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Keywords:
 Diabetes causes cardiomyopathy and increases the risk of heart failure independent of hypertension and coro-
nary heart disease. This condition called “Diabetic Cardiomyopathy” (DCM) is becoming a well- known clinical
entity. Recently, there has been substantial research exploring its molecular mechanisms, structural and func-
tional changes, and possible development of therapeutic approaches for the prevention and treatment of DCM.
This review summarizes the recent advancements to better understand fundamental molecular abnormalities
that promote this cardiomyopathy and novel therapies for future research. Additionally, different diagnosticmo-
dalities, up to date screening tests to guide clinicianswith early diagnosis and available current treatment options
has been outlined.

© 2019 Elsevier Inc. All rights reserved.
Cardiomyopathy
Diabetes
Diastolic dysfunction
Ejection fraction
Heart failure
Risk factors
Contents
Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 316
Structural changes in DCM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 316
Pathophysiology of DCM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 317

Deranged calcium homeostasis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 317
Mitochondrial fatty acid oxidation alterations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 317
Myocardial fibrosis: role of transforming growth factor–β (TGF-β) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 317
Role of advanced glycation end products (AGE) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 318
Reactive oxygen species . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 318
Inflammation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 318
Cardiac autonomic neuropathy (CAN) and role of the renin-angiotensin-aldosterone system (RAAS) . . . . . . . . . . . . . . . . . . . . . . 319
Deranged protein homeostasis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 319
on end products; AAs, aldosterone antagonists; ACEI, angiotensin converting enzyme inhibitors; ARBs, angiotensin receptor
ibitor; α-SMA, smooth muscle actin; BNP, brain natriuretic peptide; BBs, beta blockers; CVD, cardiovascular disease; CHD,
AN, cardiac autonomic neuropathy; CoQ 10, coenzyme Q10; DCM, diabetic cardiomyopathy; DM, diabetes mellitus; DPP-4,
cellular matrix; EMB, endomyocardial biopsy; eNOS, endothelial nitric oxide synthase; FFA, free fatty acids; G-SPECT, Gated
Glucagon-like peptide-1 receptor; HTN, hypertension; HF, heart failure; HFpEF, heart failure with preserved ejection fraction;
, glycated hemoglobin; IBT, incretin-based therapies; LV, left ventricle; LVM, left ventricular mass; LVH, left ventricular hyper-
, Late-gadolinium enhancement; miRNAs, MicroRNAs; MMP-2, matrix metalloproteinase-2; MRI, magnetic resonance imaging;
-chain fatty acids; NPADH-oxidase, nicotinamide adenine dinucleotide phosphate oxidase system; NF-kB, nuclear factor kappa-
PI3Kg, Phosphoinositide3-kinase gamma; PET, positron emission tomography; RyR, Ryanodine receptors; ROS, reactive oxygen
V, radionuclide ventriculography; RAGE, Receptor for advanced glycation end products; SR, sarcoplasmic reticulum; SGLT-2,
ransforming growth factor–β; TDI, Tissue Doppler Imaging; TZDs, Thiazolidinediones; VHD, valvular heart disease; VLDL, very
th factor; Vaspin, Visceral adipose tissue–derived serine protease inhibitor.
ardiology, Department of Internal Medicine, East Tennessee State University, 329N State of Franklin Rd, Johnson City, TN 37604.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.pcad.2019.03.003&domain=pdf
https://doi.org/10.1016/j.pcad.2019.03.003
pault@etsu.edu
https://doi.org/10.1016/j.pcad.2019.03.003
http://www.sciencedirect.com/science/journal/
www.onlinepcd.com


316 G. Murtaza et al. / Progress in Cardiovascular Diseases 62 (2019) 315–326
Microvascular dysfunction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 320
Diagnostic modalities for DCM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 320

Cardiac biomarkers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 320
Cardiac imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 320

Doppler echocardiography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 320
Color M-mode Doppler . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 320
Role of Tissue Doppler Imaging (TDI) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 320
Role of speckle tracking echocardiography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 321
Cardiac magnetic resonance imaging (MRI) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 321
Nuclear imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 321
Gated Single Photon Emission Computed Tomography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 321
Positron emission tomography (PET) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 321
Role of endomyocardial biopsy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 321

Clinical perspectives of DCM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 321
Epidemiology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 321
Risk factors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 322

Screening for DCM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 322
Novel therapies for treatment of DCM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 322

Role of antioxidants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 322
Coenzyme 10 (CoQ 10) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 322

Phosphoinositide3-kinase gamma (PI3Kg) inhibitor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 322
Role of MicroRNA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 322
Visceral adipose tissue–derived serine protease inhibitor (Vaspin) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 323
Role of dietary medium-chain fatty acids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 323
Stem cell therapy in DCM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 323

Conventional therapies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 323
Angiotensin converting enzyme inhibitors (ACEI)/angiotensin receptor blockers (ARBs) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 323
Angiotensin receptor–neprilysin inhibitor (ARNi) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 323
Beta-blockers (BBs) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 323
Aldosterone antagonists (AAs) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 323

Role of anti-glycemic agents in DCM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 323
Incretin-based therapies (IBT) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 323
Metformin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 324
Thiazolidinediones (TZDs) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 324
Sulfonylureas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 324
Sodium-glucose transporter-2 (SGLT-2) inhibitors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 324

Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 324
Disclosures/Conflict of interest . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 324
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 324
Introduction

There is a well-established relationship between diabetes mellitus
(DM) and cardiovascular (CV) disease (CVD). Several studies have dem-
onstrated the epidemiological link between heart failure (HF) and DM.
Clearly, DM can increase the risk of HF, even independently of the tradi-
tional risk for HF, including hypertension (HTN), coronary heart disease
(CHD) and valvular heart disease (VHD). Longstanding DM results in
structural and functional changes that lead to development and progres-
sion ofHF, independent ofmyocardial ischemic ormicrovascular athero-
sclerotic disease process. This disease processwasfirst described in 1972
by Rubler et al on histopathologic evaluation during postmortem exam-
ination of DM patients with HF who did not have CHD, HTN or VHD.1 It
was found to be a unique pathological subset that seemed to act inde-
pendent of the traditional risk factors resulting from direct effects of ab-
normal myocardial metabolism. This unique form of CVDwas termed as
diabetic cardiomyopathy (DCM). Later, in the Framingham Heart Study,
patientwithDMwere found to have significantly increased risk of HF in-
dependent of the factors that cause accelerated atherogenesis and CHD.2

Since then many studies have demonstrated the structural and func-
tional changes in the myocardium of patients with DM that are not re-
lated to other traditional CVD risk factors.

Structural changes in DCM

There are several structural changes inmyocardium of patients with
DM that lead to left ventricular (LV) dysfunction. DM causes increased
absolute and relative increases in LV wall thickness and LV mass
(LVM) independent of obesity, HTN and other factors that could also in-
crease LVM and LV hypertrophy (LVH).3 Initially there is a subclinical
period of these structural and functional abnormalities that result
from LVH, fibrosis and impaired myocardial relaxation. Therefore,
most of these DM patients with LVH are initially asymptomatic in
early phases and gradually become symptomatic with development of
clinical HF. Increased LVM reduces diastolic LV filling, thus causing LV
diastolic dysfunction that precedes the development of systolic dys-
function. Therefore, historically most of these patients progress from
subclinical phase to HF with preserved ejection fraction (EF; HFpEF)
and eventually to systolic dysfunction accompanied byHFwith reduced
ejection fraction (HFrEF).Maisch et al proposed the following classifica-
tion to define the clinical progression of DCM (Table 1).

Multiple studies have demonstrated the independent association of
DM and increased LVM5,6; LVH leads to reduction in the left ventricular
compliance impairing the diastolic filling, prolongation of isovolumetric
relaxation, increased atrial filling and LV end diastolic pressure
(LVEDP), leading to LV dysfunction.7 Most of these patients at this
stage I DCM are asymptomatic. The prevalence of diastolic dysfunction
in DM patients has been estimated to be approximately 52–60% based
on recent studies using rigorous Doppler methods that could detect
early and mild diastolic dysfunction.8 In these patients with early stage
DCM, though myocardial dysfunction is subclinical, stress situations
such as exercise can reveal impaired exercise-induced augmentation in
systolic performance implying impaired contractile reserve. This subtle
systolic dysfunction could be present in association with diastolic dys-
function which precedes the development of systolic dysfunction with
reduced LVEF (Fig. 1).



Table 1
Proposed classification of DCM.4

Stages of diabetic
cardiomyopathy

Clinical phenotype

Stage I Diastolic dysfunction with normal EFa

Stage II Combined systolic and diastolic dysfunction
Stage III Systolic and diastolic dysfunction with microvascular

disease/coronary atherosclerosis without obstructive CHD
Stage IV Clinical overt ischemia/infarct causing HF

EF: ejection fraction; DCM: diabetic cardiomyopathy; HF: heart failure.
a Excluded coronary heart disease (CHD), valvular disease and uncontrolled hypertension.
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Pathophysiology of DCM

The pathophysiology of DCM is multifactorial and involves complex
metabolic pathways involving alteration in fatty acid metabolism,
chronic hyperglycemia- induced changes in circulating hormones and
cytokines. These pathways have been summarized in Table 3. The mo-
lecular abnormalities induced by the DM milieu are different from
those elicited by HTN or ischemia.

Deranged calcium homeostasis

In DCM, contractility of myocytes is affected by impaired insulin sig-
naling that reduces glucose uptake into cardiac myocytes and decreased
activity of efflux pumps increasing intracellular calcium,9 thus affecting
the dynamic of the contraction-relaxation cycle of the workingmyocytes.

During normal excitation-contraction coupling, there is cyclic rise
and fall in intracellular calcium that leads to periodic contraction and re-
laxation ofworkingmyocytes. Duringphase 3 of normal action potential
of cardiac cell membranes, voltage gated L- type calcium channels open,
allowing influx of calcium that triggers further release of stored calcium
in cardiac myocytes from the sarcoplasmic reticulum (SR). Release of
calcium from the SR is mediated by Ryanodine receptors (RyR). This ex-
cess calcium leads to engagement of actin and myosin filaments. After
contraction is achieved, calcium exchange channels and pumps become
active and restore calcium back into SR.10

In patients with DM, oxidative damage is induced by production of
reactive oxygen species (ROS) as a result of abnormal insulin metabolic
signaling. High susceptibility of RyR to this oxidative stress impairs the
function of these channels.11 By the same token, these oxyradicals gen-
erated as a consequence of insulin deficiency in animal models have
been shown to induce significant depression of ATPase pumps and ex-
change channels.12 Abnormal insulin metabolic signaling decreases
insulin-stimulated coronary endothelial nitric oxide (NO) synthase
(eNOS) activity and NO production increasing cardiomyocyte intracel-
lular Ca2+/Ca2+ sensitization and reducing sarcoplasmic Ca2+ uptake.13

These defects contribute to development of intracellular calcium over-
load with resulting manifestation of increased cardiac stiffness and im-
paired relaxation which are core features of DCM (Fig. 2).
Fig. 1. Flow chart showing clinical progression of DCM.
Mitochondrial fatty acid oxidation alterations

Alterations in beta-oxidation of fatty acids occur during ischemia.
The same change has been demonstrated in DCM that contributes to
cardiac pathology. Metabolic remodeling in DCM involves loss of ability
of myocardial cells to adjust its relative metabolism of carbohydrates
and fatty acids. The loss of this metabolic flexibility means that the
heart relies almost exclusively on mitochondrial fatty acid β-
oxidation. In the setting of DM, the occurrence of insulin resistance in
the myocardium, together with increased rates of systemic lipolysis
and changes in hormonal milieu of DM heart contributes to increased
fatty acid oxidation.14 This increase in mitochondrial metabolism of
fatty acid in relation to carbohydrate oxidation has the potential to de-
crease cardiac efficiency and contributes to the observed impaired
heart function seen inDCM. In a study conducted byHerrero et al, 11 pa-
tientswith type 1 DMwere comparedwith 11 healthy non-DMpatients
where mitochondrial fatty acid oxidation and utilization percentage
was found to be significantly higher in the DM cohort.15 Similar results
have been demonstrated in animal models of DM with insulin
resistance.16 This preferential utilization of fatty acid oxidized by themi-
tochondria in relation to carbohydrate oxidation is contributed by mul-
tiple mechanisms which are shown in Table 2.
Myocardial fibrosis: role of transforming growth factor–β (TGF-β)

Myocardial fibrosis plays a key role in development of several of the
pathological changes that are associated with DCM, including LVH, dia-
stolic dysfunction and systolic dysfunction.17 The accentuation of fi-
brotic changes in DM patients with HF has been elucidated on both of
the histopathological analysis of autopsy specimens and quantification
of fibrosis using newly developed cardiac diffusion weighted imaging
and T1 mapping techniques.18

The development of DM-induced cardiac fibrosis involves complex
signaling pathways that leads to remodeling of extracellular matrix
(ECM). Abnormal gene expression, signal transduction and activation
of secondarymessenger pathways trigger imbalance between ECM syn-
thesis and breakdown.Work of Li et al reveals that increased activity of
smooth muscle actin (α-SMA), transforming growth factor–β (TGF-β)
and reduced functioning of active matrix metalloproteinase-2 (MMP-
2) play a vital role in development of cardiac fibrosis.19 Increased activ-
ity of TGF-β is postulated to be the result of hyperglycemia which in-
creases the transcription of the genes that encode TGF-β resulting in
elevated levels of this fibrogenic agent.20 The exact mechanism by
which hyperglycemia leads to activation of TGF-β is unknown. None-
theless, TGF-β activation leads to cardiac fibrosis through the activation
of SMAD-dependent pathway which are a family of structurally related
proteins that activate the intracellular signaling cascade promoting sig-
naling pathways that play crucial roles in the development of myocar-
dial fibrosis(Fig. 4).21,22
DCM: Diabetic cardiomyopathy; LV: left ventricle.



Fig. 2. Flow chart illustrating different mechanisms involved in deranged calcium homeostasis in cardiac myocytes. AGEs: Advanced glycation end products, NO: nitric oxide, RyR:
Ryanodine receptor, RAGE: Receptor for advanced glycation end products, SR: sarcoplasmic reticulum.
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Role of advanced glycation end products (AGE)

Advanced glycation is a major pathway in development of various
DMcomplications,withDCMbeing oneof them. Chronic hyperglycemia
induces glycation of fibrinogen and albumin resulting in generation of
advanced AGE and upregulates the development of receptors for these
AGEs. Interaction with these receptors begins the series of events that
lead to oxidative stress and elaborates inflammatory cytokines causing
increased inflammation promoting vascular and myocardial damage.
Some of these abnormal signaling pathways are mediated through
Janus kinase and mitogen-activated protein kinase (MAPK) pathway
activation.23 Increased serum levels of these products positively corre-
lated with isovolumetric relaxation time and LV diameter during dias-
tole signifying myocardial stiffness.24 Formation of AGE in myocardial
Fig. 3. Mechanisms of cardiac lipotoxicity. FFA: Free fatty acids, TGL: triglyceride, VLDL:
very low-density lipoprotein.
cells causes cross-linking of collagen molecules to each other.25 This
leads to the loss of collagen elasticity with subsequent reduction of
myocardial compliance. In addition to this cross linking, they also in-
crease production of reactive oxygen species (ROS) and promote myo-
cardial fibrosis.

Reactive oxygen species

Hyperglycemia can alter several signaling pathways in myocardial
cells some of which are discussed above including the formation of
AGEs, as well as the secretion of the pro-inflammatory cytokines. Most
recent studies show that there are certain signaling pathways that are
directly triggered by hyperglycemia and appear to have a pivotal role
in the production of ROS which involve diacylglycerol, the activation
of protein kinase C and nicotinamide adenine dinucleotide phosphate
oxidase system (NPADH-oxidase).26 Increased cardiomyocyte NAPDH
activity is associated with increased production of free radicals which
cause oxidative myocardial injury.27

Inflammation

Inflammation is a key pathogenic feature of cardiomyopathy in DM
patients and DCM. Hyperglycemia and increased metabolism of free
fatty acids is associated with upregulation of pro-inflammatory cyto-
kines such as Interleukin-6, tumor necrosis factor-α, Monocyte
chemoattractant protein 1 and nuclear factor-κB (NF-Κb). The NF-κB
p65 gets activated in cardiac myocytes of DM patients.28 NF-κB
Table 2
Different mechanisms involved in promoting fatty acid utilization in cardiac myocytes.

1. Increased circulating levels of free fatty acids and triglycerides
2. Increased uptake of free fatty acids due to increased translocation of fatty acids
transported into mitochondrial membrane

3. Overexpression of peroxisome proliferator-activated receptors (PPAR alpha, -beta/
delta and -gamma) genes, members of the nuclear receptor transcription factor
superfamily which enhance the fatty acid oxidation rates

4. Feedback inhibition of metabolic pathways oxidizing glucose caused by accelerated
oxidation of fatty acids

5. Increase in intramyocardial triglyceride stores

The end products of these mechanisms are deranged metabolites that cause lipotoxicity
(Fig. 3). These toxic metabolites lead to apoptosis of cardiac myocytes which results in
contractile dysfunction contributing to cardiomyopathy.14



Table 3
Summary of different metabolic processes involved in the pathophysiology of DCM.

Pathological mechanisms Pathophysiological pathway Structural change Functional alteration

Deranged Ca++ homeostasis Calcium leak from RyR
Reduced sarcolemmal elimination of Ca++
Prolonged Ca++ transients

Mitochondrial leakage of toxic proteins,
myocardial cytotoxicity

Prolonged diastolic relaxation time,
Myocardial stiffness
Impaired relaxation

Abnormal fatty acid
metabolism

Increased systemic lipolysis
Loss of metabolic flexibility
Increased utilization of FFA

Cardiac steatosis
Lipotoxicity
Myocyte apoptosis

Increased O2 consumption,
Pathologic cardiac remodeling,
Systolic dysfunction

Hyperglycemia Activation of protein kinase C pathways
Production of free radicals

Myocardial necrosis,
Dystrophic calcification

Myocardial fibrosis
Left ventricular hypertrophy
Diastolic dysfunction

Myocardial fibrosis Transforming growth factor–β
Matrix metalloproteinase-2
Smooth muscle actin

Interstitial fibrosis
Left ventricular hypertrophy
Intimal thickening of microvasculature

Diastolic dysfunction
Systolic dysfunction

AGE/RAGE Janus kinase pathway
Mitogen-activated protein kinase (MAPK)
pathway activation

Cross-linking of ECM
Reduction of myocardial compliance
Myocardial fibrosis

Prolonged isovolumetric relaxation time
Elevated left ventricular end-diastolic
diameter

Reactive oxygen species Diacylglycerol
Protein kinase C
NPADH-oxidase pathway

Oxidative myocardial injury
Mitochondrial damage
Cardiac fibrosis

Myocardial stiffness
Diastolic dysfunction

Inflammation NF-κB, TNF-alpha
IL-6

Inflammatory myocardial injury Systolic dysfunction

CAN Hyper adrenergic state
Increased activation of beta-receptors and
RAAS activation

Interstitial fibrosis Diastolic dysfunction

Deranged protein homeostasis Impaired ubiquitin proteasome system Proteotoxicity, myocardial cell damage Pathological remodeling in diabetic
hearts of animals

Microvascular dysfunction Upregulation of VEGF pathway Fibrosis of capillaries Impaired myocardial functional reserve

NF-κB: nuclear factor kappa-light-chain-enhancer of activated B cells, TNF-alpha: Tumor necrosis factor-alpha, IL: Interleukin, RyR: Ryanodine receptor, ECM: Extracellular matrix, FFA:
Free fatty acid, VEGF: Vascular endothelial growth factor, RAAS: Renin–angiotensin–aldosterone system.
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dependent mechanisms lead to cell infiltration of leucocytes including
macrophages and neutrophils and upregulation of inflammatory path-
ways mediated through Toll-like receptors that play an important role
in cardiac inflammation and pathogenesis of metabolic cardiomyopa-
thy. These pathways lead to significant myocardial injury and have
been elucidated in the development of chronic dilated cardiomyopathy
in DM.29

Cardiac autonomic neuropathy (CAN) and role of the renin-angiotensin-
aldosterone system (RAAS)

Considerable evidence indicated that CAN has been independently
associated with LV dysfunction in asymptomatic patients with type 2
DM without any history of CVD.30 CAN is associated with imbalance
Table 4
Studies showing the prevalence of asymptomatic LV dysfunction in patients with DM.

Year Journal Total diabetic
population

Prevalence of
diastolic
dysfunction

2001 American Journal of Cardiology42 86 47%

2001 Diabetes Care69 46 60%

2004 American Journal of Cardiology45 61 75%

2008 Diabetes, Obesity and Metabolism70 42 28%
2010 Circulation: Cardiovascular Imaging71 305 40%

2011 Journal of Cardiovascular Disease Research72 127 54.33%

2013 National Journal of Medical Research73 50 66%

2014 Journal of Cardiac Failure74 2042 54%

2017 Hypertension75 899 33%

LV: Left ventricle, DM: diabetes mellitus, CAD: Coronary artery disease, DCM: diabetic cardiom
between sympathetic and parasympathetic components of the auto-
nomic nervous system. In early stages parasympathetic denervation is
evident, leading to a dominant sympathetic tone,31 which promotes
the release of high myocardial catecholamine levels and activation of
adrenergic receptors. This also promotes the increased activation of
the systemic and tissue RAAS activity in addition to hyperglycemia.
These abnormalities promote interstitial fibrosis, and diastolic dysfunc-
tion seen in DCM.32

Deranged protein homeostasis

Intra-cellular metabolic activity of myocardial cells can generate
misfolded and oxidized protein. The ubiquitin proteasome system is
an intracellular protein quality control system that degrades these
Main findings

Valsalva maneuver with Doppler echo and pseudonormal pattern increases the
prevalence of diastolic dysfunction
Screening for LV diastolic dysfunction in type 2 DM using Valsalva maneuver and
pulmonary venous recordings unmasks pseudonormal pattern of ventricular filling
Prevalence of LV diastolic dysfunction in asymptomatic, normotensive patients
with type 2 DM without evidence of CAD is significantly higher with addition of
Tissue Doppler Imaging
Significant association between diastolic and microvascular dysfunction
Asymptomatic type 2 diabetic patient with no cardiovascular disease have high
prevalence of diastolic dysfunction while a low prevalence of LV systolic
dysfunction (9%) seen similar to the prevalence observed in the general population
Prevalence of diastolic dysfunction in asymptomatic diabetic correlates with the
duration of diabetes, HbA1c levels and presence of diabetic microangiopathies
High prevalence of diastolic dysfunction in diabetes, which is an early marker of
DCM
1.7 folds increase in risk of diastolic dysfunction, and a 2.2 folds increase in risk of
systolic dysfunction
2D color Doppler used to study diastolic dysfunction. Diabetic patients have higher
prevalence of diastolic dysfunction compared to patients with hypertension

yopathy, A1C: Hemoglobin A1c, 2D; 2 dimensional.



Fig. 4. Schematic diagramdepicting the various pathways involved inmyocardialfibrosis.MMP-2:Matrixmetalloproteinase-2, TGF-b: transforming growth factor-beta, ECM: extracellular
matrix.
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proteins. Impairment of this vital mechanism leads to impairment of
cardiac contractility, maladaptive cardiac remodeling in animal models
of HF.33 The exact pathophysiological mechanism of ubiquitin protea-
some system inDCM is unknown.However, thefindings of animal stud-
ies suggest a potential avenue for therapeutic targets in DCM thatmight
reduce proteotoxicity.

Microvascular dysfunction

Coronary microvascular dysfunction is associated with impaired
myocardial functional reserve in the absence of significant anatomic
CHD.34 It involves functional alteration of myocardium resulting from
proliferation and fibrosis of capillaries. Hyperglycemia induced produc-
tion of AGE and decreased production of NO in coronary endothelial
cells lead to upregulation in endothelial vascular growth factor.35 The
DMmicrovascular disease is an independent player in development of
subclinical and overt DCM and is a predictor of poor prognosis for sub-
sequent CVD events.

Diagnostic modalities for DCM

Cardiac biomarkers

Awide spectrum of cardiovascular biomarkers has been described in
patients with DM. Some of these biomarkers include brain natriuretic
peptide (BNP), cardiac troponins and MMPs. Alterations in the levels
of these biomarkers can suggest myocardial structural and functional
dysfunction. Elevated levels of BNP have been found to show positive
correlation with LV dysfunction. In asymptomatic patients BNP can be
useful to screen DM patients for the presence of subclinical LV
dysfunction.36

Cardiac troponins (T, N, and I) are released into the circulation from
the injuredmyocardium in inflammatory or ischemic disease. Mildly el-
evated levels of highly-sensitivity circulating cardiac troponins have
been found in untreated type 2 DM patients independent of traditional
CVD risk factors.37 However, the role of troponins for the assessment of
adult patientswith DCM is unclear. Future studies are required to deter-
mine whether cardiac troponins can be used as biomarkers for early di-
agnosis of subclinical myocardial injury.

MMPs are enzymes that are involved in metabolism of extracellular
matrix. Elevated levels of MMPs, especially MMP-9, and reduced levels
of the tissue inhibitors of MMPs, are observed in myocardial fibrosis.
The predictive role of these biomarkers in patients with CVD and DM
are still not clear because of limited evidence.

Cardiac imaging

Doppler echocardiography
Echocardiography is a standard modality to diagnose DCM. It in-

volves detecting structural and functional changes in the LV and
excluding other CVD that could be the potential reason for those
changes in a patient with DM. Comprehensive evaluation of DCM with
standard transthoracic Doppler echocardiography involves the assess-
ment of diastolic dysfunction, LV filling pressure and myocardial perfu-
sion reserve.

Glucose impairment is independently associatedwith abnormal dia-
stolic filling, an effect which is pronounced in the presence of HTN.38

LVH and myocardial fibrosis are the earliest morphological alterations
that are seen in patients with pre-DMand early DM stages, which result
in diastolic dysfunction. Pulsed-wave transmitral Doppler is used to de-
tect diastolic function. The impaired LV relaxation results in reduced
early and prolonged late diastolic flow.39 With time, these patients
progress to advanced stages of diastolic dysfunction characterized by
rapid early diastolic filling and rapid velocity deceleration. In between
early and late diastolic dysfunction is pseudonormal pattern where
Doppler echocardiography can be normal but can be differentiated by
Valsalva maneuver and pulmonary venous flow. Transmitral E/A ratio
has been established as a reliablemarker to predict prognosis.40 Fewob-
servational studies have demonstrated the abnormal E/A ratio in
asymptomatic, normotensive patients with type 2 DM, suggesting
some degree of diastolic dysfunction.41 Another study reported that
30% of DM patients, who are asymptomatic and normotensive, have di-
astolic dysfunction.42 Although Doppler echocardiography is a prime
modality for initial assessment of patients with DM, it has limitations
and is not ideal, and the addition of Tissue Doppler Imaging (TDI) im-
proves its diagnostic accuracy.

Color M-mode Doppler
Color M-mode Doppler echocardiography is preload independent43

in comparison to Doppler echocardiography for the detection of dia-
stolic dysfunction and LV filling pressures. It measures mitral inflow
jet velocity from annulus to apex to measure LV relaxation. Tachycardia
and dilated chambers can be limiting factors, however, in the utility of
M-mode Doppler.

Role of Tissue Doppler Imaging (TDI)
There has been emergence of TDI to assessmyocardial velocities as a

result of long-axismotion of the LV. It is employed to detect DM- related
diastolic dysfunction and increased LVEDP in patients with normal sys-
tolic function. Especially in patients with normal E/A ratio
(pseudonormal pattern) on Doppler echocardiography, TDI is a reliable
parameter of diastolic dysfunction. Tissue Doppler E/E′, which is the
ratio of transmitralflow tomitral annular velocity, is amarker of assess-
ment of increased LVEDP and it has been correlated with glycated he-
moglobin (HbA1C) levels and hence glycemic control in patients with
diastolic dysfunction.44 In a study by Boyer et al including patients
with DM, 46% were diagnosed with diastolic dysfunction by Doppler
echocardiography and the percentage increased to 74% after addition
of TDI.45 Left atrial volume index is also independently associated with
the degree of diastolic dysfunction.46 In another study by Bonito
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et al,47 half of the patients with normal diastolic function by standard
Doppler echocardiography had abnormal TDI velocities, suggesting dia-
stolic dysfunction. One of the limitations to detect diastolic dysfunction
by TDI, however, is the presence of adjacent abnormal myocardial seg-
ment which can affect the measurement of velocities.

Role of speckle tracking echocardiography
Speckle-tracking derived strain can be used for early detection of LV

dysfunction during the progression of DM. Studies of animal models
have demonstrated that speckle-tracking based strain analysis is a
very sensitivemethod that helps in the early detection of global changes
in LV function in comparison to those seen in conventional echocardiog-
raphy in early DM. Reduction in both circumferential and longitudinal
strain rate can be visible as early as the first few weeks post-DM
onset.48 Early detection of these subtle changes can help clinicians to
prevent further progression of DCM.

Subclinical LV longitudinal dysfunction is preferentially and fre-
quently observed in asymptomatic DM patients with normal EF on
speckle echocardiography. Speckle derived global longitudinal and ra-
dial strain measurements can increase the detection of subclinical
DCM.49 Strain can also be used to evaluate segmental cardiac dysfunc-
tion and allows for regional assessment as well. These findings can be
used for risk stratification of asymptomatic patients with DM.

Cardiac magnetic resonance imaging (MRI)
Extracellular matrix expansion and interstitial fibrosis is one of the

important pathological features in patients with DCM, and MRI has
been found superior to other imaging modalities in the identification
of cardiac scars or local fibrosis. In MRI, various imaging techniques
can be employed to evaluate the extent offibrosis. One of themost com-
monly used techniques is contrast enhanced magnetic resonance imag-
ing using gadolinium. Late-gadolinium enhancement (LGE) MRI has
been used extensively in a large number of studies for measurement
of myocardial scarring.50 The physiological basis of the LGE in myocar-
dial fibrosis is based on prolonged retention of gadolinium-contrast
agent in myocardial tissue secondary to delayed washout related to
the decreased capillary density within the myocardial fibrotic tissue.51

Recent studies show the defining role of LGE in assessingmyocardial fi-
brosis for prognostic purposes in patients with DCM without any evi-
dence of underlying CHD. Patients with DM with occult myocardial
scarring have been found to be high risk of future CVD events.52 This
finding suggests thatMRI can help to identify a subpopulation of DMpa-
tients who may benefit from more intensive medical management.

T1 mapping is another recently used MRI technique for assessment
of DCM.53 T1 mapping directly measures variation in intrinsic myocar-
dial tissue properties which allows the identification of myocardial pa-
thology that is global, such as diffuse myocardial fibrosis that can be
seen in patients with DCM. LGE relies on the regional segregation of tis-
sue characteristics and can detect only regional abnormalities, such as
local scar tissues, which differentially accumulates gadolinium contrast
agent. Thus, myocardial pathology that is diffuse in nature and affecting
the myocardium in a rather uniform and global distribution is not well
visualized with LGE.54 In that case, T1 mapping can be used to measure
diffusemyocardial fibrosis and differentiate between disease processes.
T1 mapping can also help to qualify extracellular volume expansion,
which has been shown to be significantly correlated with impaired LV
diastolic function.55

Nuclear imaging
Radionuclide ventriculography (RNV) uses technetium labelled red

blood cells and has been used to measure diastolic and systolic ventric-
ular function parameters such as LVEF, LV end- diastolic volume, LV
end-systolic volume and peak filling rate. Sasso et al studied the effects
of insulin resistance on LV function and found that metabolic impair-
ment plays a significant role in development of LV dysfunction in
DCM.56
Gated Single Photon Emission Computed Tomography
Gated Single Photon Emission Computed Tomography (G-SPECT)

provides simultaneous assessment of LV function andmyocardial perfu-
sion with a single test. By allowing the measurement of LVEF, G-SPECT
yields information about myocardial function when evaluating cardiac
perfusion status. It also allows assessment of wall thickening and mo-
tion that has been shown to increase both the sensitivity and specificity
of myocardial perfusion imaging. However, to date, there has been no
studies to define which group of patients with DM are good candidates
for G-SPECT and will benefit from this imaging modality in either
human or experimental models.56

Positron emission tomography (PET)
In contrast to G-SPECT, PET can assess myocardial blood flow and

helps in the estimation of coronary flow reserve. Patients with DCM
can have significant impairment of coronary microcirculation that is
seen across the spectrum of various degrees of insulin resistance and
can be assessed by PET. Fluoro-deoxyglucose PET scan has also been
used in studies that correlate assessment of myocardial dysfunction
with myocardial substrate metabolism.57 A recent study shows that
shifts of myocardial substrate metabolism towards higher fatty acid ox-
idation are associated with concomitant LV dysfunction in both in vitro
and in vivo settings in animal models.58 In asymptomatic patients with
type 2DM, PET scan does not show any direct relation between diastolic
dysfunction and metabolic parameters, even though it did show an in-
crease in myocardial fatty acid metabolism in type 2 DM patients.59

The disadvantage of PET scan that sets back its utility in clinical practice
is its prohibitive cost.

Role of endomyocardial biopsy
Several pathological changes have been demonstrated in

endomyocardial biopsy (EMB) specimens of DM patients with impaired
LV function. These changes have been seen irrespective of the presence
or absence of HTN. Interstitial fibrosis, thickening of capillary basement
membranes, intimal thickening and subendothelial fibroblastic prolifer-
ation have been demonstrated.60,61 Molecular analysis of pathology
specimens shows increased deoxy ribonucleic acid (DNA) breakdown
in cardiac myocytes leading to apoptosis.62 This progressive loss of car-
diac myocytes via apoptosis leads to progressive transition from com-
pensated to decompensated LV dysfunction in the DM heart and plays
an important role in development of DCM.63 Interstitial fibrosis and
myocyte hypertrophy is seen in early stage of DCMwith preserved sys-
tolic function that leads to more restrictive physiology. With progres-
sive myocardial damage resulting from apoptosis, extracellular matrix
deposition and fibrotic remodeling, it progresses towards more systolic
HF with DCM.64

Clinical perspectives of DCM

Epidemiology

There is consistent epidemiological evidence that DM is common in
patients with HF.65 In fact, the most common CV complication in pa-
tients with DM is HF. In themajor HF trials, DM patients often represent
most of study subjects. Cardiomyopathy does not occur only in DM pa-
tients, but rather in pre-DM patients with metabolic syndrome who
have elevated inflammatory markers and microalbuminuria associated
with incident HF. Patients with DM and HF have increased mortality
compared to non-DMpatients even after adjustment of clinically recog-
nized potential confounders. These patients not only have increased
mortality but also present with recurrent hospitalizations from HF. A
1% increase in the baseline level of HbA1c increased the risk of develop-
ing HF by 15% in patients with and without known DM.66 This indicates
that the independent risk for developingHF inDMpatientsmay to some
extent bemediated by poormetabolic control. Many patients diagnosed
with idiopathic cardiomyopathy have underlying DM, and this
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association is independent of age, race, HTN and other confounding
variables.67 Another study showed that DM was present in 22% of pa-
tients with idiopathic cardiomyopathy compared to 11% in the control
group.68 The prevalence of underlying LV dysfunction in DM patients
varies according to duration of DM, levels of HbA1C in DM cohorts,
and techniques used to evaluate diastolic dysfunction. This is shown
by the relatively low prevalence of diastolic dysfunction in older studies
compared to new studies that used more advanced echocardiographic
imaging techniques, such as TDI. Table 4 shows the prevalence of dia-
stolic dysfunction in asymptomatic type 2 DM population in various
studies done after 2000.

Risk factors

The threemajor risk factors for development of DCMare hyperglyce-
mia, hyperinsulinemia and insulin resistance. In patients enrolled in the
national Swedish registry, analysis of 20, 985 DM patients, the hazard
ratio for development of HF was 3.98 in patients with HbA1c ≥ 10.5%
compared to the reference group of patients with HbA1c b 6.5%, even
after adjustment for age, sex, duration of DM, CVD risk factors, and
other comorbidities.76 The pathophysiology of DCM supports the fact
that patients with high HbA1C levels have increased accumulation of
advanced glycation products that is a strong contributor to myocardial
fibrosis.24 Therefore, the extent and frequency of diastolic dysfunction
was directly proportional to the HbA1c level in the Strong Heart
Study.77 Similarly, in another study, patients with HbA1c N 7.5% had a
higher prevalence of diastolic dysfunction than those with HbA1c
b 7.5%. Reduction in HbA1C levels reduced the risk of developing HF.78

In fact, the risk of HF increases further with age and duration of DM.71

Assessment of these factors should help a primary care physician in
making an early diagnosis of underlying LV dysfunction in DM patients.

Screening for DCM

The majority of patients with DCM have asymptomatic LV dysfunc-
tion in the initial stages. Many of these patients with LV dysfunction re-
main undiagnosed and untreated at Stage A of HF. Identification of these
patients at early stages can help identify patients at high risk for further
progression of disease. This necessitates the development of screening
tests to identify those patients who are at increased risk.

The role of BNP has been studied for screening asymptomatic DM
patients. BNP is a simple, rapid and cost-effective screening test. How-
ever, multiple studies have failed to demonstrate that BNP can provide
sufficiently sensitive clinical information to identify subclinical dysfunc-
tion. In these studies, BNP proved to be a suboptimal screening test to
detect pre-clinical LV dysfunction or LVH.79,80,81 Similarly, high sensitiv-
ity C-reactive protein was also not found to be an effective screening
method, either alone or in combination with BNP to identify pre-
clinical DCM.81

Microalbuminuria performed annually in DM patients can help risk
stratify the DM patient at risk for having underlying diastolic dysfunc-
tion. Persistent microalbuminuria can be used as markers of diffuse fi-
brosis and diastolic dysfunction as shown in a recent study.82 This
study shows that cardiac extracellular volume which quantifies myo-
cardial fibrosis is higher in DM patients compared to controls, and
even higher in patients who test positive for microalbuminuria. These
results are in concordance with the results of Strong Heart Study
which showed that the degree of diastolic dysfunction is proportional
to the level of microalbuminuria, even after adjusting for age, sex, and
body mass index (BMI), systolic blood pressure, and duration of DM,
LVM, and presence of CHD.77

The most sensitive test, however, continues to be echocardiography
with Doppler techniques, as shown by most of the studies. Routine use
of echocardiography in daily clinical practice is not cost-effective in this
scenario. Therefore, assessment of individual risk factors becomes very
important in clinical practice especially in primary care settings.
Patients with compatible history, such as poor glycemic control
(HbA1C N 9), insulin dependent DM, longer duration of DM (N5 years)
and other CVD risk factors, such as HTN and hyperlipidemia, should be
evaluated for screening by echocardiography.83

Novel therapies for treatment of DCM

Role of antioxidants

Hyperglycemia induced oxidative stress is a major risk factor in de-
velopment of myocardial dysfunction in DCM as explained above. Mul-
tiple studies have evaluated the role of antioxidants, including vitamin
E, Metallothionein, synthetic glutathione peroxidase and multiple
other antioxidant approaches.84 The efficacy of these agents has been
studied in animal models with DM. These agents have shown to have
cardio protective effects in animal models, suggesting the usefulness
of vitamin E supplementation during the early phases of type 1 DM
for the prophylaxis of cardiomyopathy and subsequent HF.85 However,
most of the placebo controlled randomized clinical trials have failed to
show any true efficacy of supplementary vitamin E therapy in DM pa-
tients at risk.86 The possible etiologies of these could be failure to mea-
sure biomarkers of oxidative stress and subsequent lack of ability to
tailor the dose of antioxidants to achieve adequate suppression at the
levels of oxidative stress in relation to the dose of antioxidants.87 New
insights into the mechanisms that increase oxidative stress in DM
might lead to development of novel treatment strategies. Further
human studies that could address these problemswill be needed to doc-
ument any significant protective effects of these agents.

Coenzyme 10 (CoQ 10)
Recently CoQ 10 supplementation has been shown to reduce oxida-

tive stress in DM mice. Three months after induction of DM in animal
model, adverse cardiac remodeling is significantly attenuated in mice
who received CoQ 10.88 The role of CoQ 10 supplementation as adjunc-
tive therapy has been supported by recent multiple small heteroge-
neous studies and a recent relatively large randomized multicenter
trial which showed that long term treatment of patients with chronic
HF reduced major adverse CVD events and has shown mortality
benefit.89 CoQ 10 has not been shown to have significant adverse effects
as well. However further studies are needed to support its widespread
use and ensure the safety of this drug.

Phosphoinositide3-kinase gamma (PI3Kg) inhibitor

PI3Kg has been evaluated in animal models and seems to play a key
role in the development of cardiac dysfunction in DM rats.90 Accord-
ingly, pharmacological inhibition of PI3Kg can revert the cardiac dys-
function induced by DM. PI3Kg inhibitors, however, have a very slow
onset and take a long duration to show their positive effects. Their effect
will need to be validated in future studies to determine their potential
use for treatment of human DCM.

Role of MicroRNA

MicroRNAs (miRNAs) are short noncoding RNAs that modify gene
expression by regulating mRNA stability or translation during various
disease processes. Each mRNA regulates expression of multiple genes.
Dysregulated miRNAs are potentially involved in the pathogenesis of
DCM.91 There are multiple miRNAs that have been implicated with the
progression of disease. Modulating the expression of miRNA by either
amimic or an inhibitor in animalmodels has been shown to reverse his-
tologic and functional measures of cardiomyopathy.92 Therefore, this
has potential to ameliorate DCM. Thus, miRNA-based therapies may
provide value in DM patients with cardiac pathology in the future. Fur-
ther investigations are required for better understanding of the
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mechanisms involved in crosstalk betweenmiRNA and gene expression
to use these as novel therapeutic targets in DCM.

Visceral adipose tissue–derived serine protease inhibitor (Vaspin)

Vaspin is an adipocytokine that can prevent TNF-alpha associated
myocardial injury by inhibiting apoptosis in patients with DCM. TNF-
alpha associated pathways inhibit autophagy in cardiac myocytes and
promote apoptosis. By inhibiting these pathways, this novel agent can
significantly reduce myocardial apoptosis, which plays a significant
role in development of contractile dysfunction.93

Role of dietary medium-chain fatty acids

One small double-blind, randomized, 2-week matched-feeding
study reported thatmedium-chain fatty acids (MCFAs) dietmay be ben-
eficial for cardiac function in patients with type 2 DM. This study did not
show any effect on myocardial structure or lipid deposition in the myo-
cardium. However, there was improvement in indirect measures of
myocardial contractility such as Doppler derived S′ wave velocity.
There was no effect on stroke volume or cardiac output noted in pa-
tients taking MCFAs. However, it was a small study and further larger
studies are needed to validate these fatty acids.94

Stem cell therapy in DCM

Cardiac stem cells are the progenitor cells that have the ability to dif-
ferentiate into cardiac myocytes.95 Patients with DCM have progressive
loss of cardiac myocytes because of various injury mechanisms and in-
ability to replace them because of low regenerative potential. Stem
cells can be used to replace those lost myocytes. They are also helpful
in DCMpatientswithmicrovascular dysfunctionwith their ability to dif-
ferentiate endothelial cells and promote neo revascularization.96 Thus,
stem cells are promising for the treatment of DCM. However, their
role has been demonstrated only in animalmodels so far. Therefore, fur-
ther studies evaluating the role of this unique therapy in humans are
needed.

Conventional therapies

Angiotensin converting enzyme inhibitors (ACEI)/angiotensin receptor
blockers (ARBs)

ACEI andARBs significantly reduce the risk of developingmyocardial
fibrosis and LV stiffness. The beneficial role of ACEI/ARBs in DCM results
from their role in reverting the development of abnormal extracellular
matrix deposition and fibroblast activity by decreasing the synthesis of
collagen and increasing activity of MMP.97 They also modulate the re-
sponse of cardiacmyocytes to sympathetic system and RAAS anddown-
grade the development of LVH and cardiac remodeling. In multiple
observational studies and randomized trials, ACEI have been shown to
reduce both all- cause and CVD mortality in DM patients with overt
HF and those with asymptomatic LV dysfunction without heart
failure.98

Angiotensin receptor–neprilysin inhibitor (ARNi)

ARNi is a combination of angiotensin receptor inhibitor and
neprilysin inhibitor. This agent has been shown to attenuate the abnor-
mal cardiac remodeling and fibrotic changes in animal model of DCM.99

After 4 weeks of therapy with ARNi, there is significant improvement in
left ventricular ejection fraction in treatment group vs control group. At
the molecular level, the levels of TGF-b are significantly decreased
which is demonstrated by significant reduction in myocardial fibrosis.
The mechanism by which neprilysin inhibitor reduces fibrosis likely in-
volves inhibition of angiotensin II-dependent and TGF-dependent
fibrotic processes with reduction of pressure induced cardiac remodel-
ing. ARNi are being used as a second line agent in patients with HFrEF
who continue to be symptomatic despite being on ACEi/ARBs and aldo-
sterone antagonists. Many of these patients have also diabetes as well.
Since DCM is a unique clinical entity, there is need for randomized con-
trolled trials specifically in this patient population to assess the long
term benefits of ARNi.100

Beta-blockers (BBs)

BBs reduce the risk of HF hospitalization and mortality in patients
with HFrEF.101 These drugs have been shown to prevent and reverse
manyof the structural and functional changes that occur during thepro-
gression of HF by preventing the toxic effects of catecholamines. BBs,
such as carvedilol, exert anti- adrenergic effect and reduce sympathomi-
metic effects in patients with DCM. In addition, they also pose antioxi-
dant and antiendothelin effects that provide favorable effects in
preventing LV dysfunction.102 As a matter of fact, long term administra-
tion of BBs can improve the LVEF by increasing stroke volume, decreas-
ing pulmonary capillary wedge pressure, right atrial pressure and
systemic vascular resistance.103 Combined ACEI and BBs exert ex-
tremely important neurohormonal effects to providefirst line therapeu-
tic options for patients with DCM.

Aldosterone antagonists (AAs)

Aldosterone is an important instigator of myocardial fibrosis. It also
shifts the autonomic balance towards the sympathetic nervous system.
By blocking aldosterone receptors, spironolactone increases the reup-
take of nor-epinephrine by myocardial cells. Studies have shown that
spironolactone reduces serum levels of procollagen peptides and de-
creases myocardial collagen turnover, reducing vascular damage and
myocardial fibrosis.104 The beneficial effects of AAs have been demon-
strated in the RALES trial that showed treatment with spironolactone
reduces CVD mortality, all-cause mortality and HF hospitalizations in
patients with stage III and IV HF and LV dysfunction in addition to stan-
dard therapy with ACEI.105 Given the clinical efficacy of these agents in
DM patients with HF, therapy with ACEI, BBs and AAs for patients with
advancedNYHAclass III-IVHF is indicated. However, since patientswith
DM have sclerosis of the juxta-glomerular apparatus and baseline type-
4 renal tubular acidosis, these patients may be more susceptible than
non-DM patients to significant hyperkalemia.106

Role of anti-glycemic agents in DCM

Incretin-based therapies (IBT)

IBT include Glucagon-like peptide-1 receptor (GLP-1R) agonists and
dipeptidyl peptidase-4 (DPP-4) inhibitors for the treatment of DM.
These agents exert their CV effects both indirectly through their actions
on myocardial metabolism and direct functional effects on cardiac
myocytes and coronary vasculature.107 The metabolic effects result
from an increase in insulin levels and a decrease in glucagon levels
with concomitant decrease in levels of circulating free fatty acids. This
enhances the glucose uptake in cardiac myocytes and at the same
time decreases fatty acid utilization. Both of these metabolic effects im-
prove myocardial metabolism and halt the abnormal metabolic path-
ways leading to contractile dysfunction as explained in the
pathophysiological pathways of DCM above. These agents also decrease
inflammatory pathways in myocardial cells and reduce inflammatory
myocardial damage. GLP-1 receptors are expressed on vascular smooth
muscles and endothelial cells. Direct effect on these cells promotes cor-
onary blood flow and increases glucose uptake.

The role of these agents in patients with HF, however is limited. Sys-
temic treatment with GLP-1R agonists and DDP-4 inhibitors exert ben-
eficial effects on LV function in pre-clinical studies, but these are
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contrasted with modest and often inconclusive results in short-term
human studies.108 In a study of 20 patients with NYHA class II and III
HF, 48-h GLP-1 infusions did not improve myocardial contractile func-
tion or BNP levels (111), which is in contrast to findings reported in
other studies that showed treatment with GLP-1 agents improved
LVEF (112). Similarly, regarding DDP-4 inhibitors, a study with 254 pa-
tients with type 2 DM and NYHA class I, II, or III HF treated with
vildagliptin reported increases in LV end-diastolic and LV end-systolic
volume (113). Further studies are needed to assess the safety and effi-
cacy of these agents in patients with DCM.

Metformin

Metformin has been thought to be contraindicated in DM patients
with HF because of its potential to cause lactic acidosis. However, recent
evidence suggests that metformin has several favorable effects on the
pathophysiology of DCM by reducing insulin resistance.112 Metformin
has been shown to reduce the risk of HF and mortality in DM
patients.113 Results of animal studies show that metformin increases
the activity of endothelial NO and AMPK protein kinase pathway, re-
duces activity of TNF-alpha and fibroblast growth factor, thus reducing
LV volume and LV remodeling, hence improving systolic and diastolic
parameters.114 However, metformin should be stopped in patients
with acutely decompensated HF, sepsis or hypoperfusion settings to
avoid lactic acidosis.

Thiazolidinediones (TZDs)

In vitro and animal studies suggest that TZDs can reduce the serum
levels of MMP-9 and the proinflammatory marker CRP in patients
with type 2 DM. These drugs exert their effects by activation of peroxi-
some proliferator-activated receptor-γ (PPAR-γ) and promote anti-
inflammatory effects by inhibiting inflammatory cells.115 However, the
use of these agents in clinical practice is limited mainly because of
their potential to cause edema and HF. These drugs also have the pro-
pensity to promote weight gain, and obesity increases the risk of
HF.116 Similarly, patients on these drugs had increased incidence of HF
compared to control. In trials validating the use of these drugs, patients
with advanced Class III, IV HF were excluded. Therefore, these agents
should not be used in patients with significant HF and caution should
be used in patients who already have any signs or symptoms of HF.117

Sulfonylureas

Sulfonylureas are commonly used in patients with DM. Studies com-
paring metformin versus sulfonylurea118 showed metformin has bene-
ficial effects, but sulfonylureas do not. These drugs have significant
impact on weight and increase BMI and, therefore, increase the risk of
HF. In a study done in a veteran's population, sulfonylurea initiation
was associated with an increased risk of HF hospitalization and CVD
death compared with metformin initiation.119 These drugs also cause
significant hypoglycemia aswell. Given the clinically important increase
in HF and other CVD risk associated with sulfonylureas compared with
metformin, other drugs could be considered instead of sulfonylureas
for those intolerant to metformin or needing additive therapy.

Sodium-glucose transporter-2 (SGLT-2) inhibitors

Recently SLGT-2 inhibitors have been suggested as first line drugs to
achieve glycemic control in DMpatientswithHF. In comparison to other
agents, these drugs have been shown to reduce the rate of HF related
admission in DM patients and lower CVD mortality in a placebo con-
trolled randomized clinical trial.120 The exactmechanisms of these ben-
efits are not well understood yet. Further studies are underway to
explain how these drugs provide these benefits. These drugs have
lower the risk of hypoglycemia compared to sulfonylurea and do not
induce weight gain as well. Results of further studies will help define
the exact pathways implied in HF progression targeted by these drugs
and could potentially become standardized treatment for HF diabetic
patients.

Conclusions

DCM is more common than it is recognized clinically. It is an impor-
tant cause of HF worldwide and constitutes a significant burden of
health care cost across the nation. The pathophysiology of DCM is com-
plex and despite significant advances, many areas are still not well un-
derstood and are target for future studies. Taken together, there are
underlying pathological changes resulting frommultiple abnormal bio-
chemical pathways ranging from abnormal calcium signaling, deranged
glucose/fatty acids metabolism and inflammatory pathways that result
in myocardial fibrosis, stiffness and hypertrophy. The clinical effects of
these are progression from asymptomatic diastolic dysfunction to sys-
tolic dysfunction and clinical HF. In order to halt this natural progression
of disease, screening and early diagnosis is extremely important. Many
of these asymptomatic patients are beingmanaged in primary care set-
tings; therefore, clear understanding of this condition on part of primary
care physicians is important to allow early assessment of myocardial
performance and subclinical damage. There is no single biomarker or
definitive screening test available, and assessment of risk factors, clinical
history and physical exam is useful for making decisions regarding
screening of DCM. The risk of DCMdoes not stemonly fromhyperglyce-
mia or hyperinsulinemia, but multiple other factors, including obesity,
HTN and CHD aswell. The control of hyperglycemia is important though
intensive glucose control has not been shown to have any beneficial ef-
fects on risk of developing clinical HF. Similarly, an intensive lifestyle in-
tervention focusing onweight loss did not reduce the rate of CVD events
in overweight or obese adults with type 2 DM.121 In patients with dia-
stolic dysfunction, control of blood pressure and heart rate is important.
In thosewith advanced systolic dysfunction, BBs, ACEI/ARBs andAAs are
the cornerstone of therapy, although the risk of hyperkalemia must be
considered and assessed. There are novel therapies being developed, in-
cluding miRNA and stem cell therapies, in treatment and prevention of
DCM. However, further studies are needed to fully understand the pre-
cise mechanisms involved in the progression of disease and to continue
the development of novel therapies to reduce the risk of developing
DCM.
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