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Abstract
Diabetes mellitus (DM) significantly increases the risk of heart disease, and DM-
related healthcare expenditure is predominantly for the management of 
cardiovascular complications. Diabetic heart disease is a conglomeration of 
coronary artery disease (CAD), cardiac autonomic neuropathy (CAN), and 
diabetic cardiomyopathy (DCM). The Framingham study clearly showed a 2 to 4-
fold excess risk of CAD in patients with DM. Pathogenic mechanisms, clinical 
presentation, and management options for DM-associated CAD are somewhat 
different from CAD among nondiabetics. Higher prevalence at a lower age and 
more aggressive disease in DM-associated CAD make diabetic individuals more 
vulnerable to premature death. Although common among diabetic individuals, 
CAN and DCM are often under-recognised and undiagnosed cardiac complica-
tions. Structural and functional alterations in the myocardial innervation related 
to uncontrolled diabetes result in damage to cardiac autonomic nerves, causing 
CAN. Similarly, damage to the cardiomyocytes from complex pathophysiological 
processes of uncontrolled DM results in DCM, a form of cardiomyopathy 
diagnosed in the absence of other causes for structural heart disease. Though 
optimal management of DM from early stages of the disease can reduce the risk of 
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diabetic heart disease, it is often impractical in the real world due to many 
reasons. Therefore, it is imperative for every clinician involved in diabetes care to 
have a good understanding of the pathophysiology, clinical picture, diagnostic 
methods, and management of diabetes-related cardiac illness, to reduce morbidity 
and mortality among patients. This clinical review is to empower the global 
scientific fraternity with up-to-date knowledge on diabetic heart disease.

Key Words: Diabetic heart disease; Type 2 diabetes mellitus; Type 1 diabetes mellitus; 
Coronary artery disease; Cardiovascular disease; Cardiac autonomic neuropathy; Diabetic 
cardiomyopathy

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Cardiovascular disease is the major cause of morbidity and mortality among 
patients with diabetes mellitus (DM). Three distinct and common clinical entities viz., 
coronary artery disease (CAD), cardiac autonomic neuropathy (CAN) and diabetic 
cardiomyopathy (DCM) collectively form diabetic heart disease. The pathophy-
siological mechanisms involved in the development of diabetic heart disease are 
complex and involve multiple metabolic and molecular pathways. Although most 
clinicians are well-aware that CAD is a cardiac complication of DM, the awareness 
about CAN and DCM is remarkably low. This clinical update discusses the 
pathophysiology, diagnostic aspects, and management options for patients with 
diabetic heart disease, to empower clinicians across the globe to optimally manage the 
disease scientifically.

Citation: Rajbhandari J, Fernandez CJ, Agarwal M, Yeap BXY, Pappachan JM. Diabetic heart 
disease: A clinical update. World J Diabetes 2021; 12(4): 383-406
URL: https://www.wjgnet.com/1948-9358/full/v12/i4/383.htm
DOI: https://dx.doi.org/10.4239/wjd.v12.i4.383

INTRODUCTION
The current prevalence of diabetes mellitus (DM) is 463 million, which is equivalent to 
9.3% of the world population. The global pandemic of diabetes is expected to raise this 
figure to 578 million (10.2%) by the year 2030 and 700 million (10.9%) by 2045[1]. This 
pandemic is associated with serious economic implications. Nearly 10% of the global 
health expenditure is spent on diabetes care, which is equal to United States $760 
billion in 2019, and this is expected to reach United States $845 billion by the year 
2045[2]. DM is the eighth leading cause of death and the third leading cause of years 
lost with disability[3]. Diabetes greatly increases the risk of cardiovascular diseases 
including ischaemic heart disease, stroke, and heart failure (HF). These cardiovascular 
complications contribute to a majority of diabetes-associated morbidity and mortality. 
Moreover, the healthcare cost related to diabetes management is predominantly 
contributed to by the expenditure for treatment of these complications. Therefore, its 
prevention is of paramount importance to reduce morbidity, mortality and healthcare 
costs[2].

Cardiac disease that develops as a direct consequence of DM in patients with type 1 
DM (T1DM) or type 2 DM (T2DM) is known as diabetic heart disease. Diabetic heart 
disease is a conglomeration of coronary artery disease (CAD), cardiac autonomic 
neuropathy (CAN), and diabetic cardiomyopathy (DCM), and these diseases are 
characterized by molecular, structural, and functional changes in the myocardium[4]. 
CAD is the often-recognised cardiac complication of diabetes. On the contrary, CAN 
and DCM although common, are often undiagnosed complications with devastating 
consequences, including increased mortality. This review aims to critically appraise 
the available literature related to cardiac complications of DM, to empower clinicians 
to manage DM more judiciously and scientifically.

http://creativecommons.org/Licenses/by-nc/4.0/
https://www.wjgnet.com/1948-9358/full/v12/i4/383.htm
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DM, CARDIOVASCULAR DISEASE, AND CARDIOVASCULAR MORTALITY
T1DM is associated with a twofold rise in all-cause mortality and a threefold rise in 
cardiovascular mortality, compared to the general population, even with optimal 
glycaemic control with glycosylated haemoglobin (HbA1c) of ≤ 6.9%/52 mmol/mol. 
On the contrary, T1DM patients with poor glycaemic control (HbA1c > 9.7%/83 
mmol/mol) have an eightfold higher risk of all-cause mortality and a tenfold higher 
risk of cardiovascular mortality[5]. Among patients with T1DM, acute metabolic 
complications including hypoglycaemia and diabetic ketoacidosis are the leading 
causes of all-cause mortality in subjects under 30 years, whereas cardiovascular 
diseases (CVD) are the predominant causes of all-cause mortality in those over 30 
years of age[6]. Overall, CVD contributes to nearly 44% of the all-cause mortality in 
T1DM subjects at any age[7].

In a recent observational study among adults with T1DM, the level of glycaemic 
control, hypertension, dyslipidaemia, and diabetic nephropathy were significantly 
associated with the risk of CVD in addition to body mass index, increasing age, and 
duration of diabetes[8]. T1DM subjects without nephropathy have a minimal increase in 
all-cause mortality, indicating that nephropathy is the main driver for CVD and all-
cause mortality[9]. Apart from nephropathy, other microvascular complications of DM 
such as retinopathy and peripheral polyneuropathy are associated with adverse 
cardiovascular outcomes and all-cause mortality in T1DM[10].

In subjects with T2DM, nearly 52% of all-cause mortality is contributed by CVD[7]. In 
general, T2DM is associated with a twofold rise in all-cause mortality and a threefold 
rise in cardiovascular mortality. The relative risks are higher in women and subjects 
under 55 years of age, as compared to men and those above 55 years of age[11]. 
Similarly, the relative risks are also higher with poor glycaemic control and renal 
disease characterized by albuminuria and deterioration in estimated glomerular 
filtration rate. T2DM patients under 55 years of age with HbA1c of ≤ 6.9% (52 
mmol/mol) have a twofold rise in all-cause mortality and cardiovascular mortality. 
Even with a modest rise of HbA1c to the range of 7.0%-7.8% (53-62 mmol/mol) there is 
a twofold rise in all-cause mortality and 2.5-fold rise in cardiovascular mortality; and 
when it is in the range of 7.9%-8.7% (63-72 mmol/mol), there is a 2.5-fold rise in all-
cause mortality and a fourfold rise in cardiovascular mortality. With HbA1c in the 
range of 8.8%-9.6% (73-82 mmol/mol), there is a threefold rise in all-cause mortality 
and a fourfold rise in cardiovascular mortality; and in uncontrolled diabetes with 
HbA1c > 9.7% (83 mmol/mol), there is a fourfold rise in all-cause mortality and a 
fivefold rise in cardiovascular mortality (Swedish National Diabetes Register)[12]. This 
suggests adverse cardiovascular and all-cause mortality risks in relation to poorer 
glycaemic control in T2DM subjects.

Optimal glycaemic control and control of cardiovascular risk factors are associated 
with the attenuation of all-cause mortality and cardiovascular mortality in T2DM. A 
recent observational study showed a modest but significant reduction in mortality 
with improved diabetes care (only 16% excess all-cause mortality and 18% excess 
cardiovascular mortality compared to the figures mentioned above for those with poor 
control)[13]. Among patients with T2DM, men show a higher absolute risk of first-time 
cardiovascular complications like myocardial infarction (MI), stroke, cardiovascular 
mortality, and HF (major adverse cardiovascular events including HF), whereas T2DM 
women exhibit a higher relative risk of first-time cardiovascular complications. This 
could be explained by the fact that diabetes attenuates the protective effect of 
oestrogen on atherosclerosis. Other possibilities include differences in the 
cardiovascular risk burden between sexes, sex differences in accessing healthcare 
resources for primary prevention, poorer glycaemic control, or treatment adherence in 
women. However, the sex difference has no impact on recurrent cardiovascular 
events[14].

DM is a CAD equivalent
Diabetes mellitus was considered a ‘CAD equivalent’ when earlier studies  showed that 
patients with diabetes without prior MI have a risk of death from CAD equal to that of 
patients without diabetes, but with prior MI[15]. However, subsequent studies and a 
meta-analysis have proven that ‘CAD equivalent’ is an overestimation, and there is a 
43% lesser risk of developing CAD in subjects with diabetes without prior MI 
compared to those without diabetes but with prior MI[16]. A small coronary 
angiographic study showed that the cardiovascular complications that occur in T2DM 
patients depend on angiographic status rather than diabetes status, meaning that in 
the absence of obstructive CAD on angiography, there is little difference in the 
incidence of cardiovascular events among patients with or without diabetes[17].
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A population-based study from Denmark stratified 93866 patients who underwent 
coronary angiography based on the presence or absence of diabetes and obstructive 
CAD. It was observed that among patients without significant CAD, those with or 
without diabetes have equivalent all-cause mortality, cardiovascular mortality, and 
MI[18]. The study also observed that among patients without significant CAD, those 
with diabetes were more often on prophylactic therapy with aspirin, statin, and 
antihypertensive agents as compared to those without diabetes. Thus, for patients with 
diabetes, prophylactic therapy could reduce the risk for MI and mortality equivalent to 
that of a person without diabetes.

DM AND CAD
The Framingham study observed that diabetes is associated with a 2-4 times greater 
risk for MI and 4-6 times greater risk for HF[19]. Cardiovascular complications 
including CAD and stroke are the causes of death in nearly 75% of patients with 
T2DM in developing countries[20]. The INTERHEART study supported the association 
between diabetes and MI on a global platform. With the implementation of 
appropriate primary prevention strategies, the risk for first-time cardiovascular 
complications has come down significantly. Similarly, with effective revascularisation 
techniques and secondary prevention strategies, the risk for recurrent cardiovascular 
events has significantly reduced[21].

Pathophysiology of CAD in DM 
The phenomenon of persistent hyperglycaemia associated with increased 
cardiovascular disease is known as “metabolic memory” or “legacy effect”. There are 
several extremely complex mechanisms involved in mediating this phenomenon 
(Figure 1). Advanced glycation end products (AGEs) are generated by nonenzymatic 
glycation of proteins, lipids, or lipoproteins. The triggers for AGEs generation are 
hyperglycaemia, hypoxia, ischaemia, or reperfusion[22]. AGE-Receptors for AGE 
(RAGE) interaction exerts pro-inflammatory effects, generates reactive oxygen species 
(ROS), expresses adhesion molecules in the endothelium including vascular cell 
adhesion molecule 1 (VCAM-1) and intercellular cell adhesion molecule 1 (ICAM-1), 
promotes entry of monocytes into the subendothelium, decreases vasodilation by 
decreasing nitric oxide (NO), enhances vasoconstriction by increasing endothelin-1, 
enhances macrophage phagocytosis by expressing the scavenger receptors (SR) on the 
surface of macrophages including cluster of differentiation-36 (CD36) and SR class 
A1[23,24].

Another mechanism by which diabetes increases the cardiovascular risk is the 
atherogenic modification of low-density lipoprotein (LDL), in which the LDL molecule 
is first desialylated to form small dense LDL. This is followed by oxidation or 
glycation of small dense LDL, which favours the interaction with subendothelial 
proteoglycan, enhancing the retention time of LDL, the LDL phagocytosis by the 
macrophages to form the lipid-laden foam cells, and the release of proinflammatory 
cytokines including tumour necrosis factor-alpha (TNF-α), interleukin 1-beta (IL1-β), 
IL-6, and matrix metalloproteinase (MMP) by the foam cells[23]. This in turn augments 
the atherogenic potential of LDL in subjects with DM, even at the normal levels for a 
nondiabetic individual.

Diabetes mellitus is associated with increased oxidative stress due to either 
increased production of ROS/reactive nitrogen species (RNS) or decreased clearance 
of ROS/RNS. Various triggers for ROS/RNS are direct effects from hyperglycaemia 
(excessive activation of mitochondrial electron transport chain), or indirect effects from 
AGEs, cytokines, upregulation of polyol pathway, upregulation of hexosamine 
biosynthetic pathway [O-linked β-N-acetylglucosamine (O-GlcNAc)], enhanced 
protein kinase C (PKC) signalling, oxidised small dense LDL, hyperinsulinaemia 
(decreased phosphatidylinositol-(3,4,5)-trisphosphate/protein kinase B pathway and 
increased mitogen-activated protein kinase (MAPK)/extracellular signal-regulated 
kinase pathway), and platelet-activating factor (PAF)[25-27]. The enhanced oxidative 
stress is associated with endothelial dysfunction, which is characterised by increased 
vascular permeability and impaired vasodilation, the latter mediated by decreased 
NO, increased endothelin 1, and increased angiotensin II levels. Moreover, there is 
increased risk for leukocyte/platelet adhesion, thrombosis, and inflammation due to 
release of adhesion molecules including ICAM-1 and VCAM-1. The hyperleptinaemia 
and hypoadiponectinaemia are also associated with endothelial dysfunction and 
transmigration of LDL particles[28].
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Figure 1 Pathophysiology of coronary artery disease in diabetes. AGE: Advanced glycation end products; RAGE: Receptors for AGE; LDL: Low density 
lipoprotein; ROS: Reactive oxygen species; PKC: Protein kinase C; HBP: Hexosamine biosynthetic pathway; MCP-1: Monocyte chemotactic pLrotein-1; VCAM-1: 
Vascular cell adhesion molecule 1; TGF-β: Transforming growth factor-β; ECM: Extracellular Matrix.

The enhanced PKC signalling results either from oxidative stress or the direct effect 
of hyperglycaemia. The enhanced PKC signalling results in increased cytokine 
production, increased extracellular matrix (ECM) production, and endothelial 
dysfunction characterised by decreased NO production, impaired vasodilation, and 
increased permeability[23]. Hyperglycaemia can result in heritable modifications in 
gene expression without changing the DNA sequences[29]. These epigenetic modifica-
tions include increased AGEs formation, increased oxidative stress, upregulation of 
polyol pathway, upregulation of hexosamine biosynthetic pathway, enhanced PKC 
signalling, enhanced TGF-β-smad-MAPK signalling, enhanced Nuclear factor-kB (NF-
kB) dependent monocyte chemotactic protein-1 (MCP-1) and VCAM-1 expression. 
These epigenetic changes are associated with the development of endothelial 
dysfunction and atherosclerosis. Dysregulated expression of distinct microRNAs 
(miRNAs) and long non-coding RNAs (lncRNAs) are involved in various steps 
leading to atherosclerosis including lipid metabolism, endothelial dysfunction, 
vascular smooth muscle cell (VSMC) phenotypic switch, macrophage phenotypic 
switch, platelet reactivity/aggregation, and cardiomyocyte differentiation from stem 
cells as well as cardiomyocyte apoptosis[29].

The macrophage phenotypic switch from anti-inflammatory M2 to pro-
inflammatory M1 phenotype results in the release of various cytokines (TNF-α, IL1-β, 
IL-6, and MMP), chemokines (MCP-1), and ICAM-1 release, which are mediated by 
increased NF-kB and activator protein-1 (AP-1) signalling. Various triggers for the 
macrophage switch are AGEs, polyols, O-GlcNAc, PKC, lipotoxicity, oxidative stress, 
mitochondrial dysfunction, and epigenetic modifications[30]. The VSMC phenotypic 
switch is associated with proliferation, intimal migration, and dedifferentiation into 
several phenotypes including synthetic, calcific, adipogenic, and macrophagic 
phenotypes. These changes result in intimal hyperplasia, synthesis of ECM, 
development of fibrous cap, and deposits of microcalcification within the intimal wall, 
all of which are thought to be mediated via TGF-β signalling[30,31].

The intimal pericyte phenotypic switch results in accumulation of lipid in pericytes 
through phagocytosis, secretion of pro-inflammatory cytokines, loss of intercellular 
connections, and increased production of ECM components[32]. Plaque destabilization, 
a process converting a stable plaque into a thrombosis-prone plaque, is characterised 
by foam cell apoptosis producing a large necrotic core, reduction of VSMCs in the 
fibrous cap, and release of metalloproteinase enzymes that thin down the fibrous cap 
resulting in the development of a vulnerable plaque[33]. Plaque rupture is followed by 
the development of atherothrombosis which involves platelet adhesion, platelet 
activation, and activation of coagulation cascade by tissue factor, plasminogen 
activator inhibitor-1 (PAI-1), and fibrinogen that is favoured in the presence of 
lowered antithrombin activity[34].
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Clinicopathologic characteristics of CAD in patients with diabetes
CAD tends to be a more complex disease in patients with DM. It is characterized by 
diffuse, calcified, rapidly progressing disease with multivessel involvement, that often 
requires coronary revascularization in addition to optimal medical therapy[20]. 
Moreover, both culprit and non-culprit lesions in patients with DM exhibit more 
vulnerable features (lipid-rich core, macrophage accumulation, and thin fibrous cap), 
indicating pan-vascular plaque instability[35]. Diabetic patients constitute one quarter of 
all cases undergoing coronary revascularisation procedures such as percutaneous 
coronary intervention (PCI) or coronary artery bypass grafting (CABG). Diabetic 
patients with multivessel disease respond superiorly to CABG compared to PCI. 
However, CABG is not feasible in many diabetic patients due to the presence of 
complex atherosclerotic lesions and associated comorbidities. With technological 
advancement and newer devices like drug-eluting stents, PCI can be used in complex 
lesions such as those found in diabetic patients. However, the revascularisation 
outcomes are still worse in patients with diabetes compared to those without[36]. 
Among patients with CAD undergoing revascularisation with drug eluting stents, the 
presence of diabetes is associated with nearly double the rate of MI, definite stent 
thrombosis and cardiovascular mortality[37]. Moreover, patients with diabetes have 
86% higher rates of in-stent restenosis[38]. Among patients admitted with acute 
coronary syndrome treated by CABG, the presence of diabetes increased the long-term 
mortality by 1.6-fold, though the 30 d mortality remained equal between those with or 
without diabetes[39].

Diagnosis of CAD in diabetes
In patients with CAD, presence of diabetes is associated with a twelvefold higher risk 
of future adverse cardiac events including mortality or non-fatal MI compared to its 
absence[40]. In coronary angiographic studies, the angiographical significance exhibits a 
poor correlation with haemodynamic (ischaemic) significance. Therefore, fractional 
flow reserve (FFR) is used as the gold-standard invasive technique to diagnose the 
coronary artery stenoses of sufficient hemodynamic severity to induce myocardial 
ischaemia. Myocardial perfusion imaging (MPI) with single-photon emission 
computed tomography is a non-invasive method to detect coronary artery stenoses of 
sufficient hemodynamic severity to induce myocardial ischaemia[41]. The invasive FFR 
or noninvasive MPI studies exhibiting an absence of ischaemia do not provide the 
same degree of confidence in patients with diabetes compared to patients without 
diabetes. Therefore, deferring revascularization based upon the absence of ischaemia 
(known as ischaemia-driven revascularisation strategy) does not appear to be safe in 
patients with diabetes as compared to those without.

There are various possible explanations for this phenomenon, including a high 
prevalence of microvascular dysfunction, rapid atherosclerosis progression, high 
atherosclerotic disease burden, and high-risk plaque composition (bigger necrotic core 
and larger calcium content) among the diabetic population[41]. In patients with DM, 
various risk factors related to atherosclerotic plaque progression include hypertension, 
male sex, mean plaque burden > 75% at baseline, and glycaemic variability[42]. The 
atherosclerotic burden can be measured invasively with the gold standard 
intravascular ultrasound or noninvasively with the coronary computed tomography 
angiography and coronary artery calcium (CAC) score. Patients with DM and 
metabolic syndrome have high CAC score, and in these subjects, the CAC score is a 
strong predictor of cardiovascular disease and mortality[43,44].

Though most patients with CAD present with angina, it may be absent in 20%-30% 
of patients with diabetes[45]. Baseline investigation with electrocardiogram (ECG) is of 
little value, but stress tests using either treadmill or dobutamine stress echocardiogram 
should be considered for diagnostic workup in suitable patients[46]. Similarly, 
myocardial perfusion scans can be used which have 88% sensitivity and 84% overall 
specificity[47]. In T2DM patients, numerous biomarkers could allude to an increased 
risk of CAD. These markers can be classified into established biomarkers related to 
lipid regulation (LDL, high density lipoprotein, and very low density lipoproteins) 
and novel biomarkers including biomarkers related to inflammation (fibrinogen or 
high-sensitivity C-reactive protein), lipid-associated biomarkers [Lipoprotein 
associated PA2 or Lipoprotein (a)] and organ-specific biomarkers (hs-troponin, 
Cystatin C or NTproBNP)[48]. However, no single biomarker has been found to be 
completely reliable. Hence, using multiple biomarkers is the way forward in reaching 
a timely diagnosis of CAD[49,50].

Small dense LDL particles are more atherogenic due to their specific characteristics, 
which include lower binding affinity to LDL receptors, higher penetration into the 
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subendothelial layer, longer half-life, and lower resistance to oxidative stress[49]. 
Glycated apolipoprotein B can be used as a surrogate marker of subclinical 
atherosclerosis[51]. Higher lipoprotein (a) levels are associated with poor CVD 
outcomes in patients with DM and is a predictor of recurrent CVD events[52]. The 
Triglyceride Glucose index (TyG) calculated using fasting glucose and triglyceride 
levels can be used as a surrogate marker of insulin resistance and subclinical 
atherosclerosis, to predict cardiovascular events and to detect asymptomatic coronary 
artery stenosis in patients with T2DM[53]. Moreover, TyG can be used as a marker to 
predict the progression of coronary atherosclerosis[54].

Management of CAD in diabetes
In 2007, the New England Journal of Medicine published a meta-analysis that 
demonstrated an increased risk of MI and other cardiovascular events with the use of 
antidiabetic drug rosiglitazone. Thereafter, the United States Food and Drug 
Administration (FDA) made it mandatory to undertake cardiovascular outcome 
studies for all antidiabetic medications before receiving final approval. Cardiovascular 
outcome trials of various antidiabetic drugs currently available are given in Table 1. 
The cardiovascular outcome trials have uncovered unexpected benefits of 
cardiovascular protection with some of the new classes of agents, such as the 
glucagonlike peptide-1 receptor agonists (GLP-1 RAs) and the sodium-glucose 
cotransporter-2 (SGLT-2) inhibitors[55].

Statin therapy is associated with reduced risk of development and progression of 
CAD, with a consequent reduction of cardiovascular events and mortality. In a meta-
analysis of 18686 subjects, during a mean follow-up of 4.3 years, the all-cause mortality 
was reduced by 9% in patients with diabetes (relative risk or RR 0.91, 95%CI: 0.82-1.01; 
P = 0.02), whereas the same was reduced by 13% in those without diabetes (0.87, 
95%CI: 0.82-0.92; P < 0.0001), for each one mmol/L reduction in LDL cholesterol[56]. 
The major cardiovascular adverse events were lowered by 21% in those with diabetes 
(0.79, 95%CI: 0.72-0.86; P < 0.0001) and without diabetes (0.79, 95%CI: 0.76-0.82; P < 
0.0001). Moreover, there was a reduction in MI or coronary death (0.78, 95%CI: 0.69-
0.87; P < 0.0001), coronary revascularisation (0.75, 95%CI: 0.64-0.88; P < 0.0001), and 
stroke (0.79, 95%CI: 0.67-0.93; P = 0.0002) in patients with diabetes[56].

Weight loss interventions (bariatric surgery), proprotein convertase subtilisin-kexin 
type 9 inhibitors, novel molecules that could block the actions of RAGE signalling, 
RNA therapeutics that target miRNAs and long noncoding RNAs, and drugs that 
target distinct components of the immune or inflammatory response hold promise as 
new modalities of treatment for prevention of cardiovascular disease in patients with 
DM[55].

DM AND CAN
Diabetic autonomic neuropathy can be classified into CAN, sudomotor neuropathy, 
gastrointestinal autonomic neuropathy, and urogenital autonomic neuropathy[57]. CAN 
is associated with impairment of autonomic control of the cardiovascular system and 
is a major cause of silent cardiovascular events in patients without overt cardiac 
disease[58]. Though the prevalence of CAN is highly variable, it is estimated to affect at 
least 20% of unselected patients and up to 65% of those with increasing diabetes 
duration and age[59]. It is increasingly observed in patients with prediabetes and 
metabolic syndrome, with a reported prevalence of up to 11% and 24%, respec-
tively[60]. The sole risk factor for the development of CAN in T1DM patients is 
dysglycaemia, whereas the risk factors for the development of CAN in T2DM patients 
include dysglycaemia, dyslipidaemia, hypertension, obesity, metabolic syndrome, 
smoking, increasing age, microvascular complications, and low vitamin B12 or vitamin 
D levels[57].

Clinical features of CAN in diabetes
The autonomic nervous system involvement in CAN occurs in an ascending length-
dependent manner. Therefore, the vagus nerve, which is the longest parasympathetic 
nerve, is involved early resulting in parasympathetic denervation and sympathetic 
predominance. Patients at this early stage will be asymptomatic (sub-clinical stage) 
and the diagnosis can only be made based on heart rate variability (HRV), baroreflex 
sensitivity tests or increased left ventricular torsion on cardiac imaging[61]. Towards the 
end stage of disease, sympathetic denervation results in unresponsiveness of heart rate 
and blood pressure to sleep, exercise, stress, or chemical stimulation such as 
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Table 1 Cardiovascular outcome trials of available antidiabetic drugs[131-150]

Drug Trial name Primary outcome HR (95%CI)

Metformina UKPDS legacy data[131] MI 0.67 (0.51-0.89)

Gliclazide MR ADVANCE[132] CV death, MI, stroke 0.94 (0.84-1.06)

Pioglitazonea Meta-analysis[133] CV death, MI, stroke 0.83 (0.72-0.97)

Rosiglitazone RECORD[134] CV event or CV death 0.99 (0.85-1.16)

Acarbose (Chinese population) ACE[135] CV death, MI, stroke, UA, HF hospitalisation 0.98 (0.86-1.11)

Nateglinide NAVIGATOR[136] CV death, MI, stroke, HF hospitalisation 0.94 (0.82-1.09)

Saxagliptin SAVOR-TIMI[137] CV death, MI, ischaemic stroke 1.01 (0.88-1.15)

Alogliptin EXAMINE[138] CV death, MI, stroke, UA, and HF 0.98 (0.86-1.12)

Sitagliptin TECOS[139] CV death, MI, stroke, UA hospitalisation 0.98 (0.89-1.09)

Linagliptin vs glimepiride CAROLINA[140] CV death, MI, stroke 0.98 (0.84-1.14)

Empagliflozina EMPA-REG[141] CV death, MI, stroke 0.86 (0.74-0.99)

Canagliflozina CANVAS[142] CV death, MI, stroke 0.86 (0.75-0.97)

Dapagliflozin DECLARE[143] CV death, MI, ischaemic stroke 0.93 (0.84-1.03)

Ertugliflozin VERTIS-CV[144] CV death, MI, stroke 0.97 (0.85-1.11)

Lixisenatide ELIXA[145] CV death, MI, stroke, UA 1.02 (0.89-1.17)

Liraglutidea LEADER[146] CV death, MI, stroke 0.87 (0.78-0.97)

Semaglutidea SUSTAIN-6[147] CV death, MI, stroke 0.74 (0.58-0.95)

Exenatide EXSCEL[148] CV death, MI, stroke 0.91 (0.83-1.0)

Dulaglutidea REWIND[149] CV death, MI, stroke 0.88 (0.79-0.99)

Albiglutidea HARMONY[150] CV death, MI, stroke 0.78 (0.68-0.90)

HR: Hazard ratio; CI: Confidence interval; CV: Cardiovascular disease; MI: Myocardial infarction; UA: Unstable angina; HF: Heart Failure.
aP < 0.05.

adenosine. At this stage, patients become symptomatic with light-headedness, 
weakness, palpitations, fainting and syncope on standing. Other features that can be 
associated with CAN include reduced exercise tolerance, silent myocardial ischaemia, 
intraoperative complications (hypotension, bradycardia, and the need for vasopressor 
support), and foot complications including foot ulcers due to associated sudomotor 
dysfunction, Charcot neuroarthropathy and lower limb amputations[62]. Poor response 
of heart rate and blood pressure during exercise in turn fail to increase cardiac output 
accordingly, leading to poor exercise tolerance.

The signs associated with CAN include tachycardia, orthostatic hypotension, 
reverse dipping, and non-dipping on ambulatory blood pressure monitoring[59]. 
Orthostatic hypotension indicates an advanced stage of CAN and suggests a poor 
prognosis with higher mortality in diabetic patients with CAN[63]. Orthostatic 
hypotension is mainly attributable to the damage to the efferent sympathetic 
vasomotor fibres, particularly in the splanchnic vasculature. Other contributing factors 
are reduced cardiac output, postprandial blood pooling, insulin-induced hypotension 
and volume depletion due to diuretics[64]. Patients can sometimes present with postural 
orthostatic tachycardia syndrome, which is characterised by the presence of orthostatic 
symptoms occurring on standing, an increase in heart rate of ≥ 30 beats/minute when 
moving from a recumbent to a standing position that lasts more than 30 seconds and 
the absence of orthostatic hypotension (more than 20 mmHg drop in systolic blood 
pressure)[65].

Reverse dipping (reversal of normal physiological drop in blood pressure at night) 
and non-dipping are commonly found in diabetic patients with CAN, due to 
sympathetic predominance during the night, leading to the development of nocturnal 
hypertension and left ventricular hypertrophy[66]. Patients with CAN are susceptible to 
silent myocardial ischaemia and/or infarction. There is a prolongation of subjective 
anginal threshold, and there is a delayed and diminished appreciation of ischaemic 
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pain, associated with early ECG changes prior to the onset of ischaemic symptoms[62]. 
Asymptomatic ischaemia can induce lethal arrhythmias, which is especially important 
in patients with CAN who have prolonged QT interval[67].

Pathophysiology of CAN 
Pathophysiology of CAN is the same as any other form of diabetic neuropathy and is 
contributed by hyperglycaemia and dyslipidaemia (Figure 2). Hyperglycaemia is the 
main driver of diabetic neuropathy in T1DM, whereas dyslipidaemia is the main 
driver in T2DM patients[68]. Diabetes is associated with high substrate load of glucose 
and free fatty acids. In the presence of hyperglycaemia, glucose enters the Schwann 
cells through glucose transporter 3 (GLUT3). Excess glucose undergoes glycolysis, and 
pyruvate exceeds the capacity of tricarboxylic acid (TCA) cycle, resulting in a shift to 
anaerobic metabolism and accumulation of lactate. Lactate is shuttled from Schwann 
cells into axons, resulting in mitochondrial dysfunction and axonal degeneration[69].

Moreover, hyperglycaemia results in excessive activation of the electron transport 
chain, leading to mitochondrial dysfunction, ROS generation, oxidative stress, DNA 
damage, and activation of poly adenosine diphosphate ribose polymerase. The latter, 
in turn, inhibits glyceraldehyde-3-phosphate dehydrogenase resulting in accumulation 
of glycolytic metabolites, with upregulation of polyol, hexosamine, and diacylglycerol 
(DAG) and PKC pathways, as well as generation of AGEs[70-76]. The AGE-RAGE 
interactions, oxidative stress, endoplasmic reticulum (ER) stress and upregulated non-
glycolytic pathways result in endothelial dysfunction characterized by impaired 
vasodilation mediated by decreased NO bioavailability, increased endothelin-1, 
increased PAI-1 and aberrant angiogenesis. Angiogenesis is increased in diabetic 
nephropathy and retinopathy, whereas it is decreased in diabetic neuropathy[70]. 
Microvascular damage decreases neuronal blood flow resulting in demyelination, 
axonal loss, decreased myelinated fibre density, and reduced nerve conduction 
velocity[76].

Common mechanisms for the excessive ROS generation in patients with 
hyperglycaemia include excessive activation of the electron transport chain, AGE-
RAGE interaction, pro-inflammatory cytokines, upregulated non-glycolytic pathways, 
and high protein folding load. Crosstalk exists between oxidative stress and ER 
stress[70]. AGE accumulation and hexosamine/polyol pathway upregulation are 
associated with a rise in misfolded or unfolded proteins and, therefore, ER stress. 
Oxidative stress increases the misfolding of proteins with worsening ER stress. 
Similarly, misfolded proteins result in adenosine triphosphate depletion, thereby 
increasing oxidative stress[70,75].

A high substrate load of long chain saturated fatty acids including palmitate and 
stearate is associated with increased β oxidation to form acetyl CoA. When the 
capacity of the TCA cycle is exceeded, toxic acylcarnitine accumulates inside Schwann 
cells, which is then shuttled into axons, resulting in mitochondrial dysfunction and 
axonal degeneration[68]. In addition, oxidation of cholesterol into oxysterols in neuronal 
cells results in neuronal injury and apoptosis[77,78]. Furthermore, altered sphingolipid 
metabolism with the generation of neurotoxic deoxysphingolipids can be another 
mechanism for nerve damage in T2DM patients with diabetic neuropathy[79,80].

Lifestyle factors like high-calorie diets are associated with alterations in gut 
microbiota and the emergence of metabolic endotoxemia. The metabolic endotoxaemia 
activates the Toll-like receptors 4 to create a sympatho-vagal imbalance characterised 
by an increased proinflammatory sympathetic outflow and a decreased anti-
inflammatory parasympathetic outflow, culminating in perivascular adipose tissue 
inflammation, systemic inflammation, neuronal inflammation and CAN[58]. Obstructive 
sleep apnoea is associated with chronic intermittent hypoxia, increased oxidative 
stress, and microvascular dysfunction[59]. Other factors implicated in the pathogenesis 
of CAN include genetic and epigenetic changes, autoimmune autonomic 
ganglionopathy, and low C-peptide levels indicating a poor pancreatic β cell reserve[62].

Diagnosis of CAN
The CAN Subcommittee of Toronto Consensus Panel on Diabetic Neuropathy 
recommends that T2DM patients should be screened for CAN at the time of diagnosis, 
and T1DM patients should be screened for CAN within 5 years of their diagnosis. The 
committee also recommends that the screening should be done as a part of 
perioperative risk assessment in patients with CAD[81]. American Diabetes Association 
(ADA) recommends screening for CAN in patients with microvascular complications, 
neuropathic complications, and hypoglycaemia unawareness[82]. CAN should be 
suspected in diabetic and prediabetic patients when they present with resting 
tachycardia, postural tachycardia, reduced HRV, bradycardia, impaired exercise 
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Figure 2 Pathophysiology of cardiac autonomic neuropathy in diabetes. PARP: Polyadenosine-diphosphate-ribose polymerase; AMPK: Adenosine 
monophosphate-activated protein kinase; ER: Endoplasmic reticulum; ROS: Reactive oxygen species; NADPH: Nicotinamide adenine dinucleotide phosphate; AGE: 
Advanced glycation end products; RAGE: Receptors for AGE; LDL: Low density lipoprotein; LCSFA: Long chain saturated fatty acid.

tolerance, orthostatic hypotension, supine hypertension, or intra-operative or post-
operative cardiovascular instability[57].

The gold standard for diagnosis of CAN is Cardiovascular Autonomic Reflex 
Testing (CARTs), which consists of tests of parasympathetic function, including HRV 
to deep breathing, heart rate response to standing, and heart rate response to Valsalva 
manoeuvre; tests of sympathetic adrenergic function including beat-to-beat blood 
pressure response to Valsalva manoeuvre, and the systolic and diastolic blood 
pressure changes in response to tilt table or active standing; and tests of sympathetic 
cholinergic function including quantitative sudomotor axon reflex test, thermoregu-
latory sweat testing, and sympathetic skin response. Based on the results of CARTs, 
the diagnosis can be early/possible CAN (1 abnormal cardiovagal test), definite/ 
confirmed CAN (2 abnormal cardiovagal tests), and severe/advanced CAN (2 
abnormal cardiovagal tests with orthostatic hypotension)[81].

Morbidity and mortality associated CAN
Even from the subclinical stage, CAN is independently associated with an increased 
risk for cardiac arrhythmias, silent myocardial ischaemia, major adverse 
cardiovascular events, myocardial dysfunction, sudden cardiac death (from either 
silent myocardial ischaemia or QT interval prolongation), all-cause mortality, and 
cardiovascular mortality[60]. In patients with diabetes, the 5-year mortality from the 
time of diagnosis of CAN is 16%-50%[83]. The risk for cardiovascular disease is 
increased proportionately to the stage of CAN, the faster the progression, the greater 
the cardiovascular disease risk[84].

Patients with CAN are at high risk of developing HF with preserved ejection 
fraction (HFpEF), an entity that has a significantly high mortality risk. Subclinical 
CAN with parasympathetic denervation and sympathetic predominance results in 
high myocardial catecholamine levels, high myocardial oxygen demand, left 
ventricular hypertrophy, left ventricular remodelling, myocardial apoptosis and 
fibrosis, all of which manifest as HFpEF[85]. Moreover, CAN may contribute to the 
progression of atherosclerosis through many mechanisms including a rise in heart rate 
and blood pressure, trophic changes in the arterial wall, arterial stiffness, and a pro-
inflammatory state associated with autonomic neuropathy[86].

Management of CAN 
As it is associated with adverse cardiovascular consequences, interventions to prevent 
or reverse CAN should be implemented, as parasympathetic denervation may be 
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reversible if diagnosed soon after onset[87]. ADA suggests optimising glycaemic control 
in T1DM patients, multifactorial interventions targeting glycaemia and other 
cardiovascular risk factors in T2DM patients, and lifestyle modifications in patients 
with prediabetes with or without metabolic syndrome for the prevention of CAN[82]. 
Though some drugs developed on the basis of pathophysiological mechanisms have 
shown promise in the preclinical trials, but all failed in obtaining approval.  Therefore, 
there are currently no FDA-approved disease-modifying drugs for the management of 
CAN. Symptomatic patients with orthostatic hypotension can be treated with either 
fludrocortisone or midodrine, and those with postprandial hypotension can be treated 
with octreotide, using the same principles in the management of neurogenic 
orthostatic hypotension[88].

DM AND HF
Elderly subjects with diabetes have a high incidence of HF compared to those without 
diabetes (39% vs 23%), and those without HF at baseline have a relative risk of 1.3 for 
developing HF after 43 months of observation[89]. Diabetes increases the prevalence of 
HF by threefold in patients less than 75 years of age and by twofold in patients more 
than 75 years of age[90]. The prevalence of HF in subjects with diabetes is 12%-57%, 
whereas the prevalence of diabetes in subjects with HF is 4.3%-28%[90]. Moreover, HF 
including HFpEF and HF with reduced ejection fraction (HFrEF) often coexist with 
T2DM in nearly 30%-40% of cases, with the HFpEF being commoner than HFrEF[90,91]. 
Both T1DM and T2DM are associated with increased risk for HF in women compared 
to men, with T1DM associated with 47% greater risk and T2DM associate with 9% 
greater risk[92]. Hyperglycaemia in patients with DM promotes the development of HF. 
Each 1% increment in HbA1c is associated with a 30% increase in HF in patients with 
T1DM and 8% increase in HF in patients with T2DM[93,94]. HF in subjects with diabetes 
is associated with increased rates of hospitalisation, cardiovascular mortality, and all-
cause mortality, with the greatest risk for patients with HFpEF, compared to patients 
with HFrEF[95,96].

Pathophysiology HF in DM
HF in patients with DM could arise from a combination of DCM, ischaemic 
cardiomyopathy, CAN, and hypertensive cardiomyopathy. The pathogenic 
mechanisms that are known to cause DCM and CAN, namely, hyperglycaemia, insulin 
resistance, and hyperinsulinaemia are also risk factors for the development of 
ischaemic heart disease and hypertension among patients with DM[25].

DCM
DCM is defined as a condition of cardiac dysfunction encompassing myocardial 
metabolic, structural, and functional changes in the absence of other cardiac risk 
factors, such as CAD, hypertensive heart disease, and significant valvular disease, in 
individuals with T1DM or T2DM[97,98]. In the early stages, DCM remains asymptomatic 
and the only sign is an increase in left ventricular mass (hypertrophy), which is 
independent of hypertension and body weight, and results from dysfunctional cardiac 
remodelling. In the next stage, myocardial fibrosis develops, leading to diastolic 
dysfunction, which is the most common manifestation of DCM. The diastolic 
dysfunction can be asymptomatic during the early stages or can present with HFpEF. 
A small number of people with DCM progress to develop overt systolic dysfunction 
presenting as HFrEF[99].

Left ventricular diastolic dysfunction develops early during diabetes and is detected 
in up to 75% of T2DM patients[90]. A recent study estimated the prevalence of left 
ventricular diastolic dysfunction among diabetic patients in the hospital population 
and the general population and observed a prevalence of 48% in the former and 35% 
in the latter group[100]. The same team estimated the prevalence of left ventricular 
systolic dysfunction in the hospital population and general population separately as 
18% and 2%, respectively[101]. The degree of glucose dysregulation was proportional to 
the severity of diastolic dysfunction, risk of incident HF and cardiovascular mortality 
in patients with T2DM. Nearly 50% of HF patients with T2DM have HFpEF, especially 
the older, female, hypertensive patients. Accurate diagnosis of HFpEF is often difficult 
as symptoms are often mild, and hence misdiagnosis is common. Though CAD is the 
major cause of HFrEF in patients with T2DM, other causes like DCM should be 
considered in the differential diagnosis[90].
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Pathophysiology of DCM
Under normal conditions, the cardiac energy demand is met by fatty acid oxidation, 
with a small contribution from glucose. However, under stressful situations, the 
cardiomyocytes rely on increased contributions from glucose[102]. The ability to use a 
variety of fuels to generate energy is known as metabolic substrate flexibility[99]. In 
adult cardiomyocytes, glucose enters the cell via GLUT4, whereas fatty acid enters via 
fatty acid translocase (FAT or CD36)[103]. Insulin resistance is associated with decreased 
GLUT4-mediated glucose uptake and increased CD36-mediated fatty acid uptake into 
the cardiomyocytes, with sole reliance on fatty acid for fuel. The glucose metabolism 
that accompanies hyperinsulinaemia and chronic hyperglycaemia is associated with 
an increased generation of ROS and oxidative stress. The oxidative stress will divert 
glucose metabolism from its usual glycolytic pathway to alternative pathways 
including the polyol pathway, resulting in the generation of AGEs, or the hexosamine 
biosynthetic pathway (HBP) resulting in the generation of O-GlcNAc[104].

The ROS and AGE (following interaction with receptors for AGE or RAGE) trigger 
activation of NF-kB, thereby inducing inflammation mediated by TNF-α, IL-6, IL-8, 
and MCP-1 and myocardial fibrosis mediated by TGF-β and MMP[103,105]. The AGE-
RAGE interactions result in crosslink between collagen and elastin as part of ECM 
remodelling, which in turn leads to increased myocardial stiffness and impaired 
relaxation[104]. Moreover, ROS triggers ER stress in cardiomyocytes resulting in their 
apoptosis, and impaired myocardial calcium handling leading to cardiac 
dysfunction[104]. The chronic activation of HBP with the generation of O-GlcNAc also 
results in impaired myocardial calcium handling[106]. Following apoptosis, the viable 
cardiomyocytes undergo compensatory hypertrophy, which is associated with a shift 
in myosin heavy chain (MHC) from α-MHC to β-MHC and upregulation of atrial 
natriuretic peptide and brain natriuretic peptide (BNP)[107].

In patients with insulin resistance, increased fatty acid uptake is associated with 
increased oxidative and non-oxidative fatty acid metabolism, with the latter resulting 
in the generation of toxic intermediates including ceramide and DAG[108]. Once the 
mitochondrial oxidative capacity is exceeded, this results in mitochondrial 
dysfunction, generation of ROS, oxidative stress, ER stress, generation of inflammatory 
cytokines, and lipotoxicity mediated apoptosis (lipoapoptosis)[104]. Hyperglycaemia is 
associated with inappropriate activation of the renin-angiotensin-aldosterone system 
(RAAS) with a rise in angiotensin II and aldosterone and increased expression of 
mineralocorticoid receptors, increasing the oxidative stress, cardiac fibroblast 
proliferation, and cardiomyocyte hypertrophy[109]. Coronary endothelial dysfunction, 
in the form of impaired NO and endothelium-derived hyperpolarising factor mediated 
vasodilation, leads to microvascular dysfunction, myocardial ischaemia and contractile 
dysfunction.

Exosomes are extracellular vesicles that are released by cardiovascular system-
related cells, including cardiomyocytes, endothelial cells, fibroblasts, smooth muscle 
cells, platelets, leukocytes, monocytes, and macrophages[110]. These exosomes are 
mediators of intercellular communication, and contain a variety of biological 
components like miRNAs, proteins, and lipids. Exosomal dysregulation is a 
mechanism for the pathogenesis of DCM. The exosomes released by cardiomyocytes to 
endothelial cells inhibit proliferation, migration, and tube formation of endothelial 
cells, leading to microvascular dysfunction. The exosomes released by endothelial cells 
to cardiomyocytes cause inhibition of cardiomyocyte autophagy, and promotion of 
cardiomyocyte apoptosis. Moreover, the exosomes released by fibroblasts to 
cardiomyocytes serve as a mediator of cardiomyocyte hypertrophy[110].

The key components in the pathogenesis are myocardial fibrosis, left ventricular 
remodelling, and cardiac dysfunction[111]. Activation of proinflammatory cytokines, 
production of ROS, dysfunction of mitochondria and ER in cardiac tissue are the key 
operating mechanisms that contribute towards cardiac remodelling, fibrosis, and 
diastolic dysfunction. These are triggered due to the combined effects of enhanced 
deposition of AGEs and lipotoxic metabolites, activation of RAAS, altered calcium 
homeostasis and abnormal insulin signalling pathways through activation of the 
mammalian target of rapamycin (mTOR)-S6 kinase 1 pathway leading to abnormal 
intracellular glucose transport in cardiomyocytes[112]. Figure 3 illustrates the complex 
pathophysiological mechanisms involved in the development of DCM.

Diagnosis of DCM 
Currently, there are no specific clinical features, structural/functional changes, or 
biomarkers for the diagnosis of DCM. In the very early stages, there are only 
substructural changes in the cardiomyocytes, and the diagnosis is only possible 
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Figure 3 Pathophysiology of diabetic cardiomyopathy. NADPH: Nicotinamide adenine dinucleotide phosphate; ROS: Reactive oxygen species; GLUT: 
Glucose transporter; ER: Endoplasmic reticulum; SR: Sarcoplasmic reticulum; NF-kB: Nuclear factor-kB; TNF-α: Tumour necrosis factor-α; IL-6: Interleukin-6; IL-8: 
Interleukin-8; AGE: Advanced glycation end products; RAGE: Receptors for AGE; MHC: Myosin heavy chain; ANP: Atrial natriuretic peptide; BNP: Brain natriuretic 
peptide; TGF-β: Transforming growth factor-β; ECM: Extracellular matrix; NO: Nitric oxide; EDHF: Endothelium-derived hyperpolarising factor; ATP: Adenosine 
triphosphate; AP-1: Activator protein-1; BP: Blood pressure; DAG: Diacyl glycerol; FA: Fatty acid; CAN: Cardiac autonomic neuropathy; RAAS: Renin-angiotensin-
aldosterone system.

through very sensitive methods including longitudinal myocardial strain alterations (a 
measure of tissue deformation), strain rate and myocardial tissue velocity, which are 
indicators of early adverse left ventricular remodelling[113]. In the middle stages of 
DCM, when cardiomyocyte hypertrophy and fibrosis develop with associated 
structural changes like left ventricular hypertrophy and increased muscle mass, non-
invasive imaging technologies including echocardiography and gadolinium-enhanced 
cardiac magnetic resonance imaging (MRI) will be able to detect diastolic and/or 
systolic dysfunction. In advanced stages of DCM, there will be worsening of fibrosis 
and development of microvascular changes, and this stage will be often accompanied 
by overt HF, ischaemic heart disease and hypertension[113].

Transthoracic echocardiography can be used for evaluation of structural changes 
(2D echo for left ventricular mass), and functional changes (trans-mitral doppler for 
diastolic dysfunction and tissue doppler imaging for diastolic and systolic 
dysfunction) in patients with DCM[114], even though the diastolic dysfunction observed 
in patients with T2DM is worsened when hypertension and obesity coexist[115]. The 
ratio between early passive trans-mitral inflow velocity (E) and velocity at the medial 
mitral annulus (e’) can be used as a measure of left ventricular filling pressure[116]. 
Abnormal E/e’ is correlated with the development of HF and increased mortality, 
independent of other risk factors such as hypertension and CAD[117]. Gadolinium-
enhanced cardiac MRI is much more accurate than echocardiography for the 
evaluation of structural changes (myocardial fibrosis, steatosis, and left ventricular 
mass), functional changes (for diastolic and systolic function: late gadolinium 
enhancement), and metabolic changes (Magnetic Resonance spectroscopy for 
myocardial triglyceride content and high-energy phosphate metabolism)[118]. Positron 
emission tomography, which could diagnose DCM at much earlier stages, can be used 
to assess myocardial metabolic abnormalities. However, this is still a research tool as it 
is costly, time-consuming, and needs expertise for accurate interpretation of the 
results[103].

Although diastolic dysfunction diagnosed invasively through cardiac 
catheterisation (left ventricular end-diastolic pressure > 16 mmHg or mean pulmonary 
capillary wedge pressure > 12 mmHg) is the most definitive evidence of diastolic HF, 
it is rarely necessary for the diagnosis of DCM, due to the availability of various highly 
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sensitive and specific noninvasive tests[119]. However, coronary angiography has an 
added benefit of detecting CAD, including microvascular CAD. Various biomarkers 
are undergoing investigation as markers of structural changes (matrix 
metalloproteinase and tissue inhibitor of matrix metalloproteinase, for myocardial 
fibrosis) and functional changes (mi-RNA for contractile function, procollagen 3 N-
terminal peptide and troponin for LV dysfunction, and BNP for LV diastolic and 
systolic function)[114].

Management of DCM
Glycaemic control alone is insufficient to prevent the development of DCM, indicating 
the need for targeted therapeutic strategies. Some of the newer antidiabetic drugs such 
as the GLP-1 RAs and the SGLT-2 inhibitors have exhibited direct protective effects on 
the myocardial tissue[120]. Therapeutic approaches including RNA-based therapy (a 
form of gene therapy), drugs targeting the mitochondrial oxidative stress, and 
metabolic modulator drugs including trimetazidine, ranolazine, perhexiline, alpha 
lipoic acid, resveratrol, luteolin, riboflavin, sodium ferulate, cyclovirobuxine, and 
epigallocatechin-3-gallate are currently being investigated for the prevention and 
treatment of DCM[121-123].

EMERGING THERAPEUTIC AGENTS FOR CARDIOVASCULAR DISEASE 
PREVENTION
Precision medicine is a rapidly advancing field of medicine. It is based on the principle 
of identification of the underlying molecular pathophysiological mechanisms of 
disease and the design of specific therapeutic interventions against these 
mechanisms[124]. The messenger RNA is the coding RNA, whereas the various 
regulatory RNAs which are not translated into proteins are known as non-coding 
RNAs. The different regulatory non-coding RNAs include small interfering RNAs 
(siRNAs), miRNAs, lncRNAs, and circular RNAs. The siRNAs and miRNAs are 20-22 
nucleotides in length, and these are involved in the post-transcriptional regulation of 
gene expression. The lncRNAs that are > 200 nucleotides in length are involved in the 
regulation of transcription, splicing and in the regulation of siRNAs and miRNAs[125].

RNA sequencing technologies have identified that various non-coding RNAs have a 
role in the pathogenesis of cardiovascular disease. These non-coding RNAs can be 
used as treatment targets. RNA therapeutics, a form of gene therapy, has received 
widespread application to target the RNA molecules and regulate gene expression and 
protein production. The non-coding RNAs that are associated with cardiovascular 
disease can be packaged into viral vectors including adenovirus, lentivirus, or adeno-
associated virus, and can be delivered into the target cells to mediate therapeutic 
benefits by regulating the expression of the target gene[126]. Inhibition of endogenous 
miRNA and lncRNA can be achieved by administering antisense oligonucleotides that 
are complementary to their sequences[125]. Smaller non-coding RNAs like miRNAs and 
siRNAs can also be delivered into the cells using various chemical vehicles like lipid 
mixtures (lipofection), lipid nanoparticles, or dendrimers; or using various biological 
vehicles including minicells or exosomes[127].

RNA therapeutics delivered using viral vectors have certain advantages such as the 
ease of generating vectors, highly efficient transduction, and long-term stable gene 
expression, whereas the non-viral delivery methods like oligonucleotide-based 
therapies have advantages like ease of dosage control, low immunogenicity and zero 
risk of genomic integration. The exosome-mediated and nanoparticle-mediated 
delivery methods might further improve the efficiency and accuracy of RNA-based 
therapeutics[126]. However, gene expression might still be uncontrollable with the 
abovementioned methods. Recently, a delivery system based on probiotic bacteria has 
been developed, which is more efficient in reaching a high level of gene expression 
and is more controllable as host bacteria can be manipulated[128]. In summary, 
manipulation of non-coding RNAs by silencing the hazardous non-coding RNAs or 
administering beneficial on-coding RNAs could reduce cardiovascular disease in 
patients with DM[129]. Moreover, RNA binding proteins are important in post-
transcriptional gene expression. Many RNA binding proteins and RNA binding 
protein-regulated RNA networks are disrupted in patients with DM and diabetic 
complications. Thus, RNA binding proteins provide another therapeutic option for the 
prevention of cardiovascular disease in patients with DM[130].
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CONCLUSION
Diabetic heart disease is a conglomeration of CAD, CAN, and DCM as shown in 
Figure 4. CAD associated with diabetes tends to be a more complex disease and is 
characterised by diffuse, calcified, rapidly progressing disease, with more vulnerable 
features and multivessel involvement that often requires coronary revascularization in 
addition to optimal medical therapy. However, revascularisation outcomes are still 
worse in patients with diabetes compared to those without diabetes. CAN should be 
suspected in diabetic and prediabetic patients when they present with resting 
tachycardia, postural tachycardia, reduced HRV, bradycardia, impaired exercise 
tolerance, orthostatic hypotension, supine hypertension, or intra-operative or post-
operative cardiovascular instability. CAN is independently associated with an 
increased risk of cardiac arrhythmias, silent myocardial ischaemia, major adverse 
cardiovascular events, myocardial dysfunction, sudden cardiac death, all-cause 
mortality, and cardiovascular mortality. DCM is characterised by cardiac dysfunction 
encompassing metabolic, structural, and functional myocardial changes developing in 
individuals with DM, in the absence of CAD, hypertensive heart disease, and 
significant valvular disease. Diastolic dysfunction may be asymptomatic during the 
early stages or can present with HFpEF. A small number of people progress to develop 
overt systolic dysfunction presenting as HFrEF. Glycaemic control alone is insufficient 
to prevent the development of diabetic heart disease. Control of traditional risk factors 
such as dylipidaemia, hypertension, and smoking are important, along with the 
appropriate use of various preventive medications such as statins, antiplatelet agents 
and RAAS modifiers. Some newer antidiabetic drugs such as the GLP-1 RAs and the 
SGLT-2 inhibitors have exhibited a direct cardioprotective effect. Many drugs based on 
the pathophysiological mechanisms including RNA therapeutics are under 
development.
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Figure 4 Pathophysiology and clinical presentation of diabetic heart disease. AGE: Advanced glycation end products; RAGE: Receptors for AGE; 
HFpEF: Heart failure with preserved ejection fraction; HFrEF: Heart failure with reduced ejection fraction; CAN: Cardiac autonomic neuropathy; CAD: Coronary artery 
disease; DCM: Diabetic cardiomyopathy.
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