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Abstract: Diabetes mellitus (DM) is a chronic metabolic disease characterized by hyperglycemia. The main
cause of mortality in DM patients is cardiovascular disease. Patients with DM have a higher incidence of
developing heart failure (HF), especially due to diabetic cardiomyopathy (DC). At the earlier stage, patients
might be asymptomatic, yet it may develop to HF with preserved ejection fraction (HFpEF) as it progresses.
However, its essentiality is usually underestimated. DC is portrayed by increased thickness of the
ventricular septal and left posterior myocardial wall. Its pathogenesis is complicated and involves numerous
pathways initiated by hyperglycemia, insulin resistance, and hyperinsulinemia, which contribute to the
cardiac hypertrophy. By recognizing the importance of DC and its pathogenesis, the prognosis can be better
comprehended, and new therapeutic targets could be better explored in the future.
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1. Introduction

Diabetes mellitus (DM) is one chronic metabolic disease characterized by hyperglycemia due to the
disorder in insulin secretion and/or function [1]. The global prevalence of diabetes mellitus was 529 million
in 2021 [2], which is estimated to be more than 783.2 million individuals by 2045 [3]. Type 2 diabetes
mellitus (T2DM) takes a proportion of more than 90% of patients diagnosed with DM [4]. Cardiovascular
disease is the main cause of mortality in individuals with DM and two-third of mortalities is T2DM patients
[5]. Diabetic patients have a higher risk of developing HF (39%) compared to non-diabetic patients (23%)
[6]. Framingham Heart Study (1974) demonstrated that diabetic women have higher incidence to develop HF
compared to men [7]. According to the UK Prospective Diabetes Study (UKPDS), 1% reduction of HbAlc
will lead to a 16% reduction in the HF development [8]. Type 1 diabetes mellitus (T1DM) patients’ incidence
to develop HF is higher than that of T2DM, independent of other risk factors. An increase of 1% HbAlc in
T1DM causes a 30% increase in HF risk [9], while it is 8% increased risk of HF for every increased 1%
HbAlc in T2DM patients [8]. Not all diabetic patients develop HF and not all HF patients have DM, yet DM
is critical for the development of HF [10,11]. Diabetic patients who develop HF will have the clinical
manifestations of both DM and HF. DM can progress to HF through vasculopathy, ischemic cardiomyopathy,
and diabetic cardiomyopathy (DC). Myocardial ischemia resulted from both micro- and macro-vasculopathy
will deteriorate the myocardial function, leading to HF, and this could be commonly alerted [12]. However,
the non-ischemia cardiomyopathy, which is called diabetic cardiomyopathy, essentially contributing to
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cardiac dysfunction of diabetes, is always underestimated.

2. Clinical Manifestations of Diabetic Cardiomyopathy

Diabetic cardiomyopathy (DC) is defined as the pathophysiological condition—structure and function—
of the heart due to DM in the absence of other etiologies and risk factors, such as coronary artery disease
(CAD), hypertension, and valvular disease. HF may follow at a late stage despite its asymptomatic condition
in the carliest stage of the diabetes [13]. This term has been used since 1972 [14], yet it is still
underappreciated. DC is common in diabetic individuals but is often underestimated due to the absence of
symptoms and signs in the early stage [15].

According to several studies, in DC patients attributed to TIDM, the diastolic function impairment is
frequent [16] and with earlier onset [17] than systolic function impairment. However, according to Tan et al.,
T1DM patients manifest more with the symptoms of systolic dysfunction [18]. Nevertheless, DC is the major
cause of HF with preserved ejection fraction (HFpEF). DC associated with T2DM is characterized by:
(1) declined ventricular compliance; (2) increased systemic and pulmonary venous pressures and congestion;
(3) HF with preserved ejection fraction (HFpEF) with diastolic dysfunction [19]. The left ventricular mass
index is increased by 6—9% and by 12—14% in females and males with T2DM, respectively [8]. Hence, there
is a positive relationship between T2DM and left ventricular wall thickness [8, 20]. Stahrenberg et al.
demonstrated that the severity and prevalence of diastolic dysfunction deteriorate as T2DM progresses,
observed in the poorer diastolic parameters in diabetic patients in comparison with non-diabetic patients [21].

The clinical manifestations of DC are classified into three stages [13]. The first stage is mostly
asymptomatic, characterized by increased cardiac fibrosis and stiffness. This hidden subclinical period
presents with impaired diastolic filling, enhanced atrial filling, and left ventricular end-diastolic pressure [22].
The second stage of DC is characterized by left ventricular hypertrophy, cardiac remodeling, deterioration of
diastolic dysfunction, and HFpEF [23]. At a late stage, patients present with enlarged left ventricular
chambers, HF with reduced ejection fraction (HFrEF), as well as dysfunction of both systolic and diastolic
functions. Pre-ejection performance will be prolonged with shortened ejection duration. As it progresses,
filling resistance and filling pressure develops [23].

Cardiac hypertrophy is a typical structural change in the pathophysiological progression of DC, which is
portrayed by ventricular septal and left posterior myocardial wall thicknesses due to compromised systolic or
diastolic function [24].

3. Mechanisms of Diabetic Cardiomyopathy

The pathogenesis of DC is complicated, which involves numerous pathways initiated by abnormal
metabolism, such as hyperglycemia, insulin resistance, and hyperinsulinemia, that all contribute to the cardiac
hypertrophy (Figure 1).

3.1. Roles of Free Fatty Acid in Diabetic Cardiomyopathy

DM induces increased free fatty acid (FFA) release from adipose tissue and enhances the capacity of
myocyte sarcolemmal FFA transporters due to the increased cluster of differentiation 36 (CD36), an essential
membrane protein which promotes FFA uptake, in diabetic hearts [23,25]. CD36 also plays a significant role
in mediating adenosine monophosphate (AMP) -activated protein kinase (AMPK) pathway activation by
diminishing its activity. DM attenuates the activation of AMPK, resulting in increased FFA uptake into the
heart, triacylglycerol accumulation, and diminished utilization of glucose [26]. Consequently, FFAs
accumulate in the diabetic heart as a response to maintain sufficient ATP production [18]. As time goes by,
the accumulating FFAs become excessive and not able to be metabolized, also called B-oxidation, adequately,
finally resulting in cardiac lipotoxicity and various detrimental consequences. Over FFA oxidation, together
with advanced glycation end products (AGEs), gives rise to the generation of reactive oxygen species (ROS)
due to mitochondrial damage [18]. Meanwhile, excessive lipid metabolites, e. g., diacylglycerol, promote
endoplasmic reticulum (ER) stress. Besides, PKC signal is activated by increased DAGs in response to
excessive free fatty acids [27]. Protein kinase C (PKC), which is associated with diacylglycerols (DAGs),
contributes to DC [13].
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Figure 1. The pathogenesis of DC and eventually HF.

3.2. Mitochondrial Damage in Diabetic Cardiomyopathy

Mitochondrial damage plays a key role in the development of DC [28]. DM causes the switch of
mitochondrial main metabolic substrate from glucose to FFA [23]. In DM, FFA oxidation, AGEs, RAAS
overactivation, and impaired oxidative phosphorylation all together will cause mitochondrial impairment.

This mitochondrial damage induces oxidative stress, alters mitochondrial Ca*

handling, leading to
cardiomyocytes apoptosis, endothelial damages, and microvascular alteration [18]. Furthermore, mitochondrial
dysfunction also promotes ER stress and inflammation, which in turn promote oxidative stress [23].
Mitochondrial injury is also tightly correlated with the alteration of the four essential genes: Pdk, Hmgcs2,
Decrl (up-regulated), Ivd (down-regulated), that are further involved in the inflammation pathway
[29]. Thereby, mitochondrial injury is the intersection point of oxidative stress, ER stress, and inflammation,

deteriorating the cardiac function of diabetes.

3.3. Inflammation in Diabetic Cardiomyopathy

Mitochondrial metabolism and immune-inflammation are key for DC pathogenesis, and several
mitochondrial pivotal genes are implicated in diabetic inflammatory conditions. For example, pyruvate
dehydrogenase kinase 4 (Pdk), 3-hydroxy-3-methylglutaryl-CoA synthase 2 (Hmgcs?2), and 2,4-dienoyl-CoA
reductase 1 (Decrl) are up-regulated, while isovaleryl-CoA dehydrogenase (Ivd) is down-regulated [29].
These four genes are essential in the metabolic process of mitochondria. Pdk4, which regulates pyruvate
oxidation through the phosphorylation and inhibition of the pyruvate dehydrogenase complex (PDC), an
important control point in glucose and pyruvate metabolism, is strongly correlated with fatty acid oxidation
and insulin resistance, and it has been proven to regulate B cells and M2 macrophages [29]. Hmgcs2
associated with ketogenesis, also has positive association with B cells [29]. It can be used to predict the DC
outcome, progression, and prognosis [30]. Its essential role in the degradation of poly-unsaturated fatty acids
is shown to have a positive relationship with B cells and M2 macrophages [29]. Elevated B cells level in DM
contributes to pro-inflammatory environment [31]. Ivd is beneficial towards cardiac injury [32], but its
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expression is declined in DC [29]. Moreover, neutrophil-to-lymphocyte ratio is noticed to be raised in
diabetic condition [33], along with increased ventricular infiltration of T cells [34] and M1 macrophages
potentiated the secretion of inflammatory factors to induce insulin resistance [35]. DM also increases the
chemical non-enzymatic AGEs formation that initiates the inflammation response, producing ROS, and cross-
linking with extracellular matrix [13,23].

In DM, cyclic GMP-AMP (cGAMP) synthase (cGAS) could activate stimulator of interferon genes
(STING). cGAS is a key cytosolic sensor [36] which is sensitive to immunological changes by inducing
proinflammatory cytokines, e.g., IL-6 and TNF-a, via the transcription factor nuclear factor kB (NF-kB) and
interferon regulatory factor 3 (IRF3) [37], partaking in the oxidative stress and inflammation process in DM.
STING is a primary transmembrane protein that mediates the activation of low-grade inflammation, such as
aging, HF, and DM [38 —40]. In diabetic heart, the cGAS-STING pathway is activated in inflammation
manner, due to the escaped mitochondrial DNA (mtDNA) into the cytosol, elevating the nucleotide-binding
oligomerization domain-like receptor pyrin domain containing 3 (NLRP3), and NLRP3 will induce cardiac
pyroptosis and further promote chronic inflammation, hence contributing to the progression of DC [40].

3.4. Endoplasmic Reticulum Stress and AMPK in Diabetic Cardiomyopathy

Excessive ROS and nitric oxide (NO), as well as the existence of inflammation, will be followed by
cardiac endoplasmic reticulum (ER) dysfunction and ER stress [24,41]. These conditions are mutually
reinforcing [18]. In diabetic heart, lipid metabolites such as diacylglycerol contribute to ER stress [13]. ER
stress enhances cellular apoptosis and autophagy [24], and decreases the expression of sarcoendoplasmic
reticulum Ca*"-ATPase 2a (SERCA2a) which will further damage cardiomyocyte contraction [13,42].

AMPK signaling pathway is notably restrained in diabetic conditions, boosting autophagy and
apoptosis. Mechanistic target of rapamycin (mTOR) also regulates autophagy, wherein its suppression will
facilitate the initiation of autophagy [43]. Both autophagy and apoptosis play a pivotal role in the
pathogeneses of DC. In addition to autophagy, impaired AMPK activation will suppress the expression and
translocation of GLUT4 and thus insulin-induced glucose uptake [44]. In contrast, the activation of AMPK
will enhance the glucose uptake [45], as it causes the translocation of GLUT4 glucose transporters towards
the cell surface [46]. Therefore, the down-regulated AMPK pathway promotes the DC.

3.5. Oxidative Stress and Nitric Oxide in Diabetic Cardiomyopathy

Accumulation of ROS plays a crucial role in the process of DC, which promotes the expression of
numerous cardiomyocyte hypertrophic genes, such as f-myosin heavy chain, insulin-like growth factor 1
receptor (IGF-1), and B-type natriuretic peptide (BNP) [47]. Hyperglycemic condition will cause the binding
of the excessive glucose to IGF-1, which contributes to DC via insulin receptor, extracellular signal-regulated
kinase 1/2 (Erk1/2), and phosphatidylinositol 3-kinase (PI3K) signaling pathways [48]. The expression of
nicotinamide adenine dinucleotide phosphate oxidase (NOX), a vital source of cardiomyocyte ROS, is
increased in diabetic conditions [49]. Redundant NOX would undergo the RAAS pathway in addition to the
respiratory chain, that is angiotensin II-mediated oxidative stress, by activating growth factor f1/Smad 2/3
signaling pathway [49-51]. Activated xanthine oxidase and microsomal P-450 enzyme activity, as well as NO
synthase uncoupling are also associated with the increased amount of ROS and downstream PKC signaling
[41]. Both the decreased amount of NO and the activated PKC signaling are closely related to ROS pathway,
contributing to the generation of DC.

Excessive ROS that result in the reduced NO bioavailability suppresses the soluble guanylate cyclase
(sGC) activity and cyclic GMP (cGMP) levels, leading to the loss of the protective effects of protein kinase G
(PKG) that then triggers the endothelial microvascular inflammation reaction [18], resulting in angiogenesis
impairment in the development of DC [52].

Impaired glucose metabolism is another cause of abnormal RAAS pathway [13], leading to impairment
of NO production, which further increases the collagen cross-linking enzymes activation, 1i. e.,
transglutaminase [53]. In addition to RAAS pathway, NF-«B contributes to the reduced NO bioavailability
[54]. Consequently, overexpression of collagen in cardiomyocytes, along with the crosstalk between IGF-1
and cardiac insulin signaling pathway, contribute to the reconstruction of DC [13].

4 of 9



LJDDP 2025, 4(3), 100015. https://doi.org/10.53941/ijddp.2025.100015

3.6. Cardiac Remodeling in Diabetic Cardiomyopathy: Cardiac Fibrosis and Hypertrophy

Diabetic condition will enhance the synthesis of molecules involved with collagen deposition. For
instance, inflammation cytokines, connective tissue growth factor, metalloproteinases, and galectin-3, which
are all recognized as collagen biomarkers, and overexpression of collagen biomarkers in cardiomyocytes
could lead to cardiac fibrosis [55]. DM disturbs the NO production, which further activates the collagen cross-
linking enzymes, such as transglutaminase, and this process is involved in the diabetic cardiac fibrosis [53].
Besides, endothelial and epicardial cells also lead to cardiac fibrosis via endothelial-to-mesenchymal or
epithelial-to-mesenchymal transition to myofibroblasts, in addition to cardiac fibroblasts and myofibroblasts
[56-58].

Oxidative stress, inflammation, and ER stress contribute to a progressive profibrotic response that
induces cardiac hypertrophy and extracellular matrix (ECM) fibrosis [18]. Meanwhile, inflammatory
cytokines and protein kinase are evidenced to directly cause cardiomyocyte hypertrophy, thereby promoting
cardiac hypertrophy and fibrosis [59,60], resulting in cardiac dysfunction: diastolic and/or systolic
dysfunction [18].In this regard, cardiac hypertrophy and fibrosis are typical features in the remodeling of
diabetic heart.

3.7. Other Pathways Implicated in Diabetic Cardiomyopathy

A variety of biomolecular pathways in addition to those discussed above have also contributed to the
development of DC, for instance, peroxisome proliferator-activated receptors (PPARs), O-linked N-
acetylglucosamine (O-GlcNAc), sodium-glucose cotransporter-2 (SGLT2), nuclear factor erythroid 2-related
factor 2 (Nrf2), cyclic adenosine 5'-monophosphate-responsive element modulator (CREM), microRNAs
(miRNA), IcRNA, and exosomes. Moreover, fructose also has a role in the pathogenesis of DC.

PPARSs participate in the metabolism of glucose and fatty acid, and are activated via the direct impacts
of increased FFA uptake and mitochondrial FFA oxidation in DM, deteriorating the cardiac function [61]. The
up-regulated O-GlcNAc induced by DM impairs mitochondrial function and insulin metabolic signaling,
which further induces cardiomyocyte apoptosis [62].In physiological condition, SGLT1 is the predominant
active glucose transporter from the gastrointestinal lumen into the gastrointestinal epithelium, and SGLT2 is
primarily expressed in the kidneys [63]. However, in diabetic conditions, SGLT?2 is overexpressed due to the
glomerular hyperfiltration, increased glucose reabsorption, and elevated plasma glucose [64], and upregulated
SGLT2 is evidenced to promote vascular stiffness [64] and mitochondrial dysfunction [65]. Therefore, it can
reduce the blood glucose level independently to insulin [66], and SGLT?2 inhibitors have been actively used in
the clinic as the effective treatment of both HF and DM patients. Nrf2 is a transcription factor responsible for
oxidative stress and inflammation [67]. DM will thereby induce Nrf2 activation, which primarily binds to its
inhibitor, Keap1, to prevent excessive cellular Nrf2 [68], resulting in decreased Nrf2. A potential therapeutic
target is obtained by restoring Nrf2 function, as is found to prevent DM—induced lipotoxicity, inflammation,
fibrosis, and cardiac dysfunction [69]. CREM is an indispensable regulator of cardiac cAMP signaling. Its
expression is aggravated in diabetic condition, contributing to abundant FFA accumulation and cardiac
fibrosis [70], due to the sequent changes in histone acetylation and disorder of miRNAs in DM.

miRNAs have been implicated in diverse physiological and pathological processes, including cardiac
pathology in diabetes, such as ROS over-production, mitochondrial impairment, abnormal Ca*" handling,
enhanced apoptosis, excessive autophagy, and fibrosis [71,72]. miR-34a has been proven to be a key miRNA
in DC. The expression of miR-34a is decreased in the hypertrophic phase of myocardial remodeling but is
increased in HF stage [73]. It inhibits the autophagy via the suppression of ATG9A expression, a protein
essential for autophagy and lipid homeostasis [74,75]. Meanwhile, as angiotensin II is associated with cardiac
hypertrophy and autophagy [76], its down-regulation via miR-34a can be a novel therapeutic target for
cardiac hypertrophy in the future.

Exosome an extracellular vehicle for cellular activities [22]. The lately, research showed that in diabetic
heart, exosomes with abundant miR-320 are released from cardiomyocytes and transported to coronary
endothelial cells for downstream regulation [77]. It will decrease the NO production and vitiate angiogenesis
by decreasing heat shock protein 20. Conversely, heat shock protein 20—engineered exosomes can restore the
cardiac function impairment due to DM [78]. Hence, exosomes can function as both biomarkers of DM-
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induced disruptions and potential therapeutic target. In addition, miR-320 is found to trigger the CD36
transcription, which is essential in FFA oxidation [79].

According to numerous studies, long non-coding RNA (IncRNA) is said to be correlated with the
tumorigenesis by the regulation of glucose and fatty acid metabolism [80—82], wherein the glucose metabolism
is closely related to the glucose transporters (GLUTs) [82]. One study regarding the IncRNA in DC found that
the level of IncRNA NKILA expression was elevated in the plasma of DC patients. These molecules have the
potential of inducing cardiomyocyte apoptosis, and are potential diagnostic as well as therapeutic targets in
the future [83].

High levels of fructose can provoke autophagy, enhancing phosphorylation that further diminishes the
synthesis of ATP. This will lead to the up-regulation of O-GlcNAc and AGE production, reducing the amount
of NO produced [84,85], and promoting cardiac fibrosis in the end [86].

It is important to recognize the predominant role of DC in HFpEF in the diabetes, which is often
neglected. Accounting for the complicated and overlapping signal pathways in the pathogenesis of DC, the
prognosis could be better comprehended and new therapeutic targets might be better explored in the future.

4. Conclusions

Patients with DM have a higher incidence of developing heart failure (HF) via diabetic cardiomyopathy
(DC). Patients tend to be asymptomatic at the early stage but will develop into HFpEF along with its
progression, becoming HFrEF at the late stage. Its pathogenesis involves various pathways that lead to the
hypertrophy of the ventricular septum and left posterior myocardial wall, and can progress to HF at the end
stage. It should be noted that the significance of DC is often neglected. According to the current pathogenesis
of DC, potential effective treatment targets can be obtained. For instance, metformin and SGLT2i can protect
the heart through AMPK and SGLT2 pathways, respectively [13]. Therefore, exploring the pathogenesis of
DC is of great significance.
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