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INTRODUCTION

The cardiovascular disease-related mortality with dia-
betes mellitus is ~65%. Therefore, diabetes mellitus is 
regarded as a risk equivalent to coronary heart disease 
[1]. Diabetic heart disease is a growing and important 
public health risk [2]. It affects the heart in three ways: 
cardiac autonomic neuropathy (CAN), coronary artery 
disease (CAD) due to accelerated atherosclerosis, and di-
abetic cardiomyopathy (DCM) [1]. DCM is characterized 
by lipid accumulation in cardiomyocytes, fetal gene re-
activation, and left ventricular (LV) hypertrophy, which 
together result in contractile dysfunction [2].

In 1881, Leyden first reported that DCM is a typical 
complication of diabetes mellitus. In 1888, Mayer assert-
ed that diabetes mellitus is a metabolic disorder that can 
induce heart disease. Finally, the term “diabetic cardio-
myopathy” was proposed by Rubler in 1972 after post-

mortem studies in diabetic patients with heart failure 
in whom coronary disease and other structural heart 
diseases, hypertension, and alcohol had been ruled out 
as possible causes [3]. A milestone study in 2002 by Finck 
and colleagues [4] cast light on the transcriptional mech-
anisms of DCM. These researchers suggested that the 
transcription factor, peroxisome proliferator-activated 
receptor (PPAR)-α, along with its transcriptional targets, 
is upregulated in the hearts of mouse models of diabetes 
mellitus [2,4]. Currently, DCM is defined as myocardial 
dysfunction (MD) in patients with diabetes mellitus in 
the absence of hypertension and structural heart diseas-
es such as valvular heart disease or CAD [5].

Diabetes mellitus is a well-known risk factor for the 
development of heart failure. The Framingham Heart 
Study demonstrated that the frequency of heart failure 
is five times greater in diabetic women and two times 
greater in diabetic men compared with age-matched 
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control subjects [6]. Heart failure leads to a poor qual-
ity of life in affected individuals and complicates the 
treatment of diabetes mellitus by altering the phar-
macokinetics of anti-diabetic medications. Thus, both 
the prompt  diagnosis and early management of these 
patients are of utmost importance. However, DCM is 
poorly understood by most physicians, even cardiolo-
gists and diabetologists. Therefore, in this review we fo-
cus on the pathophysiological mechanism behind DCM 
and management strategies, including emerging thera-
peutics and diagnostic evaluation.

EPIDEMIOLOGY OF DIABETIC CARDIOMYOP-
ATHY

The prevalence of heart failure among diabetic patients 
was as high as 19% to 26% in various clinical trials [7,8]. 
These two disease entities tend to coexist, and the im-
pact of each condition on the other has bidirectional in-
fluences in terms of causation and outcome [9-11]. The 
Framingham Heart Study reported that 19% of patients 
with heart failure have type 2 diabetes mellitus (T2DM) 
and that the risk of heart failure increases 2- to 8-fold 
in the presence of T2DM [10,12,13]. Furthermore, an 
increase of 1% in hemoglobin A1c (HbA1c) levels is re-
lated to an 8% increase in the risk of heart failure, in-
dependently of age, body mass index, blood pressure, 
and the presence of CAD. This suggests that the risk of 
heart failure is controlled by factors unique to T2DM, 
such as hyperglycemia and insulin resistance [10,12,13]. 
Conversely, a 1% reduction in HbA1c levels is related 
to a 16% reduced risk of developing heart failure and 
poor outcomes [10]. This bidirectional interaction has 
provided evidence to support the existence of DCM as 
a distinct clinical condition, and suggests that the pres-
ence of diabetes mellitus might independently increase 
the risk of heart failure [9].

The prevalence of DCM is not yet clear because of 
a lack of large study outcomes from different popula-
tions with diabetes mellitus. The prevalence of diastolic 
dysfunction in patients with T2DM was up to 30% in 
some studies [14]. However, there are other studies that 
reported a prevalence rate as high as 40% to 60% [15]. 
A recent major prospective study examining the preva-
lence of heart failure and MD in patients with chronic 

(≥ 10 years) type 1 diabetes mellitus (T1DM) showed a 
prevalence of 3.7% and 14.5%, respectively, at the end of 
a 7-year follow-up [16]. The annual incidence of heart 
failure and MD were 0.02% and 0.1%, respectively. Di-
astolic heart failure accounted for 85% of the cases of 
heart failure [1,16].

PATHOPHYSIOLOGICAL MECHANISMS OF 
DIABETIC CARDIOMYOPATHY

The pathophysiological mechanisms of DCM have not 
yet been sufficiently elucidated. The occurrence of DCM 
is multifactorial, and there are various proposed mecha-
nisms including insulin resistance, microvascular impair-
ment, subcellular component abnormalities, metabolic 
disturbances, cardiac autonomic dysfunction, alterations 
in the renin-angiotensin-aldosterone system (RAAS), and 
maladaptive immune responses (Fig. 1) [1,9,17].

A long-standing hypothesis is that hyperglycemia 
plays a pivotal role in the development of DCM, al-
though multiple complex mechanisms and the inter-
play of many metabolic and molecular events within the 

Figure 1. Pathophysiological mechanisms of diabetic car-
diomyopathy. RAAS, renin-angiotensin-aldosterone system; 
AGE, advanced glycation end product; FA, fatty acid; TGF-β, 
transforming growth factor-β.
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myocardium and plasma contribute to its pathogenesis. 
The main metabolic abnormalities in diabetes mellitus 
are hyperglycemia, inflammation, and hyperlipidemia, 
all of which induce the production of the nitrogen spe-
cies or reactive oxygen species (ROS) that cause most 
diabetic complications, including DCM and diabetic 
nephropathy [18].

Effects of hyperglycemia on the heart
Persistent hyperglycemia causes a number of molecu-
lar and metabolic changes in cardiomyocytes. Increased 
glucose metabolism due to hyperglycemia increases 
oxidative stress via the development of ROS from the 
mitochondria [19]. Oxidative stress caused by the over-
production of superoxide in the mitochondrial respira-
tory chain leads to reduced myocardial contractility and 
eventually induces myocardial fibrosis [20]. Oxidative 
stress and ROS can accelerate cardiomyocyte apopto-
sis and cellular DNA damage. Oxidative stress-induced 
DNA damage also activates DNA reparative enzymes 
such as poly ADP ribose polymerase (PARP) [21]. PARP 
redirects glucose metabolism from its usual glycolytic 
pathway to an alternative biochemical pathway that re-
sults in the development of various mediators and caus-
es hyperglycemia-induced cellular injury. These injuries 
include increased hexosamine and polyol flux, protein 
kinase C activation, and advanced glycation end product 
(AGE) levels. The oxidative stress induced by persistent 
hyperglycemia increases the amount of AGEs in diabetic 
subjects [20]. AGEs can covalently crosslink various ex-
tra- and intracellular proteins that are thought to be im-
portant factors in diabetic complications. The crosslink-
ing involving elastin and collagen results in impaired 
cardiac relaxation and increased myocardial stiffness. 
AGEs cause myocardial damage in both humans [22] and 
animals [23].

Contributions of insulin resistance and hyperinsu-
linemia
Insulin resistance and hyperinsulinemia are typical 
pathological abnormalities in T2DM and prediabetic 
conditions. Hyperinsulinemia leads to cardiomyocyte 
hypertrophy via various mechanisms. Cardiomyocyte 
hypertrophy in diabetes mellitus is modulated at the 
transcriptional level [24]. Various epigenetic and genet-
ic alterations resulting from hyperinsulinemia activate 

multiple transcription factors that regulate extracellular 
and cellular protein expression. The activation of such 
transcription factors causes the deposition of extracel-
lular matrix proteins and cardiomyocyte hypertrophy, 
resulting in focal myocardial fibrosis in diabetes mel-
litus [24].

Microcirculation impairment in the myocardium
The pathological characteristic of diabetes-related vas-
cular complications is damage to the microcirculation 
throughout the body. Unique examples of microvascu-
lar complications inlcude diabetic nephropathy, neu-
ropathy, and retinopathy [1].

Impaired coronary microvasculature is frequently ob-
served in patients with T2DM, insulin resistance, and 
DCM [25,26]. This defect is caused by reduced levels of 
bioavailable nitric oxide [27]. In coronary vascular smooth 
muscle cells, nitric oxide activates both kinases and 
guanylyl cyclase, which is required for coronary relax-
ation [28]. Under conditions of reduced insulin sensitiv-
ity, both increased nitric oxide degradation and reduced 
nitric oxide production occur.

Reduced capillary length density and hyaline-relat-
ed changes in the medial arteriolar layers are observed 
in the cardiac circulation of diabetes mellitus patients 
[17,29]. The reduced blood supply resulting from micro-
circulatory dysfunction affecting the vasa vasorum in di-
abetes mellitus further damages the medium and small 
arterioles of the diabetic heart. Perivascular fibrosis and 
interstitial changes, the formation of microaneurysms 
in small vessels, and thickening of the capillary base-
ment membrane are other vascular disorders that cause 
cardiac microvascular ischemia in diabetes mellitus. 
Ischemia contributes to myocardial fibrosis, stiffness, 
and dysfunction in DCM.

Hyperinsulinemia and insulin resistance are associat-
ed with stiffness of both the small and large blood ves-
sels [30]. Hyperinsulinemia promotes the differentiation 
of vascular smooth muscle cells to an osteoblast-like 
phenotype, which could play a role in the observed 
increased vascular stiffness [31]. Elevated insulin lev-
els might also enhance vascular stiffness by increasing 
osteocalcin expression, alkaline phosphatase activity, 
and the formation of mineralized nodules in vascular 
smooth muscle cells via increased levels of receptor ac-
tivator of nuclear factor κB [32]. Thus, impaired vascular 
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smooth muscle cell and endothelial cell function are re-
lated to an increased risk of developing CAD in associa-
tion with DCM.

Subcellular component abnormalities
Metabolic abnormalities involving endoplasmic reticu-
lum (ER) stress, impaired calcium handling, and mito-
chondrial dysfunction are associated with the pathogen-
esis of DCM [11,33,34].

The overproduction of ROS exerts deleterious effects 
on the ER by impairing post-translational modifications 
and protein folding in the rough ER [25]. Stress to the ER 
induces an adaptive response that increases the protea-
someal degradation of incorrectly folded proteins [34].

Under conditions of excessive fat and carbohydrate 
intake and insulin resistance, nutrient overflow into 
cells causes the transfer of electrons to oxygen without 
adenosine triphosphate (ATP) production and also pro-
motes a state of increased ROS, which potentially leads 
to oxidative damage within mitochondria [35]. There-
fore, in the presence of mitochondria-produced ROS, 
DNA, proteins, and lipid membrane components are 
damaged and the accumulation of ROS-mediated fibro-
sis promotes diastolic dysfunction that can progress to 
heart failure.

ER and oxidative stress can impair calcium handling, 
which subsequently causes diastolic dysfunction and 
DCM. ROS, long-chain acylcarnitines, and abnormal 
membrane lipid content in the mitochondrial mem-
brane, such as via cardiolipin, can alter calcium handling 
by affecting various transporter proteins; thus, inducing 
delayed diastolic relaxation and impaired intracellular 
calcium uptake [17,36]. The interactions between abnor-
mal calcium handling, ROS, and ER stress enhance sub-
cellular component dysfunction and ultimately lead to 
autophagy, necrosis, and apoptosis [26,37].

Effects of altered lipid metabolism on the myocar-
dium
The heart can use both glucose and fatty acids (FAs) as 
energy substrates under physiological conditions. The 
uptake of FAs is mediated by FA translocase and the 
cluster of differentiation 36 (CD36), whereas glucose 
intake occurs via insulin-stimulated glucose transport, 
which is mediated by glucose transporter 4 (GLUT4) 
[11,38]. Nutrients promote myocardial insulin signaling 

and increase plasma insulin levels, which enhance the 
translocation of GLUT4 and CD36 to the myocyte sar-
colemma to supply myocardial energy substrates [11]. 
In contrast, under conditions of T2DM and/or insulin 
resistance, GLUT4 is internalized and returns to its in-
tracellular location and CD36 becomes preferentially lo-
calized to the sarcolemma [39].

The reciprocal positioning of CD36 and GLUT4 in-
fluences the genesis of cardiac metabolic abnormali-
ties that are characterized by metabolic inflexibility [39]. 
Thus, the reduced glucose uptake caused by cardiac and 
systemic insulin resistance promotes a substrate shift 
toward increased free fatty acid (FFA) oxidation in di-
abetes mellitus, resulting in reduced cardiac efficiency 
[33,40]. The lipotoxicity characterized by the excessive ac-
cumulation of FAs in the myocardium reduces normal 
physiological autophagy and impairs insulin signaling, 
which leads to structural and morphological alterations 
and impaired myocardial performance [33]. These ab-
normalities facilitate myocardial oxygen consumption 
and can reduce the efficiency of muscle fiber function in 
response to electrical stimuli [17,36].

Overstrain of the cellular oxidation capacity in diabe-
tes mellitus leads to ectopic lipid deposition in non-adi-
pose tissues such as the heart, liver, and skeletal muscle. 
Recently, cardiac steatosis was proposed as an important 
cause of DCM [41,42]. The contribution of glucose oxi-
dation to cardiac energetics is less than normal among 
patients with T2DM and obesity, and FA metabolism, 
instead, meets the myocardial energy needs [43]. In-
creased plasma FFA levels in patients with obesity and 
T2DM cause increased cardiac triglyceride accumula-
tion and FA uptake. Excessive FA uptake and delivery by 
cardiomyocytes in this setting is likely to exceed the mi-
tochondrial oxidative capacity and, thus, induces lipo-
toxic injury to the myocardium. Some of the excess FA 
enter nonoxidative pathways, leading to toxic FA inter-
mediates such as ceramide. These toxic substances sub-
sequently interfere with normal cellular signaling and 
give rise to apoptosis, cellular damage, mitochondrial 
dysfunction and, eventually, contractile dysfunction and 
myocardial fibrosis. Increased FA oxidation in the mi-
tochondria is associated with the increased production 
of ROS, which oxidize cytoplasmic lipids into lipid per-
oxides. In turn, lipid peroxides and ROS lead to mito-
chondrial and cellular damage and the uncoupling of 
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mitochondrial oxidative metabolism [44]. Consequently, 
the impaired myocardial generation of energy and re-
duced cardiac contractility are observed. Decreased en-
ergy production also induces impaired mitochondrial 
calcium handling, which leads to cardiac dysfunction 
[45]. Lipotoxicity-induced cellular apoptosis is general-
ly referred to as lipoapoptosis. Different mechanisms 
may induce lipoapoptosis, such as palmitate toxicity, ER 
stress, diacylglycerol and ceramide formation, inflam-
mation, and membrane destabilization [44]. The effects 
of lipoapoptosis on cardiac function include myocardial 
fibrosis and structural damage.

Cardiac autonomic neuropathy in diabetic cardiomy-
opathy
A previous study reported a relationship between the 
development of DCM and nervous system activation 
states [46]. Activation of the sympathetic nervous system 
increases β1-adrenergic signaling and expression, which 
facilitates interstitial fibrosis, cardiomyocyte hypertro-
phy, and impaired contractile function accompanied by 
increased cardiomyocyte apoptosis [17,36]. Activation of 
the parasympathetic nervous system is reduced, musca-
rinic receptor composition and density are altered, and 
acetylcholinesterase activity is decreased during heart 
failure [47]. Either indirect or direct stimulation of the 
vagus nerve might have direct beneficial effects on both 
cardiac remodeling and clinical outcomes [47].

CAN is a chronic complication of diabetes mellitus 
that leads to abnormalities in vascular hemodynamics 
and heart rhythm. The prevalence of varying degrees of 
CAN may be as high as 60% in individuals with a per-
sistent history of diabetes mellitus [48]. CAN changes the 
contractile function of the myocardium and also influ-
ences blood flow in the coronary circulation. Patients 
with CAN exhibit increased peripheral vascular resis-
tance and reduced vascular elasticity due to abnormal 
sympathetic tone [49]. A reduction in the myocardial 
perfusion reserve was also reported by other researchers 
[50]. This may partially account for the ventricular dys-
function associated with diabetic CAN.

Cardiac dysfunction is usual in diabetic patients with 
CAN [51]. Correlations between the prevalence of diastol-
ic dysfunction and the severity of CAN have also been 
reported [51]. Alterations in the myocardial contractility 
responses associated with stress are observed in patients 

with diabetic CAN, and exercise-induced MD has been 
recorded even in patients with normal ventricular func-
tion at rest [52].

Activation of the renin-angiotensin-aldosterone 
system
Current evidence from human and animal experiments 
has supported a significant role for RAAS in diabe-
tes-induced cardiac dysfunction [53,54]. Hyperglycemia 
activates the intracardiac RAAS, which exhibits differ-
ent effects on cardiomyocytes. Intracellular angiotensin 
(AGT) II levels were 3.4-fold higher in the myocardial 
cells of diabetic patients compared with non-diabetics 
[55]. Cytoplasmic AGT II promotes cell growth in animal 
models. AGT II has a direct effect on cell signaling, lead-
ing to the proliferation of cardiac fibroblasts and cardio-
myocyte hypertrophy [53]. Other factors, such as inflam-
mation, aldosterone, and oxidative stress, may lessen 
the harmful effects of AGT II on the heart that cause 
myocardial damage in diabetes mellitus [54]. Moreover, 
the enhanced activation of mineralocorticoid receptor 
signaling and AGT II might facilitate insulin resistance 
by activating the mammalian target of rapamycin-S6 ki-
nase 1 signal transduction pathway [56].

Maladaptive immune responses
DCM can be facilitated by alterations in the adaptive 
and innate immune systems [57,58]. The activation of 
macrophage polarization to classic (M1) or alternative 
(M2) phenotypes and proinflammatory T helper cells 
often occurs in states of insulin resistance or obesity 
[59]. Moreover, persistent overfeeding induces immune 
responses that contribute to low-grade inflammation 
within white adipose tissue [38]. Macrophage M2 polar-
ization is an anti-inflammatory response and M1 polar-
ization is a proinflammatory response in insulin-resis-
tant and obesity states [59,60]. M1 macrophages secrete 
inflammatory cytokines, which reduce cardiac and sys-
temic insulin signaling and facilitate the development 
of DCM [59]. In contrast, M2 macrophages secrete mac-
rophage mannose receptor 1 and interleukin 10, which 
reduce the development of myocardial fibrosis and car-
diomyocyte hypertrophy [59,61].

Another population of immune cells (T helper lym-
phocytes) was identified in patients with DCM [62]. A 
higher CD8+:CD4+ T-cell ratio is found in the visceral 
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adipose tissue of mice fed a high-fat diet compared with 
lean mice [63,64]. Diet-induced insulin resistance also 
induces a dramatic increase in type 1 T helper-polarized 
cells, whereas the type 2 T helper-polarized fraction is 
reduced by ~50% [63]. These cells can be subtyped ac-
cording to their cytokine expression profile following 
activation [64]. The increased secretion of chemokines, 
growth factors, and proinflammatory cytokines by T 
helper lymphocytes results in increased impaired dia-
stolic relaxation and cardiac fibrosis [65]. However, reg-
ulatory T-cells usually attenuate the proinflammatory 
effects of T helper cells in the heart [66].

FUNCTIONAL AND STRUCTURAL ALTERATIONS

Significant alterations in myocardial function and struc-
ture occur as a result of DCM, leading to the patholog-
ical-clinical consequences of the disease. Pathological 
changes occur mostly in the myocardial interstitium in 
the early stages of the disease, and cardiac contractile 
dysfunction ensues as a consequence of these alterations 
[67]. Later, cardiac microcirculatory dysfunction, inter-
stitial and perivascular fibrosis, and ventricular myocar-
dial hypertrophy are observed.

Impaired diastolic function is the earliest abnormal-
ity in DCM, and systolic dysfunction develops only in 
the later stages of the disease [67,68]. DCM-induced ven-
tricular fibrosis and hypertrophy are the major causes of 
diastolic dysfunction. When systolic dysfunction occurs, 
cardiac output declines progressively with the severity 
of the disease.

Interaction with coexistent coronary artery disease 
and hypertension
DCM is diagnosed only when CAD and hypertension 
have been ruled out. However, when these diseases 
overlap with existing DCM, the rapid progression to ad-
vanced heart failure may ensue. It is difficult to verify 
the role of these diseases in the progression and devel-
opment of DCM from a clinical perspective [1].

Coexistent hypertension was observed in nearly 30% 
of patients with T1DM and in 50% to 80% of patients 
with T2DM in the United States [69]. Cardiac dysfunc-
tion was reportedly worsened by hypertension in animal 
models of DCM [70]. The presence of hypertension was 

independently associated with diastolic dysfunction in 
diabetic patients [71].

Cardiac remodeling in diabetic cardiomyopathy
DCM originates from the functional, structural, and 
regulatory remodeling of the heart caused by diabetes 
mellitus. Different stages of remodeling have been pro-
posed, such as the early, advanced, and late stages [72].

In the early stage of DCM, metabolic disturbances 
such as hyperglycemia and insulin resistance are not ac-
companied by substantial alterations in myocardial sys-
tolic function and structure [36,37]. However, impaired 
myocardial relaxation can be detected by magnetic res-
onance imaging (MRI) and echocardiography. DCM is 
initially characterized by increased impairments in re-
laxation and cardiac stiffness with elevated atrial filling 
and reduced early diastolic filling [36]. Impaired insulin 
signaling also leads to a decrease in myocardial blood-
flow reserve, which can be identified using various im-
aging techniques [73].

In the advanced stage of DCM, many alterations at the 
cellular level increase cardiac fibrosis, which induces 
substantial changes in systolic and diastolic function [17].

In the late stage of DCM, changes in neurohumoral 
activation, metabolism, and the development of myo-
cardial fibrosis lead to further deterioration in coronary 
microcirculation and systolic and diastolic function 
[37,74].

DIAGNOSIS OF DIABETIC CARDIOMYOPATHY

A number of DCM cases are subclinical, and patients 
may not have any overt signs or symptoms of the dis-
ease. In the early stages, there are only substructural 
cardiomyocyte changes, and detection is possible only 
using very sensitive methods such as strain rate, strain, 
and myocardial tissue velocity [17]. Subsequently, myo-
cardial fibrosis and hypertrophy develop, which may 
be associated with structural changes such as increased 
myocardial mass and LV hypertrophy. Conventional di-
agnostic methods such as echocardiography may detect 
systolic and/or diastolic dysfunction at this stage. Signif-
icant fibrosis and microcirculatory changes occur in the 
myocardium in the advanced stages of DCM; this stage 
is usually associated with overt heart failure, ischemic 
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heart disease, and hypertension [17]. Recently, several 
biomarkers have emerged for the detection of metabolic 
changes (Table 1).

Echocardiography
Echocardiography is a relatively inexpensive diagnostic 
method for assessing functional and structural cardiac 
abnormalities. Transmitral Doppler is the most com-
monn technique for evaluating LV diastolic function 
[75]. Tissue Doppler imaging (TDI) measures myocardial 
tissue velocities during the cardiac cycle and can be used 
to quantitatively estimate regional and global diastolic 
and systolic myocardial functions [76]. TDI is a more 
sensitive and specific diagnostic tool for detecting DCM 
compared with transmitral Doppler [77]. Fortunately, 
newer echocardiographic imaging techniques are cur-
rently evolving with better sensitivities and specificities.

Magnetic resonance imaging
Cardiac MRI recently emerged as a well-accepted im-
aging tool for the diagnosis of various functional and 
structural myocardial disorders [78]. Cardiac MRI is also 
useful for identifying myocardial steatosis and diastolic 

dysfunction [42]. Positron emission tomography (PET) 
and cardiac MRI using different radionuclides can help 
assess myocardial metabolic abnormalities; these newer 
imaging techniques may be helpful for diagnosing DCM.

Coronary angiography and cardiac catheterization
Cardiac catheterization is the best tool for evaluating the 
hemodynamic events within the heart chambers, since 
diastolic dysfunction documented invasively through 
catheterization continues to be the most definitive ev-
idence of diastolic heart failure [79]. A mean pulmonary 
capillary wedge pressure > 12 mmHg or an LV end-di-
astolic pressure > 16 mmHg, determined invasively by 
catheterization, are the best diagnostic features of dia-
stolic dysfunction [79]. However, the catheter-based di-
agnosis of DCM is rarely used because of the availability 
of highly sensitive and specific noninvasive techniques. 
Coronary angiography is helpful for detecting CAD that 
may coexist with or complicate DCM. Microvascular 
CAD is also detected by coronary angiography.

Serologic markers
Alterations in the levels of various serum/plasma cardi-

Table 1. Diagnostic modalities for diabetic cardiomyopathy

Tool Assessment Parameter

Echocardiography Structural changes 2D for LV hypertrophy

Functional changes Mitral inflow for diastolic function

TDI for diastolic and systolic function

Cardiac MRI Structural changes LV hypertrophy, myocardial steatosis 

Functional changes Late gadolium-enhancement for diastolic and systolic
 function

Metabolic changes MRS for myocardial TG content and PCr/ATP 

Cardiac PET Metabolic and hemodynamic changes Myocardial metabolic abnormality and blood flow

Coronary angiography Functional and hemodynamic changes Mean PCWP and LVEDP for diastolic function,
 microvascular CAD

Serology Structural changes MMPs and TIMPs for myocardial fibrosis

Functional changes mi-RNA for contractile function

P3NP for LV dysfunction

BNP for LV diastolic and systolic function

Troponin for LV dysfunction

2D, two-dimensional echocardiography; LV, left ventricular; TDI, tissue Doppler imaging; MRI, magnetic resonance imaging; 
MRS, magnetic resonance spectroscopy; TG, triglyceride; PCr, phosphocreatine; ATP, adenosine triphosphate; PET, positron 
emission tomography; PCWP, pulmonary capillary wedge pressure; LVEDP, left ventricular end-diastolic pressure; CAD, cor-
onary artery disease; MMP, matrix metalloproteinase; TIMP, tissue inhibitor of MMP; mi-RNA, micro-ribonuleic acid; P3NP, 
procollagen 3 N-terminal peptide; BNP, brain natriuretic peptide.
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ac biomarkers may reveal some myocardial structural 
and metabolic functions. A strong correlation between 
ongoing cardiac remodeling and the turnover of extra-
cellular matrix proteins was reported in different stud-
ies [80,81]. Matrix metalloproteinases (MMPs) are the 
enzymes that degrade the extracellular matrix, increase 
matrix turnover, and change the expression of several 
micro-ribonucleic acids (mi-RNAs) that induce contrac-
tile dysfunction of the myocardium [72]. Elevated levels 
of MMPs, especially MMP-9, and reduced levels of the 
tissue inhibitors of MMPs are observed in myocardial 
fibrosis. The clinical usefulness of these new biomole-
cules for the diagnosis of DCM is currently under in-
vestigation.

Serum aminoterminal propeptide of type III, an in-
dicator of type III collagen turnover in the body, was 
proposed as an early index of LV dysfunction in obese 
subjects with insulin resistance [82].

Recently, brain natriuretic peptide (BNP) emerged as a 
helpful biomarker for screening subclinical ventricular 
diastolic dysfunction in patients with uncontrolled di-
abetes [83,84]. Epshteyn et al. [85] showed a high positive 
predictive value of 96% for plasma BNP levels (> 90 pg/mL)  
in diabetic patients for the diagnosis of LV dysfunction 
with echocardiographic correlation.

Cardiac troponins (T, N, and I) are biomarkers re-
leased into circulation from the injured myocardium 
in inflammatory or ischemic disease. Elevated troponin 
T levels were found in infants with cardiac dysfunc-
tion and cardiomyopathy born to diabetic mothers [86]. 
However, the role of troponins for the assessment of 
adult patients with DCM is unclear.

Mi-RNAs are small non-coding RNA molecules that 
coordinate cellular gene expression. The dysregulation 
of mi-RNAs has been linked to diabetes and many of its 
complications. Altered levels of mi-RNAs were observed 
in the cardiomyocytes of experimental diabetic models 
[87]. These novel biomarkers may emerge as prognostic 
and diagnostic methods for patients with DCM in the 
future.

Detection of metabolic changes
A reduction in the phosphocreatine (PCr)/ATP ratio 
suggests suppressed ATP production and/or the sup-
pressed production of PCr from ATP by the creatine ki-
nase system. Determining PCr and ATP levels in the hu-

man myocardium by magnetic resonance spectroscopy 
(MRS) demonstrated that the PCr/ATP ratio is signifi-
cantly reduced in diabetes and that the ratio is negatively 
correlated with plasma FFA levels or live triglyceride lev-
els [77,88]. A promising novel approach for the diagnosis 
of DCM is the characterization of metabolic changes in 
the myocardium using 31P-MRS and 1H-MRS. The PCr/
ATP ratio, an indicator of energy charge, is reduced in 
the myocardium of diabetic subjects compared with 
control patients. Recent studies using 1H-MRS showed 
that an increase in myocardial triglyceride content was 
associated with LV diastolic dysfunction in diabetic sub-
jects [41,42].

PREVENTION AND THERAPEUTIC STRATEGIES

Recently, a better understanding of the pathophysiology 
and pathogenesis in patients with DCM has provided 
improved management options. These include lifestyle 
modifications, improved diabetic control, the manage-
ment of coexistent hypertension and CAD if present, 
lipid-lowering therapies, and the management of heart 
failure (Table 2) [1].

Lifestyle modifications
Weight loss, limitation of fat and total energy intake, 
and regular physical activity can positively adjust meta-
bolic abnormalities and improve tissue and systemic in-
sulin resistance by increasing insulin-mediated glucose 
transport and post-receptor insulin signaling, which 
seems to be related to facilitated signal transduction at 
the level of phosphatidylinositol 3-kinase and insulin 
receptor substrate [56,67].

Physical activity was associated with a significant re-
duction in cardiovascular disease and all-cause mortal-
ity in patients with diabetes mellitus in many clinical 
studies [89]. Exercise training was beneficial for reduc-
ing the incidence of DCM in both human patients and 
animal models [83,84]. It is difficult to predict the benefit 
of physical activity in documented cases of the disease in 
the absence of controlled clinical trials. However, better 
diabetic control with regular exercise would have ben-
eficial effects on disease outcome. Maintaining healthy 
eating patterns that are suitable for diabetic subjects can 
also be expected to offer similar beneficial effects [1].
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Antidiabetic medications
Better glycemic control was associated with better out-
comes in diabetic microcirculatory complications in 
many clinical trials. However, the beneficial effects of 
tight glycemic control on macrovascular outcomes are 
still unclear. Because microvascular disease plays an 
important pathogenic role in the development of DCM, 
rigid glycemic control would be expected to benefit pa-
tients [1].

Improved glycemic control delayed DCM in animal 
models [90]. Strict glycemic control improved stress-in-
duced ventricular dysfunction without CAD in poorly 
controlled diabetic patients in a large prospective study 
[91]. Another case-controlled study using cardiac MRI in 
patients with T1DM demonstrated that rigorous glyce-
mic control was associated with better DCM outcome 
parameters [92]. Diabetes management was also benefi-
cial for reducing myocardial steatosis [93].

Metformin upregulates cardiac autophagy, which plays 
a role in the prevention of DCM in animal models [94]. 
Metformin was reported to reduce mortality and im-
prove the clinical outcome in overweight patients with 
heart failure and diabetes mellitus, in spite of the in-

creased risk of lactic acidosis [95]. This drug facilitates 
glucose uptake and GLUT4 translocation in insulin-re-
sistant cardiomyocytes and the myocardium by acti-
vating 5´ adenosine monophosphate-activated protein 
kinase [95,96]. However, there are no data regarding its 
role in humans with DCM.

Thiazolidinediones, which are insulin sensitizers, im-
prove contractile dysfunction and myocardial glucose up-
take by activating PPAR-γ [97]. However, thiazolidinedione 
therapy can cause chronic symptoms that resemble heart 
failure by increasing water and sodium reabsorption in 
the kidney collecting tubules and vascular permeability, 
which induces generalized edema [98]. Therefore, the 
drug is generally not recommended in patients with 
heart failure. However, pioglitazone had anti-inflamma-
tory effects that improved myocardial fibrosis in animal 
models, and so the drug may prevent the development 
of DCM [99].

Natural glucagon-like peptide 1 (GLP-1) has a very short 
biological half-life. Synthetic GLP-1 mimetic agents with 
longer half-lives, such as exenatide and liraglutide, are 
new anti-diabetic agents being widely used. Their use in 
obese T2DM patients is associated with significant im-
provements in weight loss and glycemic control. GLP-

Table 2. Therapeutic strategies or targets for diabetic cardiomyopathy

Modality Implication

Lifestyle modification Improve insulin resistance, reduction of CVD and all-cause mortality

Anti-diabetic medications Metformin: upregulate cardiac autophagy, reduce mortality

TZD: improve cardiac dysfunction and myocardial glucose uptake

GLP-1: attenuate myocardial apoptosis, enhance vasodilation

DPP-4 inhibitor: prevent cardiac diastolic dysfunction by inhibition of fibrosis and oxidative 
stress

Empagliflozin: control visceral adiposity, BP, arterial stiffness, albuminuria, weight,
 oxidative stress, hyperinsulinemia, and uric acid level

Vasoactive medications ACEi/ARB: improve HF symptom and reduce mortality

BB: reduce hospitalization and mortality, improve HF symptom

PDE-5 inhibitor: improve myocardial function and cardiac remodeling

Lipid lowering medications Statin: reduce myocardial fibrosis and inflammation, improve LV function

Metabolic modulators Trimetazidine: reduce free radical injury, improve endothelial function, inhibit apoptosis,
 attenuate lipotoxicity

Ranolazine: normalize altered cardiomyocyte intracellular calcium concentration

Resveratrol: improve triglyceride level, heart rate, and glycemia

CVD, cardiovascular disease; TZD, thiazolidinedione; GLP-1, glucagon-like peptide 1; DPP-4, dipeptidyl peptidase 4; BP, blood 
pressure; ACEi, angiotensin converting enzyme inhibitor; ARB, angiotensin II receptor blocker; HF, heart failure; BB, β-block-
er; PDE-5, phosphodiesterase 5; LV, left ventricular.
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1 agonists also attenuate cardiomyocyte apoptosis in 
rat models [100]. GLP-1 encourages insulin secretion, 
enhances nitric oxide-induced vasodilation, and facili-
tates glucose use in the myocardium [97,101]. This novel 
group of drugs may emerge as a promising management 
strategy in obese T2DM patients with DCM.

Dipeptidyl peptidase 4 (DPP-4) is an enzyme that 
metabolizes endogenous GLP-1. DPP-4 inhibitors pro-
long the effects of endogenous GLP-1. Agents in this 
class, such as sitagliptin, linagliptin, saxagliptin, and 
vildagliptin, are effective anti-diabetic medications. They 
are weight-neutral and are especially useful in over-
weight and obese diabetic patients in combination with 
conventional anti-diabetic agents such as metformin. 
The use of sitagliptin promotes myocardial glucose up-
take in patients with nonischemic cardiomyopathy [102]. 
DPP-4 inhibitors can prevent cardiac diastolic dysfunc-
tion and cardiac hypertrophy by inhibiting fibrosis and 
oxidative stress in mouse models of insulin resistance 
and obesity [103]. The possible therapeutic role of DPP-4 
inhibitors in patients with DCM is yet to be elucidated.

Amylin analogues reduce HbA1c values, body weight, 
and even the insulin requirement when administered 
together with insulin [104]. Their role in controlling hy-
perglycemia may benefit patients with DCM.

Empagliflozin, an inhibitor of sodium-glucose cotrans-
porter 2, is a new antidiabetic agent that reduces HbA1c 
levels in patients with T2DM by controlling visceral ad-
iposity, blood pressure, arterial stiffness, albuminuria, 
weight, oxidative stress, hyperinsulinemia, and circulat-
ing uric acid levels [105]. In the Empagliflozin Cardiovas-
cular Outcome Event Trial in Type 2 Diabetes Mellitus 
Patients (EMPA-REG OUTCOME) involving patients with 
T2DM, empagliflozin with standard therapy lowered the 
rate of primary composite cardiovascular outcome and 
death compared with placebo added to standard therapy; 
however, an increased rate of genital infections was noted 
[106].

Vasoactive medications and coronary intervention
There are no formal guidelines regarding the manage-
ment of coexistent cardiac ischemia and hypertension 
in patients with DCM. However, when these diseases co-
exist they promote the progression of DCM because of 
their harmful effects on ventricular structure and func-
tion. The optimal treatment of CAD and hypertension 

would be expected to improve the disease progression 
and even slow it down. Coronary intervention in ap-
propriate cases with significant CAD may improve the 
clinical outcomes and symptoms. The management of 
heart failure depends on the severity, type (diastolic or 
systolic), and associated conditions like CAD and hyper-
tension [1].

Various vasoactive medications have been tried in 
both human patients and animal models with DCM, 
with variable results. The most-studied medications 
were those where subjects were active on the renin-an-
giotensin systems. The production of AGT II within 
the myocardium was proposed as a mechanism for the 
development of DCM. Recently, angiotensin converting 
enzyme inhibitor (ACEi), renin inhibitor (aliskiren), and 
angiotensin II receptor blocker (ARB) were all shown to 
be protective against DCM in rat models [107]. ARBs and 
ACEis were also beneficial in both human and animal 
models of DCM [108,109].
β-Adrenoreceptor blockers were effective in experi-

mental models of DCM [110]. Because of the proven ben-
efits of β-blockers in chronic heart failure, this group 
of drugs should be considered for treatment of DCM; 
however, there are no reported randomized clinical tri-
als examining the benefits. They can be used as effective 
antihypertensive agents in DCM patients with hyper-
tension.

Similarly, calcium channel antagonists were benefi-
cial in animal models of DCM [111]. However, data on 
human subjects are lacking to make evidence-based rec-
ommendations for the use of these agents in the man-
agement of DCM, especially in the absence of coexistent 
hypertension.

Sildenafil, a selective phosphodiesterase type 5 inhibi-
tor, was recently shown to improve myocardial function, 
cardiac remodeling, and some circulatory markers of 
cardiac inflammation in patients with DCM [112]. Larger 
clinical trials in the future may determine if this novel 
agent can be recommended for routine use in patients.

Lipid lowering medications 
Dyslipidemias are more detrimental in diabetic than 
non-diabetic individuals because of their higher ath-
erogenic potential. The particle size of low density lipo-
protein cholesterol (LDL-C) is smaller in diabetic sub-
jects, which is more atherogenic even with near-normal 
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plasma levels. The use of statins reduces cardiovascular 
mortality and events in patients with diabetes and vas-
cular risk factors in multiple clinical trials [113], and is 
beneficial even for primary prevention in patients with-
out established cardiovascular disease [114]. The vascular 
remodeling capacity of statins is referred to as the pleio-
tropic effect.

Atorvastatin, reduces myocardial fibrosis, intramyo-
cardial inflammation, and improves LV function in 
rat models of experimental DCM, independently of 
its LDL-C-lowering capacity [115]. Similarly, fluvastatin 
is useful for attenuating cardiac dysfunction and myo-
cardial interstitial fibrosis in rat models of the disease 
[116]. Although there are no clinical trials investigating 
the role of lipid-lowering therapy in individuals with es-
tablished DCM, the benefits of dyslipidemia treatment 
can be anticipated in these patients, along with a role in 
primary disease prevention.

Metabolic modulators
Trimetazidine, an atypical anti-anginal agent with an-
tioxidant properties, is a competitive inhibitor of the 
terminal enzyme in β-oxidation; it might be used to im-
prove substrate or myocardial metabolic flexibility and 
cardiac function in the setting of DCM [117]. Trimetazi-
dine might affect myocardial substrate use by inhibit-
ing oxidative phosphorylation and shifting energy pro-
duction from FFAs to glucose oxidation [118]. It might 
also help reduce the injury caused by free radicals and 
calcium overload, preserve intracellular ATP and PCr 
levels, improve endothelial function, and inhibit cellu-
lar apoptosis [118]. The drug has promising beneficial 
effects on heart failure in diabetic patients with both 
idiopathic and ischemic dilated cardiomyopathy [119]. 
Animal models revealed that trimetazidine improved 
myocardial function by augmenting the oxidation sta-
tus and attenuating lipotoxicity in the heart; therefore, it 
might suppress the development of DCM [120]. Human 
trials are needed to investigate the beneficial effects of 
this well-tolerated drug on the treatment and preven-
tion of DCM.

Ranolazine, a potent late Na+ current inhibitor, might 
normalize altered cardiomyocyte intracellular Ca2+ con-
centrations due to the close relationship between Ca2+ and 
Na+ handling by the Na+/Ca2+ exchanger [121]. Ranolazine 
improved measures of hemodynamics, but not cardi-

ac relaxation parameters [121]. A single treatment with 
ranolazine is probably not sufficient to affect cardiac 
function and structure [121].

Perhexiline is an inhibitor of carnitine 0-palmitoyl-
transferase 1; it increases LV ejection fraction, maximal 
O2 consumption (VO2 max), resting and peak stress 
myocardial function, and skeletal muscle energetics 
[117]. In patients with chronic heart failure, a multicenter 
double-blind randomized controlled trial showed that 
perhexiline improved LV ejection fraction, resting and 
peak stress myocardial function, VO2 max, and skeletal 
muscle energetics. Despite these benefits, the use of the 
perhexiline is diminishing due to reports of peripheral 
neuropathy and hepatotoxicity [122].

Although experimental models have shown that α-li-
poic acid suppresses cardiac fibrosis and has beneficial 
effects on cardiac redox homeostasis [123], human data 
are not yet available. Other investigational antioxidants 
that were useful in recent animal models include res-
veratrol [124], luteolin [125], riboflavin [126], and sodium 
ferulate [127].

Resveratrol reduces blood glucose levels and improves 
cardiac function and insulin sensitivity in patients with 
heart failure [128]. Although resveratrol is associated 
with improved triglyceride levels, heart rate, and glyce-
mia, it does not prevent cardiovascular- or cancer-, or 
all-cause mortality [129].

EMERGING TREATMENT MODALITIES

Targeting mitochondrial oxidative stress
Given the importance of oxidative stress in the develop-
ment of DCM, targeting excess myocardial ROS produc-
tion with novel antioxidants might offer a promising 
approach for preventing DCM (Table 3).

The Szeto-Schiller peptide peptide d-Arg-2′, 6′-dimeth-
yltyrosine-Lys-Phe-NH2 (SS31) is a positively charged 
free-radical scavenger that can accumulate to high levels 
in the mitochondria and prevent diastolic dysfunction, 
fibrosis, and cardiac hypertrophy [101,130]. SS31 prevents 
cardiolipin from converting cytochrome into a peroxi-
dase while protecting the cardiolipin electron-carrying 
function by interacting with cardiolipin [131]. SS31 also 
protects the structure of mitochondrial cristae and pro-
motes oxidative phosphorylation [131]. Thus, SS31 rep-
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resents a new class of compounds that can restore bio-
energetics and recharge the cellular powerhouse.

Coenzyme Q10 improves cardiac function in patients 
with diabetes mellitus and concurrent heart failure 
[130,132]. A randomized controlled trial showed that 
long-term coenzyme Q10 treatment in patients with 
chronic heart failure is safe, improves symptoms, and 
reduces all-cause mortality by 42% and cardiovascular 
death by 43% [133].

Cell- and genetic-based therapy
Cell-based therapy and the genetic correction of abnor-
malities are potential strategies to prevent the develop-
ment of DCM or treat the early stages of this condition 
[134].

For example, the gene delivery of nerve growth factor 
preserves microvessel density, cardiac perfusion, and 
LV diastolic and systolic function [135]. The systemic 
administration of Pim-1 improves LV diastolic function 
and prevents cardiac apoptosis, fibrosis, and the devel-
opment of heart failure [136].

The dysregulation of mi-RNA function is an import-
ant pathogenic mechanism of diabetes and its complica-
tions such as DCM, and the artificial restoration of nor-
mal function can be a potential therapeutic target. Six 
mi-RNAs (miR-34b, miR-34c, miR-199b, miR-210, miR-
223, and miR-650) might be involved in the pathogenesis 
of the failing myocardium in patients with diabetes mel-
litus [137]. Thus, mi-RNAs have become an active area of 
investigation to determine their potential contribution 
to heart disease in patients with T2DM. Mi-RNA-based 
therapies might be beneficial in patients with diabetes 
mellitus and cardiac pathology [137]. Specific mi-RNA 
targets are useful for the treatment of structural heart 
disease in mice [138]. Similarly, the transplantation of 

bone marrow-derived endothelial progenitor cells (stem 
cell therapy) ameliorates DCM in rat models [139]. On-
going investigations may help us to translate the success 
of these experimental models into clinical practice in 
the future.

CONCLUSIONS

DCM is an important but lesser-elucidated complica-
tion of chronic diabetes, and is associated with signif-
icant cardiac mortality and morbidity. The wide dis-
crepancy in the reported prevalence of DCM may be 
related to disparities in the types of diagnostic test used 
by various researchers. The pathophysiology and patho-
genesis of DCM are still not fully understood, although 
proposed mechanisms include insulin resistance, mi-
crovascular disease, lipotoxicity, chronic hyperglyce-
mia-associated metabolic and oxidative stress, coexis-
tent CAD and hypertension, CAN, and altered immune 
responses. The manifestations of DCM can vary from 
subclinical ventricular dysfunction to overt heart fail-
ure. Echocardiography is currently the standard clinical 
diagnostic method for DCM. Newer investigative mo-
dalities such as cardiac MRI, PET imaging, radionuclide 
scans, and various serum/plasma markers are emerging 
as diagnostic tools. The management of DCM covers 
lifestyle modifications, medications for heart failure, 
good glycemic control, and the treatment of coexistent 
CAD, dyslipidemia, and hypertension. Novel therapeu-
tic approaches including targeting mitochondrial ox-
idative stress and cell- or gene-based therapy are cur-
rently being investigated. Further research is needed to 
understand the exact mechanisms involved in the devel-
opment and course of DCM to enhance the discovery of 

Table 3. Emerging treatment modalities or targets

Modality Implication

Emerging agents or targets SS31: prevent diastolic function, fibrosis, and cardiac hypertrophy, promote oxidative
 phosphorylation

Coenzyme Q10: improve HF symptom, reduce all-cause mortality and cardiovascular death

Pim-1 gene: improve LV diastolic function, prevent cardiac apoptosis, fibrosis, and
 development of HF

mi-RNA: potential biomarker for early detection of DCM

SS31, peptide d-Arg-2′, 6′-dimethyltyrosine-Lys-Phe-NH2; HF, heart failure; Pim-1, serine/threonine-protein kinase pim-1; LV, 
left ventricular; mi-RNA, micro-ribonucleic acid; DCM, diabetic cardiomyopathy.
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clinically effective targets for preventing this condition 
and its progression to heart failure.
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