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Diabetes Mellitus (DM) is a worldwide health issue that can lead to a variety of
complications. DM is a serious metabolic disorder that causes long-term
microvascular and macro-vascular complications, as well as the failure of
various organ systems. Diabetes-related cardiovascular diseases (CVD)
including heart failure cause significant morbidity and mortality worldwide.
Concurrent hypertensive heart disease and/or coronary artery disease have
been thought to be the causes of diabetic heart failure in DM patients.
However, heart failure is extremely common in DM patients even in the
absence of other risk factors such as coronary artery disease and
hypertension. The occurrence of diabetes-induced heart failure has recently
received a lot of attention. Understanding how diabetes increases the risk of
heart failure and how it mediates major cellular and molecular alteration will aid
in the development of therapeutics to prevent these changes. Hence, this
review aimed to summarize the current knowledge and most recent findings in
cellular and molecular mechanisms of diabetes-induced heart failure.
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Abbreviations: ATP, adenosine triphosphate; CD36, cluster of differentiation; CVD, cardiovascular
diseases; DM, diabetes mellitus; ERS, endoplasmic reticulum stress; ETC, electron transport chain;
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Introduction

Diabetes Mellitus (DM) is a worldwide health problem
characterized by high blood glucose levels caused by a defect
in insulin production or insulin resistance, or both (1). DM is a
serious metabolic disorder that causes long-term microvascular
and macro-vascular complications, as well as the failure of
various organ systems (2). Heart Failure (HF) is a long-term
condition in which the heart muscles are unable to pump blood
effectively enough to meet the body’s needs. It is characterized by
cardiomyopathy (cardiac muscle weakness), fibrosis,
hypertrophy, cell death, and diastolic dysfunction, followed by
systolic dysfunction (3). Uncontrolled DM hurts several systems,
including the cardiovascular system. Diabetes-related
cardiovascular diseases (CVD) cause significant morbidity and
mortality worldwide. Concurrent hypertensive heart disease
and/or ischemic coronary artery disease were previously
thought to be the cause of HF in diabetic patients. However,
even in the absence of predisposing factors for HF, diabetic
patients show signs of impaired function and abnormal structure
in the heart (4, 5). The occurrence of CVD, including HF in
patients with DM, has recently received a lot of attention.
According to a plethora of epidemiological evidence, HF is
extremely common in DM patients even in the absence of
other HF risk factors such as coronary artery disease and
hypertension (6-9). HF is four times more prevalent in DM
patients than in the general population and is one of the main
causes of mortality and morbidity (10). Chronic metabolic
imbalance in diabetes can lead to cardiac dysfunction and
even HF. Hyperglycemia, insulin resistance, and other factors
have been linked to diabetic HF Despite significant advances in
our understanding of the pathophysiology of DM-related HF in
recent decades, the details of the cellular mechanisms are still not
well understood. Understanding how diabetes increases the risk
of HF and how it mediates major cellular and molecular
alterations will aid in the development of therapeutics to
prevent these changes. Hence, this review aimed to summarize
the current knowledge and most recent findings in cellular and
molecular mechanisms of diabetes-induced HF.

Molecular and cellular mechanisms
of HF in DM

A brief overview of cardiac metabolism

The regulation of cardiac function, both contractility, and
relaxation are dependent on energy metabolism. To maintain its
contractile function, the heart needs a continuous and high
amount of energy in the form of adenosine 5-triphosphate
(ATP) (11). Under normal conditions, 40-60% of cardiac ATP
is produced by the oxidation of fatty acids (FA) in the
mitochondria. Glucose is the second most important fuel
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source for the heart, accounting for 20-40% of cardiac ATP
through oxidation (12). Free fatty acids, which originate from
either serum albumin or lipoprotein triacylglycerol (TAG) enter
the cardiac myocyte through sarcolemma membrane fatty acid
transporter proteins, cluster of differentiation-36 (CD36) (13).
Once in the cytoplasm, fatty acids can then be used to synthesize
a variety of lipid intermediates or can be taken up into the
mitochondrial matrix to generate ATP via (3-oxidation (14). The
ability of the heart to switch between available substrates is
maintained by tightly regulating fatty acid oxidation at multiple
points. The metabolic flexibility of the heart is complex and, it is
influenced by several factors such as alteration in contractile
work, hormonal change, oxygen supply limitations, and the
presence of competing substances (i.e. glucose) (15, 16). Even
though fatty acids are the primary fuel source for cardiac cells,
they have the highest oxygen requirement to produce ATP and
are the least efficient (ATP produced/O2 consumed) myocardial
energy substrates. Mitochondrial fatty acid oxidation may also
be reduced under stress conditions, resulting in increased
glucose utilization (17).

The uptake of glucose into the sarcolemma is mediated by
insulin-independent glucose transporter type-1 (GLUT-1),
insulin-dependent GLUT-4 transporters as the most abundant
isoforms. GLUT-4 is the most common isoform in the adult
human heart, accounting for 70% of all glucose transporters,
whereas GLUT-1 is highly expressed in the fetal heart (18).
Insulin is required for the translocation of GLUT-4 from the
intracellular compartment to the sarcolemma membrane.
Insulin regulates the expression of the GLUT gene, which
affects glucose transport, in addition to GLUT translocation
(19). Inside cardiac myocytes, glucose can be converted to
glucose-6 phosphate by hexokinase or to sorbitol by polyol
pathway. As shown in Figure 1, glucose-6 phosphate can then
be utilized in a variety of metabolic pathways including
glycolysis, hexose monophosphate pathway (HMP), and
hexosamine biosynthetic pathway (HBP) (20).

Impaired energy metabolism in
diabetic heart

Both glucose and fatty acid metabolic abnormalities have been
described leading to a better understanding of the complicated
process of HF in DM (4). One of the carbohydrate metabolism
abnormalities in DM is the reduced expression of glucose
transporters. In a diabetic heart, the expression and
translocation of these transporters (GLUT-4) are downregulated
(21). For example, atrial GLUT-4 trafficking and expression were
impaired in an animal model (streptozotocin-induced type-1
diabetic rodents) (22). Concomitantly, there is the reduction of
cardiac glucose uptake, glycolysis, and oxidation associated with a
shift towards increased concentration of free fatty acids
(accelerated cardiac fatty acid oxidation). A marked increase in
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FIGURE 1

Overview of glucose and fatty acids metabolism in a healthy heart: The glucose transporters GLUT1 and GLUT4 are responsible for glucose
uptake into the cardiomyocyte. Once inside the cell, glucose is then phosphorylated to Glucose-6-P. Glucose-6-P is the common intermediate
for HMP, HBP, or pyruvate through glycolysis. Pyruvate is then interred to the mitochondria, where it is decarboxylated to acetyl-CoA. Fatty acid
transporters (FAT/CD36) transfer non-esterified fatty acids into the cell. Fatty acyl-CoA is formed by intracellular fatty acid activator enzymes
and can either be esterified into TAG or reach the mitochondria. Fatty acyl-CoA from mitochondria enters the B-oxidation pathway, where it is
converted to acetyl-CoA. Glucose or fatty acid-derived acetyl-CoA enters the TCA cycle, where it undergoes ETC, oxidative phosphorylation,

and ATP formation.

cardiac fatty acid oxidation rates and the dominance of fatty acids
as the major energy source in the heart is the other significant
metabolic change seen in DM (23). Elevated levels of circulating
FFAs and their increased oxidation are also inhibitors of both
glycolysis and glucose oxidation in the heart. Excess fatty acid
oxidation increases mitochondrial oxygen consumption (reduces
the pool of oxygen). As a result, the cardiac energy exchange
efficiency and energetic reserves are reduced because FFA B-
oxidation is less efficient in the limited oxygen availability. During
times of increased metabolic demands, this may increase the risk
of cardiac dysfunction, including HF (24). Furthermore, the fatty
acids taken up by cardiac cells are used for the synthesis of
triglycerides (TG) and other lipid intermediates in addition to
providing energy. Therefore, cardiac cells’ reliance on fatty acids
as an energy source results in a dramatic accumulation of lipids
within the myocardium leading to myocardial steatosis, which
may contribute to the development of HF (25). These changes
have been seen in type-1 and type-2 DM patients, as well as in
preclinical models (26-28). The combined myocardial alteration
of both glycolysis and fatty acid metabolism has been also
observed in many forms of heart disease including HF (29).
Moreover, free fatty acids and accumulation of intracellular TG
and other lipid intermediates can impair insulin signaling and
contribute to cardiac insulin resistance (30). Cardiac insulin
resistance, the hallmark of type-2 DM is an independent risk
factor for the development of HF (31). Cardiac insulin resistance
is linked to decreased cardiac insulin metabolic signaling and is
caused by a variety of factors including oxidative stress,
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hyperglycemia, hyperlipidemia, and dysregulated adipokine/
cytokine secretion (32).

Mitochondrial dysfunction and
diabetic HF

Mitochondria, the semi-autonomous organelles, and cellular
powerhouse play a critical role in ensuring that cells function
properly. They are involved in the production of ATP, calcium
homeostasis, oxidative stress response, and apoptosis (33).
Mitochondrial dysfunction is one of the most principal factors in
the development of HF in people with diabetes (34). Cardio
myocytes produce about 90% of their ATP through oxidative
phosphorylation in the mitochondria (35). As mentioned earlier,
cardiac mitochondria in diabetic patients will switch the source of
ATP production from glucose to fatty acid oxidation to maintain a
constant supply of energy to the cells (36). This process disrupts the
oxidative phosphorylation process and causes to produces more
reactive oxygen species (ROS) in the electron transport chain. ROS
can cause oxidative damage to cellular proteins and lipids. Due to its
proximity to the inner membrane, insufficient repair mechanisms,
and lack of protective histones, mitochondrial DNA is also
extremely vulnerable to ROS (37). ROS also negatively affects
myocardial calcium (Ca**) handling resulting in cytosolic Ca*"
overload (38). Ca*"overload in the cytosol may then cause the
opening of the mitochondrial permeability transition pore (mPTP)
(39). As illustrated in Figure 2, the opening of mPTP, combined
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with damage to mitochondrial DNA, causes apoptosis (cell death),
which leads to cardiac mitochondrial dysfunction and, eventually,
HF (40). Recent evidence showed that increased mPTP also initiates
the processes of necroptosis (non-programmed cell death) in the
diabetic heart (41). Mitochondrial DNA damage could also trigger
the activation of a pro-inflammatory type of programmed cell death
(pyroptosis) through the activation of the cGAS-STING pathway
(42). The cGAS-STING signaling pathway, consisting of the cyclic
GMP-AMP synthase (cGAS) and the cyclic GMP-AMP receptor
stimulator of interferon genes (STING), is an innate defense
mechanism that detects pathogenic DNA. In addition to sensing
microbial DNA, cGAS has been proven to detect endogenous DNA,
such as DNA released from mitochondria (43). Activation of
cardiac pyroptosis promotes pro-inflammatory responses in
cardiomyocytes, thereby exacerbating myocardial hypertrophy
during the progression of diabetic cardiomyopathy (44).
Generally, these forms of cell death could be attributed to the
pathogenesis of diabetic HF involving mitochondrial dysfunction.
However, various other forms of cell death including, autophagic
cell death, autosis, and ferroptosis have been identified and
characterized in diabetic cardiomyopathy (45).

Cardiac endoplasmic reticulum stress
(ERS) and diabetic HF

The ER is a vital cell organelle that regulates several homeostatic
responses, including lipid and steroid hormone synthesis, calcium
homeostasis, secretory and transmembrane protein post-

10.3389/fendo.2022.947294

translational modifications, and the folding and maturation of
newly synthesized proteins (46). ERS is a chronic perturbation of
ER homeostasis marked by the accumulation of unfolded/
misfolded proteins caused by a variety of factors including altered
glucosylation, nutrient deprivation, oxidative stress, and so on. ERS
activates a complex signaling pathway referred to as unfolded
protein response (UPR) pathway (47). In normal conditions,
UPR activates transcriptional and translational pathways in the
ER to reduce the rate of general translation and increase the
expression of ER-resident protein chaperones, which helps to
restore ER homeostasis (48). Three sensor proteins (normally
kept inactive by interacting with ER-resident chaperone proteins)
initiate the UPR pathway. These sensor proteins are the kinases
PERK (protein kinase R-like ER kinase) and IRE1 (inositol
requiring enzyme-1), and the transcription factor ATF-6
(activating transcription factor-6) (49). When these sensors are
activated, they cause the transcription of UPR target genes, which
leads to a decrease in protein synthesis, an increase in ER chaperone
expression, and an increase in proteins involved in ER-associated
protein degradation (50). Hence, UPR is the mechanism intended
torestore cellular function as a compensatory pro-survival response
during ERS. However, a prolonged ER stress response can cause
cardiac dysfunction by activating the ER-mediated apoptotic
pathway and downstream signaling in the cardio-myocytes (51).
Chronic ER stress is associated with metabolic disorders like
obesity, diabetes, and age-related pathogenesis, according to
growing evidence (52).

Cardiac hypertrophy, local inflammation, abnormal
intracellular Ca®* handling, oxidative stress, and endothelial
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FIGURE 2

Role of mitochondrial dysfunction in diabetic HF. To maintain ATP production, heart cells in DM adapt to enhanced fatty acid oxidation.
Concomitantly, the formation of reactive oxygen species (ROS) is also increased, affecting oxidative phosphorylation, damaging mitochondrial DNA,
and disturbing Ca2+ homeostasis. Both mitochondrial DNA damage and mPTP opening (due to Ca®* overload) promote the cardiac apoptotic
(programmed cell death) pathway. Through the activation of the cGAS-STING (cyclic GMP-AMP synthase (cGAS) and the cGAS stimulator of
interferon genes) pathway, mitochondrial DNA damage may potentially trigger the activation of a pro-inflammatory type of programmed cell death
(pyroptosis). Increased mPTP also starts the necroptosis processes. All of which lead to mitochondrial malfunction and ultimately HF
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dysfunction are all common symptoms of DM (53). DM raises
plasma glucose levels, increases FFA levels, activates
inflammation, and alters cardiac metabolism and lipotoxicity,
all of which contribute to ERS (54). Cardiac ERS then activates
UPR and results in myocardial cell apoptosis. In the DM rat
model, upregulation of ERS markers and apoptotic molecules
have also confirmed myocardial cell apoptosis (55). The other
possible mechanism for the ERS-induced HF in diabetes is the
alteration of cardiac sarcoplasmic reticulum Ca ** ATPase
(SERCA) protein. The alteration of SERCA in diabetes might
be due to hyperglycemia-induced non-enzymatic glycation.
SERCA is a membrane-bound intracellular enzyme that
transports Ca®" against a concentration gradient by utilizing
the free energy of ATP (56). Both human diabetes and
experimental animal model studies demonstrated that ERS
alters SERCA protein, leading to left ventricular (LV) diastolic
dysfunction (57, 58). Reduced cardiac SERCA activity is
associated with altered Ca ** handling and deficient
contractility, which can lead to HF (59, 60). Furthermore,
studies have also shown that cardiac ERS alters all aspects of
cardiac energy metabolism, from substrate utilization to
oxidative phosphorylation and energy transport to myofibrils,
potentially contributing to HF (61). Overall changes result in
contractile dysfunction, left ventricular (LV) hypertrophy, and
cardiomyopathy, which together affect cardiac output and
eventually lead to HF (62), as shown in Figure 3. In general,
although more study is needed to fully comprehend the
mechanisms underlying these processes, appropriate
intervention in the ERS process could be a therapeutic strategy
for diabetes-related cardiac complications including HF.

10.3389/fendo.2022.947294

Role of inflammation in diabetic HF

Systemic chronic inflammation is one of the
pathophysiological processes in patients with DM, and it has
been a factor in the development of vascular complications (63).
Chronic systemic inflammation, caused by hyperglycemia,
hyperlipidemia, hyperinsulinemia, and insulin resistance,
partially contributes to the development of diabetic HF (64).
The accumulation of advanced glycation end products (AGEs),
oxidative stress, and hyperlipidemia are followed by activation of
the nuclear factor kappa-B (NF-kB) pathway; the renin-
angiotensin-aldosterone system (RAAS), and overexpression of
inflammatory interleukins are the important molecular
mechanisms in the development of diabetic HF (65, 66).
Persistent hyperglycemia induces oxidative stress and the
accumulation of AGEs, which in turn activates a common
signaling pathway involving a transcription factor, known as
NF-«B (67). Prolonged hyperglycemia, as previously stated,
inhibits glucose oxidation while enhancing fatty acid
metabolism in the diabetic heart. Enhanced fatty acid
oxidation in the diabetic heart leads to an increase in
lipoprotein levels (particularly oxidized LDL is high) (68). It
has also been proven that oxidized LDL activates the NF-B
signaling pathway (69). NF-xB is a universal transcription factor
normally found in an inactive form in the cytoplasm. Once it is
activated it trans-locates to the nucleus and is bound with a
specific section of DNA that triggers the expression of various
cytokines, chemokines, cell adhesion molecules, interleukins,
TGEFp, pro-infammatory proteins, and pro-apoptotic genes

(70). Finally, the release of those molecules via this
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FIGURE 3

Outlining the role of ER stress in the development of diabetic HF: Diabetes mellitus raises plasma glucose levels, increases the amount of
circulating FFAs, alters cardiac metabolism, and triggers an inflammatory response that activates ERS. When ER function is disrupted, it causes
cell autophagy or apoptosis, changes in SERCA protein structure and function, and insulin resistance, which leads to diabetic cardiomyopathy,

contractile dysfunction, and eventually heart failure.
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mechanism causes ROS stress to the myocardium, fibrosis,
hypertrophy, cell death, and eventual myocardial diastolic
dysfunction, all of which are the early hallmarks of diabetic
HF (71). Hence, NF-xB signaling is one of the promising
therapeutic targets for diabetic-related chronic complications
including diabetic HF (67).

Diabetes can also promote the RAAS system in the heart
through several mechanisms. The first is one is hyperglycemia
directly stimulates local Angiotensin-II (Ang-II) production in
the cardio-myocytes (72). It was proposed that hyperglycemia-
induced intracellular generation of Ang-II in the cardiac cells is
by chymase proteins. Chymases are a family of serine proteases
found primarily in mast cells, fibroblasts, and vascular
endothelial cells (73). It was also demonstrated that
intracellular Ang-II is correlated with cardiomyocyte
apoptosis, oxidative stress, and cardiac fibrosis in diabetic rats
(74). Interestingly inhibition of this enzyme has a significant
therapeutic advantage in halting the progression of diabetic-
induced cardiac and vascular diseases (75, 76). The second
mechanism of RAAS activation in the diabetic heart is that
high glucose concentrations can enhance the tissue response to
Ang-II. This implies that with hyperglycemia, the tissue response
to Ang-II can become more contractile. It has also been
demonstrated that high glucose concentration augments Ang-
II mediated aortic contraction via an angiotensin-1 receptor
(ATIR) in a rat model (77). The third way by which DM
promotes RAAS is through metabolic abnormalities associated
with hyperglycemia such as AGEs. AGEs are formed after
sustained hyperglycemia, oxidative stress, and dyslipidemia in
DM. AGEs could mediate intracellular signaling, gene
expression, the release of pro-inflammatory molecules and free
radicals, and activation of RAAS through receptor-mediated
signaling cascade (78, 79). Furthermore, AGEs activate the
chymase-dependent production of Ang-II (80). Ang-II plays a
significant role in regulating various physiological processes. It
acts as a potent vasoconstrictor, promotes growth factors,
migration, proliferation, and hypertrophy of vascular smooth
muscle cells and cardiac fibroblasts, and increases catecholamine
release. Although these mechanisms initially serve to maintain
cardiac output, they eventually contribute to the progression of
HF (81).

Role of autophagy in diabetic HF

Autophagy is the general term that refers to the process
involving the decomposition of intracellular components via
lysosomes. It is crucial to all types of cells including
cardiovascular cells for maintaining homeostasis and
preventing nutritional, metabolic, and infection-related stress
(82). Micro-autophagy, macro-autophagy, and chaperone-
mediated autophagy (CMA) are the three main types of
autophagy in mammalian cells, based on the mode of cargo
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delivery to the lysosome (83). To capture the cargo in micro-
autophagy, direct invaginations of the lysosomal membrane or
vacuolar membranes are used. CMA is a type of autophagy that
uses chaperones to selectively degrade soluble cytosolic proteins
in the lysosomes. Macro-autophagy (hereafter referred to as
autophagy) is the most extensively studied type of autophagy
characterized by the sequestration of cytoplasmic materials in
double-membrane vacuoles called auto-phagosomes, which are
then delivered to the lysosome for degradation (84, 85). Several
principal factors control this intracellular degradation process.
Autophagy-related (ATG) genes and proteins play a crucial role
in the process of autophagy such as induction, cargo selection,
auto-phagosome formation, fusion, and degradation. To date,
more than 30 ATG genes and proteins have been discovered
(86). Although there are several regulatory pathways for cellular
autophagy, the mammalian target of rapamycin (mTOR)
pathway and adenosine 5’monophosphate-activated protein
kinase (AMPK) are the most important inhibitors and
activators, respectively (87). mTOR is a serine/threonine
kinase that is highly conserved from yeast to humans (88). By
phosphorylating complex components such as ATG13 and
ATG] (the mammalian ULK1/2 homolog), mTOR inhibits the
autophagy-initiating UNC-5 like autophagy activating kinase
(ULK) complex. This disrupts the interaction between ATGI
and ATG13, preventing the interaction and phosphorylation of
ULK1 by AMPK, and finally inhibiting autophagosome
initiation (88, 89). On the other hand, AMPK (a nutrient
sensor) is the major activator of autophagy. AMPK promotes
autophagy either directly by phosphorylating autophagy-related
proteins in the mTOR, such as ULK, or indirectly by regulating
autophagy-related gene expression downstream of transcription
factors (90).

Although autophagy is important for maintaining cellular
homeostasis in healthy cardiac tissues by preventing the
accumulation of dysfunctional organelles and cytotoxic protein
aggregates, some recent research has found that this process is
frequently impaired in diabetic hearts (91). There are contradictory
evidences regarding whether autophagy flux is upregulated or
downregulated in the hearts of DM patients. Some studies have
tried to distinguish autophagy adaptation in the heart of type 1 and
type 2 DM. For instance, in animal models, autophagy flux was
found to be enhanced in the heart of type 1 diabetics but suppressed
in type 2 diabetics (92). Because GLUT-4 and FAT/CD36 cannot
translocate to the membrane due to insulin deficiency in type 1 DM,
glucose and fatty acid uptake by the membrane is prevented,
putting the cell into a state of nutrient deprivation. AMPK is
activated by ATP depletion or AMP accumulation. As a result, in
type 1 diabetic hearts, autophagy flux is enhanced (93, 94). Diastolic
dysfunction and pathogenesis in diabetic cardiomyopathy have
been linked to autophagy upregulation in the hearts of type 1
diabetic (95). In contrast, some experimental studies revealed that
diminished autophagy in type 1 DM is an adaptive response that
limits cardiac dysfunction (96, 97). Unlike type 1 DM, autophagy
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would be expected to be suppressed in type 2 diabetic hearts (98).
Although the exact molecular mechanism is unknown, AMPK
must play a major role in the suppression of autophagy in type 2
DM. Overeating and/or obesity, common features of type 2 DM are
possible causes that downregulate AMPK activity by increasing
intracellular levels of energy substrates like glucose and/or FFA,
thereby suppressing autophagy (99). Suppressing AMPK signaling
lowers cardiac glucose transport, glycolysis, and fatty acid
oxidation, as well as the energy supply required for cardiac
function. Indeed, downregulation of AMPK activity is a key
factor in the development of diabetic HF in type 2 DM (92). It
was also demonstrated that a reduction in cardiac autophagy and
the subsequent decrease of cell viability was implicated in cardiac
dysfunction in the diabetic heart (78). However, still, there are some
contradictory pieces of evidence, which demonstrated that
suppression of autophagy in diabetes is protective against cardiac
cell dysfunction and HF too (100, 101). Therefore, further study is
needed to determine the exact role of autophagy in type 1 or type 2
diabetic HF, as well as whether the response of autophagy in the
diabetic heart is protective or not.

Role of epigenetics in diabetic HF

Epigenetics is the study of heritable changes in gene expression
patterns that are not linked to changes in DNA sequence. DNA
methylation and histone modification are the key epigenetic
processes that control gene expression (102). Epigenetic
dysregulation has a role in the development of many diseases
including DM. DNA methylation is a biological event that occurs
when DNA methyltransferases add methyl groups to DNA
nucleotides (cytosine or adenine). It is usually exerted at the 5'-
position of cytosine residues in CpG dinucleotides. DNA
methylation regulates gene expression by preventing
transcription factors from binding to DNA (103). Recently
increasing evidence showed that DNA methylation plays a
critical role in the pathogenesis of diabetic complications
including HF (104). It was discovered that tumor necrosis factor-
o (TNF-) boosts the SERCA promotor region by enhancing DNA
methyltransferase activity in diabetic hyperglycemia. In
cardiomyocytes, the expression of the protein is reduced when
the SERCA gene is methylated (105). As previously indicated,
downregulation of SERCA expression might result in diastolic
dysfunction and contractility impairment, which can contribute
to diabetic HF (106). Furthermore, a positive correlation was
observed between the severity of HF and the expression level of
TNF-o (107). This is also supported by the study that aberrant
DNA methylation in human cardiomyocytes impairs cardiac
contractility, and causes mitochondrial damage, as well as lipid
and glucose metabolic problems (108). Taken together, these
studies suggest that DNA methylation plays a role in the adverse
cardiac remodeling associated with the development of diabetic HF,
albeit more research is needed.
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Histone modification is another epigenetic process have been
also identified as a key contributor to the development of diabetes-
related HF (109). Together with DNA, four types of histone
proteins (H2A, H2B, H3, and H4) make up the fundamental unit
of chromatin known as the nucleosome. Histone modification is an
epigenetic process in which histone proteins are methylated,
acetylated, phosphorylated, adenylated, ubiquitinated, or ADP
ribosylated (110). The transcriptional activity of associated genes
is affected by these modifications. Histone modifications also affect
the binding ability of other proteins to histones via altering local
hydrophobicity, RNA polymerase status, and binding affinity for
other transcription coactivators (111). In diabetic myocardium,
hyperglycemia promotes the production of mitochondrial ROS,
which in turn induces JunD (Jund proto-oncogene subunit)
downregulation. Since JunD is one of the oxidative stress
gatekeepers, its downregulation causes cardiac dysfunction in
both experimental and human DM investigations (112). In
vascular cells, ROS also causes long-term epigenetic activation of
the NF-B subunit p65. The methylation of histone 3 on lysine 4 has
been identified as the epigenetic alteration that enhances p65 gene
expression and consequent pro-inflammatory gene expression.
These findings show that hyperglycemia-induced histone
alteration could be a separate risk factor for diabetes
complications including HF (113). Recent evidence from in vitro
and in vivo revealed that Histone deacetylation appears to play a
role in the etiology of diabetes complications, including HF. So, it
has been proposed that the balance between histone acetylation and
deacetylation must be tightly regulated (114). Hence, epigenetics in
cardiovascular research and therapy is an exciting and promising
emerging research field (115).

Role of microRNAs in diabetic HF

MicroRNAs (miRNAs) are endogenous, noncoding, single-
strand RNAs with an average length of 22 nucleotides that regulate
gene expression. miRNAs control gene expression in two ways: by
inhibiting translation or by promoting the degradation of target
messenger RNA (mRNA) (116). Studies have demonstrated that the
expression level of miRNA in the heart of DM patients was found to
be different when compared with healthy individuals (117). Changes
in miRNA synthesis and levels have been linked to cardiac
remodeling and the development of diabetic HF (118). The
miRNAs may target mitochondrial function, ROS generation, Ca2
+ perturbation, apoptosis, and fibrosis are all thought to be significant
pathways for cardiac hypertrophy, remodeling, and HF development
(119). One of the distinctive structural characteristics of early HF is
cardiomyocyte hypertrophy. Numerous miRNAs were shown to be
dysregulated and contributed to the pathophysiology of
cardiomyocyte hypertrophy in DM (120). For instance, miR-133 is
highly expressed in heart tissue and is known to be involved in
diabetic cardiac hypertrophy (121). According to a study done on
type 2 DM patients, miR-17 expression was up-regulated, while miR-
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24, miR-150, miR-199a, miR-214, and miR-320a expression was
down-regulated in the diabetic cardiomyopathy patients compared
to healthy controls. And it was concluded that dysregulation of
circulating miRNA may contribute to the pathogenesis of diabetic
induced-cardiomyopathy (122). It has also been demonstrated that
upregulation of nuclear miR-320 mediates diabetes-induced cardiac
dysfunction by activating the transcription of fatty acid metabolic
genes, causing lipotoxicity in the hearts of diabetic mice (123). As a
result, it has recently been suggested that measuring circulating
miRNAs in combination with other biological markers could
substantially improve the diagnostic potential of detecting diabetic
cardiomyopathy (124). A significant reduction of miR-21 was also
observed in the diastolic dysfunctional heart of diabetic mice. And the
delivery of miR-21 efficiently protected against cardiac diastolic
dysfunction (one of the early manifestations of HF) by targeting
gelsolin protein (125). Furthermore, miRNA can influence other
epigenetic changes such as histone H2A mRNA levels, histone
deacetylase, and DNA methyltransferases, resulting in gene
modification and expression modulation (126). However, the
precise involvement of miRNAs in the development of diabetic
HEF, as well as their cross-talk with other epigenetic processes, is
not clearly elucidated.

Conclusions

Metabolic impairment, ERS, autophagy, the inflammatory
process, epigenetics, and microRNAs are just a few of the cellular
and molecular mechanisms that have been proposed and
explored in diabetic HF. As a result, limiting cardiac fatty acid
oxidation, boosting glucose oxidation, mitigating ERS, and
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