [77,83].
ERRγ can control the expression of PPARα, suggesting a potential ERRγ–PPARα axis for
reprograming the metabolic profile in diabetic cardiomyopathy [77,83].

Another important contributing factor to the accelerated fatty acid β-oxidation in dia-
betes is the attenuation of the allosteric control of mitochondrial fatty acid uptake and oxida-
tion by malonyl CoA, a potent inhibitor of mitochondrial fatty acid uptake [35,57,58,84,85].
Cardiac malonyl CoA levels are decreased in diabetes as a result of a decrease in its synthe-
sis by acetyl-CoA carboxylase (ACC) [86] and/or an increased degradation by malonyl CoA
decarboxylase (MCD) [87]. Post-translational increases in the mitochondrial acetylation of
fatty acid β-oxidative enzymes, which increases their activity, can also contribute to the
high fatty acid β-oxidation rates in diabetes (see [84,88] for review).

It has been demonstrated in humans [35,55] and animals [89–91] that high rates of
cardiac fatty acid β-oxidation in diabetes negatively impact cardiac efficiency (myocardial
oxygen consumption/cardiac work). While the exact mechanism for decreased cardiac effi-
ciency is not fully identified, this negative impact of high rates on cardiac fatty β-oxidation
in diabetes could be due to the increase in energy expenditure (since fatty acid is a less
oxygen-efficient substrate than glucose) and mitochondrial uncoupling [44]. Consistent
with this, preclinical studies have also shown that the heart in diabetes can consume
30% more oxygen to generate the same or even less contractile force than hearts of non-
diabetics [90,92,93]. Increased myocardial oxygen consumption emphasizes the negative
impact of high fatty acid β-oxidation rates on cardiac efficiency. Moreover, a critical impact
of augmented levels of circulating fatty acids is depressing glucose uptake and oxidation
through inhibition of phosphofructokinase and pyruvate dehydrogenase activity [94,95].
Furthermore, increased fatty acid β-oxidation could inhibit cardiac glucose oxidation
via the Randle cycle phenomena (Figure 2) [95], an effect that can further compromise
cardiac efficiency. An increase in cardiac fatty acid β-oxidation also results in increased
cycling of fatty acids through cardiac triacylglycerols [96,97]. Fatty acid cycling in the
heart is an additional site at which cardiac efficiency can be compromised, as high-energy
phosphates are needed to activate fatty acids to fatty acyl CoA’s prior to the fatty acids
being incorporated into triacylglycerol [96,97]. Finally, high fatty acid oxidation rates can
increase reactive oxygen species (ROS) production [98–100] and increase mitochondrial
membrane uncoupling [101,102], both of which can decrease cardiac efficiency. High fatty
acid β-oxidation rates can trigger mitochondrial uncoupling proteins, resulting in the loss
of membrane potential through upregulation of uncoupling proteins (UCPSs) 2 and 3 [101].
In addition to decreasing cardiac efficiency, enhanced reliance on fatty acid in the heart in
diabetes can impair cellular ATP shuttling in which long-chain acyl CoA derivatives inhibit
the ADP/ATP carrier protein (AAC), which shuttles ATP from the mitochondria to the cy-
tosol [103,104]. It is also important to emphasize the interaction between obesity, diabetes,
and ventricular function and its impact on cardiac energy preference (see [105,106]).
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Figure 2. Diabetes-induced metabolic and functional alterations in the heart. Diabetes is associated with increased cardiac
fibrosis and adverse remodeling that negatively impact systolic and diastolic function. High circulating fatty acid levels
in diabetes enhances cardiac fatty acid uptake, fatty acid β-oxidation, and accumulation of unmetabolized fatty acids.
Insulin resistance in diabetes also impairs cardiac glucose uptake and oxidation and diverts glucose to non-ATP production
pathways such as advanced glycation end products and O-linked-N-acetylglucosaminylation. These metabolic changes in
cardiac fatty acid and glucose oxidation in diabetes cause a reduction in cardiac ATP and cardiac efficiency. These alterations
also negatively impact the vulnerability of the heart against ischemic insult and worsen functional recovery post-ischemia.
ATP, adenosine triphosphate; AGEs, advanced glycation end products; O-GlcNAc, O-linked-N-acetylglucosaminylation
(O-GlcNAcylation).

2.2.2. Cardiac Insulin Resistance in Diabetes

Hyperglycemia is a main characteristic of diabetes largely due to either the lack
of insulin secretion or impaired insulin signaling (i.e., insulin resistance). The occur-
rence of cardiac insulin resistance in diabetes is a major metabolic alteration in the heart
and a major contributor to cardiac dysfunction and adverse remodeling in diabetes
(Figure 2) [35,57,58,84,85]. Cardiac insulin resistance is mainly manifested by impaired
cardiac insulin signaling and insulin-stimulated glucose metabolism. Insulin plays a critical
metabolic role in the heart via enhancing glucose oxidation while inhibiting fatty acid
β-oxidation. Accordingly, cardiac insulin resistance also attenuates the direct inhibitory
effects of insulin on fatty acid β-oxidation, which further increases fatty acid β-oxidation
rates [32,89,107,108] Cardiac insulin resistance decreases insulin-stimulated glucose up-
take in diabetes [48–54] (Figure 1B). The expression levels for both glucose transporters
(i.e., GLUT1 and GLUT4) are decreased in the hearts of the diabetic [95,109], contributing
to a decrease in glucose uptake, glycolysis, and glucose oxidation [48,50,53]. Diabetes-
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induced high rates of cardiac fatty acid β-oxidation are also accompanied by decreases in
the activities of cardiac phosphofructokinase (PFK-1) and PDH, which are the rate-limiting
enzymes for glycolysis and glucose oxidation, respectively [95,110–114]. Of importance
is that the reduced glucose oxidation in diabetes is evident in the absence of overt heart
failure [114]. Of interest is that insulin also directly stimulates glucose oxidation via en-
hancing mitochondrial Akt activity [32], and this effect is likely to also be attenuated in
diabetes. Of interest is that the contributions of Cori’s cycle and the glucose–alanine cycle
to the circulating glucose levels and/or the severity of insulin resistance in diabetes have
not been fully characterized, and it represents an interesting topic for future research.

2.2.3. Lipotoxicity

The increase in fatty acid supply and cardiac fatty acid uptake in diabetes is also
accompanied by unmetabolized lipid overload in cardiomyocytes, resulting in what is
called “cardiac lipotoxicity” (Figure 2) [76,115–117]. Of interest is that lipid droplets have
been shown to accumulate in the myocardium of a healthy mouse following overnight
fasting [118]. A number of studies have suggested that lipotoxicity precedes the onset of left
ventricular dysfunction in diabetic patients [50,119]. Despite high rates of cardiac fatty acid
β-oxidation in diabetes, cardiac lipotoxicity occurs, at least in part, due to the mismatch be-
tween fatty acid uptake and fatty acid β-oxidation [56,61,62,120,121]. This mismatch results
in an increase in myocardial fatty acids, particularly in the triacylglycerol pool [97,122].
Increased myocardial fatty acids can also lead to the accumulation of ceramide and dia-
cylglycerol (DAG) in diabetes [123,124], which can promote apoptosis [125,126], activate
protein kinase C (PKC), impair β-adrenergic signaling, and suppresses contractility of
the heart [127–129]. Moreover, IRS-1 can also be phosphorylated by PKC at its inhibitory
site (serine 636), leading to reduced insulin signaling [130]. Clinical studies have shown a
positive link between myocardial lipid accumulation and cardiac dysfunction and adverse
remodeling in diabetes [131–134]. Of importance is that the impact of lipid accumulation on
cardiac function may be influenced by the location and the amount of lipid accumulation
in the myocardium. For instance, Nyman et al. [135] demonstrated, using cardiovascular
magnetic resonance and proton magnetic spectroscopy, a negative relationship between
the amount of epicardial and pericardial fat with left ventricular diastolic function in sub-
jects with metabolic syndrome. However, myocardial TG content was not independently
associated with LV diastolic dysfunction in those subjects [135]. These findings open the
possibility that the levels of TG accumulation could vary based on the type of cardiac
dysfunction, but it does not necessarily correlate with the severity of dysfunction. This
suggestion has been supported by a number of clinical studies [136–139]. Of interest is
that reducing epicardial fat with exercise, diet, and/or bariatric surgery improves cardiac
function and limits adverse remodeling in obesity and metabolic syndrome [140], although
lowering of myocardial fatty acid has the potential to decrease cardiac function [141].

2.2.4. Other Fates of Glucose

While insulin-stimulated glucose uptake via GLUT4 is markedly suppressed in dia-
betes, glucose uptake can still occur in an insulin-independent manner via GLUT1 and
sodium-glucose co-transporter 1 (SGLT1). Since cardiac glucose oxidation is markedly
depressed in T1D and T2D, glucose taken up by the heart can be shifted toward other
metabolic fates including the formation of advanced glycation end products (AGEs) [142].
Furthermore, glucose could also be rerouted into the hexosamine biosynthetic pathway,
which produces the substrate for O-linked-β-N-acetylglucosamine (O-GlcNAc) modifica-
tion [143]. It has been shown that excessive protein O-GlcNAcylation could have negative
impacts on cardiac function and structure in diabetes [144].

2.2.5. Auto/Mitophagy in Diabetes

Autophagy is an intracellular degradation process that orchestrates eliminating cel-
lular components and organelles such as the mitochondria. While autophagy plays an



Cells 2021, 10, 3259 8 of 18

important role in maintaining cellular function, there is still no consensus regarding the role
of autophagy in heart failure [145–147]. In contrast, it has been suggested that autophagy is
decreased in diabetic cardiomyopathy, and a number of contributing mechanisms have been
proposed (see [148,149] for a comprehensive review). For instance, impaired autophagy
flux in diabetic cardiomyopathy has been linked to reduced AMP-activated protein kinase
(AMPK) activity, and that AMPK activation with metformin enhances cardiac function
via restoring autophagy in diabetic OVE26 mice (T1D) [150]. In addition, activation of
the mammalian target of rapamycin (mTOR) signaling pathway has also been shown to
inhibit autophagy in high-fat diet-induced obesity and metabolic syndrome [151]. Previous
reports have shown that impaired insulin signaling accelerates heart failure via enhancing
autophagy [147]. Therefore, it seems plausible that autophagy could be accelerated in
diabetic cardiomyopathy due to the fact of cardiac insulin resistance and impaired insulin
signaling in T1D and T2D.

Mitophagy is a selective degradation process that targets damaged mitochondria.
A number of alterations occur in diabetic cardiomyopathy that could directly affect the
mitochondrial energetics and function (see [15] for review). In T1D mice, autophagy defi-
ciency is partially cardioprotective due to the upregulation of mitophagy [152]. However,
mitophagy is suggested to be downregulated in high-fat diet-induced T2D [153], in db/db
mice [154], and the high-fat diet-streptozotocin-induced diabetic rat model [155]. Con-
sidering the preclinical studies and potential candidates to modulate autophagy and/or
mitophagy, such as metformin, rapamycin and, resveratrol [150,156,157] investigating
the effect of these candidates against the severity of diabetic cardiomyopathy in humans
is warranted.

2.3. Metabolic Alterations during Myocardial Ischemia/Reperfusion Injury in Diabetes

As discussed earlier, there is a consensus that the risk of myocardial infarction in
diabetic subjects with no history of myocardial infarction is higher than in non-diabetic
subjects [4]. However, there is less consensus on the impact of diabetes on infarct size.
Some studies suggest larger infarct sizes in the diabetic subjects, while others suggest
comparable or even small infarct sizes in the diabetic subjects compared to non-diabetic
subjects [158,159]. These findings sparked considerable interest in understanding how
diabetes-induced metabolic alterations influence ischemia/reperfusion injury. The same
inconsistency is also seen in animal studies. Experimental studies have shown that, despite
similar infarct size, there is a greater decrease in contractile function following acute
ischemia in alloxan-induced diabetic dog hearts compared to the control hearts [160].

In contrast, other studies reported larger infarct size in diabetic dog hearts following
2 h of severe ischemia [161], while others showed an infarct-sparing effect of diabetes
following 45 min of ischemia in rats [162]. This inconsistency has been attributed, at
least in part, to the role of glucose uptake, lactate/proton production, and the sever-
ity/duration of ischemia. For example, we and others have shown that high cardiac fatty
acid β-oxidation rates make the diabetic heart more sensitive to low to moderate ischemia
or high metabolic demand and low coronary flow [163–166]. This detrimental effect of
fatty acid β-oxidation appears to be mediated by inhibition of cardiac glucose oxidation
(Figure 2). Similarly, it has been shown that the hearts of diabetic rats have a similar
recovery as control hearts if they are perfused with either high levels of glucose, insulin, or
fatty acid β-oxidation inhibitors [164,167], emphasizing the protective role of enhancing
cardiac glucose oxidation against an ischemic insult in diabetes. After prolonged or no-flow
ischemia, the heart in diabetes recovers to the same degree as non-diabetic hearts [168–170],
with some studies suggesting that the heart may indeed recover better following prolonged
ischemia [171–173]. Interestingly, the hearts of diabetic rabbits are already preconditioned
against ischemic injury, which could be due to, at least in part, the low glycogen content
that is available for cardiac glycolysis in diabetes [162].
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2.4. Targeting Cardiac Fatty Acid β-Oxidation in Diabetes

Attenuation of cardiac fatty acid β-oxidation represents a potential therapeutic target
for treating diabetic cardiomyopathy. One potential candidate is trimetazidine, a reversible
competitive inhibitor of 3-ketoacyl CoA thiolase that can directly target mitochondrial
β-fatty acid oxidation. It has been shown that trimetazidine improves coupling between
glycolysis and glucose oxidation, lessening acidosis in ischemia/reperfusion in preclinical
studies [174]. It has also been shown that trimetazidine improves cardiac function in
patients with heart failure [175,176]. Nevertheless, trimetazidine inhibition of β-fatty acid
oxidation was not consistent across the preclinical studies [96]. Another approach to limit
cardiac fatty acid β-oxidation is by MCD inhibition. MCD inhibition leads to elevated
malonyl CoA levels, inhibiting CPT-1 activity and limiting fatty acid β-oxidation. While
MCD inhibitors have not been tested in patients with heart failure, preclinical studies have
demonstrated that inhibition of MCD causes a decrease in fatty acid β-oxidation, increases
glucose oxidation, and enhances insulin sensitivity [177–179].

Another approach to inhibit cardiac fatty acid β-oxidation in diabetic cardiomyopathy
could be through modifying PPARs. In preclinical studies, targeting PPARγ decreases
plasma fatty acid levels and enhances glucose oxidation [180–182]. However, thiazolidine-
diones (TZDs), PPARγ transcription inhibitors, are shown to worsen cardiac function
in diabetic patients [183]. Similarly, it has been reported that TZDs increase the risk of
heart failure in diabetic patients [183,184], possibly through triggering vasodilation that
could lead to peripheral edema [183]. Fibrates are another family of PPARs modulators,
which increase PPARα activity. Fibrates decrease β-fatty acid oxidation via reducing cir-
culating fatty acid levels [185,186]. Fibrates have also shown beneficial effects against
ischemia/reperfusion injury in preclinical studies [187]. Despite some encouraging protec-
tion against coronary heart disease in patients with metabolic disease [188,189], fibrates
were not protective against coronary heart disease mortality in patients with T2D [190].
While enhancing its activity is expected to increase fatty acid and decrease cardiac efficiency,
acute activation of PPARδ is shown to inhibit cardiac hypertrophy [191,192] and enhances
cardiac glucose oxidation [193]. These unexpected but welcomed effects of activating
PPARδ could be mediated by decreasing circulating fatty acid levels that can potentially
limit cardiac fatty acid β-oxidation.

3. Conclusions

Accelerated rates of fatty acid β-oxidation and low glucose oxidation rates are major
contributors to cardiac dysfunction and adverse remodeling in diabetic cardiomyopathy.
These metabolic alterations also increase the myocardium’s vulnerability to heart failure
and worsen the outcomes following myocardial ischemia/reperfusion injury. As a result,
targeting cardiac fatty acid β-oxidation may be a promising therapeutic approach to treat
diabetic cardiomyopathy. Inhibition of fatty acid oxidation could be achieved via inhibiting
cardiac fatty acid β-oxidation directly or targeting pathways that control cardiac fatty acid
β-oxidation. Inhibiting mitochondrial fatty acid β-oxidation or raising malonyl CoA levels,
which inhibits mitochondrial fatty acid uptake, are other approaches to cardioprotection.
Another strategy to reduce cardiac fatty acid β-oxidation in diabetic cardiomyopathy is
through stimulating cardiac glucose oxidation directly. For instance, inhibition of pyruvate
dehydrogenase kinase will overcome the effect of high fatty acid β-oxidation on inhibiting
cardiac glucose oxidation [194,195]. Moreover, it will also improve cardiac efficiency
considering that glucose is a more oxygen-efficient substrate compared to fatty acids in the
heart. Enhancing glucose oxidation will also improve the myocardial PCr/ATP ratio in the
heart in diabetes, which is an energy-starved heart [196].
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