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Abstract

Cardiovascular disease is the primary cause of morbidity and mortality among the diabetic population. Diabetic
cardiomyopathy is characterized by early impairments in diastolic function, accompanied by the development of
cardiomyocyte hypertrophy, myocardial fibrosis and cardiomyocyte apoptosis. The pathophysiology underlying
diabetes-induced cardiac damage is complex and multifactorial, with elevated oxidative stress as a key contributor.
The current evidence of molecular disturbances present in the diabetic heart, and their role in the development of
diabetes-induced impairments in myocardial function and structure. This review aims to address the recent aspects
of the relationships between diabetic cardiomyopathy and cardiovascular disease.
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Introduction

Morbidity and mortality among people with diabetes mellitus
are mostly triggered by premature Cardiovascular Disease (CVD)
[1,2]. An estimated 285 million adults globally were burdened by
this chronic disease in 2010; this number is projected to increase
to 439 million by 2030 [3]. At least 10.3 million Americans carry a
diagnosis of diabetes mellitus and 5.4 million are estimated to have
undiagnosed diabetes. Approximately 90% of patients with diabetes
have the type 2 variety [3]. There is a lack of consensus regarding the
pathogenesis and diagnosis of DC, and a standard treatment has yet
to be established. Factors that are recognized to be involved in the
pathogenesis of DC include metabolic disorders, myocardial fibrosis,
microvascular disease, autonomic disorders and Insulin Resistance
(IR) [4]. DC is a complex condition mediated by tissue specific and
diabetes-related interconnected pathological processes. Focal cardiac
fibrosis, a prominent cause for diabetic cardiomyopathy, is considered
to be an early event, which sets the stage for heart failure by reducing
contractile efficiency and demanding greater cardiac contractile
force, eventually leading to cellular death [5,6]. Irrespective of the
inciting event, several neurohormonal and inflammatory pathways
are activated, including the Renin-Angiotensin- Aldosterone
System (RAAS), adrenergic system, inflammatory cytokine and a
host of other autocrine and paracrine mechanisms as compensatory
mechanisms to maintain stroke volume at a reduced ejection fraction
[6]. It is widely accepted that the diabetic heart is associated with
Left Ventricular (LV) diastolic (and often systolic) dysfunction,
cardiomyocyte hypertrophy, myocardial interstitial fibrosis, increased
apoptosis and upregulation of oxidative stress, the pathophysiology
of diabetic cardiomyopathy is thus complex and multifactorial [7-
9]. The substancial number of studies have shown that diabetic
cardiomyopathy is a source of functional and biochemical alterations
(Figure 1). This review explores the current understanding of diabetic
cardiomyopathy, and existing research supporting an association
between diabetes and cardiovascular disease.

Literature research

A PubMed, Europubmed search was performed until April
2014 using the terms “Diabetic Cardiovascular Complications” in
combination with the terms “micro-vascular”, “macrovascular’,
“endothelium’, or “cardiovascular”.

Diastolic dysfunction

LV diastolic dysfunction is one of the first signs of diabetic
cardiomyopathy, often developing before systolic dysfunction [8].
Diastolic dysfunction is characterized by symptoms of heart failure
with preserved ejection fraction (usually equal to or greater than 0.45).
Diastolic dysfunction is an integral characteristic of Heart Failure
With Preserved Ejection Fraction (HFPEF) or diastolic heart failure,
in which other impairments such as concentric hypertrophy and
vascular stiffness are likely to also manifest [10]. Systolic and diastolic
dysfunction can result in differences in gross cardiac morphology,
associated for example with a dilated ventricle versus an absence
of chamber dilation, respectively [11]. LV diastolic dysfunction,
characterized by impaired and prolonged Iso volumetric Ventricular
Relaxation Time (IVRT), can be reliably detected using imaging
techniques such as Doppler echocardiography, tissue Doppler and
magnetic resonance imaging [12,13]. Measures peak blood flow
velocity across the mitral valve, to evaluate regional assessment of
myocardial filling, using the ratio of the initial peak (E, early) and late
(A, or atrial) blood flow velocity across the mitral valve. A reduced E/A
ratio coupled with prolonged IVRT, indicative of diastolic dysfunction,
are commonly observed in diabetic patients [14]. Diastolic early (E;
to distinguish it from conventional transmitral E flow) and late (A
as distinct from conventional transmitral A flow) myocardial tissue
velocities are derived by integrating these distances over time. LV filling
pressure can also be estimated from tissue Doppler imaging, as the ratio
of conventional early (E) transmitral flow velocity to diastolic early (E’)
tissue velocity (E/E’) [13]. Cardiac magnetic resonance imaging has
now emerged as another non-invasive technique for the measurement
of cardiac function by providing a 3-dimensional representation of the
structure of the heart. This technique yields the same indices of diastolic
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Figure 1: Diabetic cardiomyopathy is a source of functional and biochemical alterations.

function as Doppler echocardiography (E/A, deceleration time, LV
filling pressures), but with increased sensitivity and reproducibility.
In asymptomatic patients with T2DM, cardiac magnetic resonance
detected impairments in diastolic function, including reductions
in reduced LV end-diastolic volume, E and E/A [15]. Conventional
echocardiography-derived measures of diastolic function such as E/A
are heavily dependent on preload, load-independent measures such
as E/E’ derived from tissue Doppler more reliably describe the status
of diastolic dysfunction, particularly in the latter stages of the disease
[16]. Isolated LV diastolic dysfunction likely represents its initial stage
of progression, although the mechanisms underlying this remain to be
fully resolved. Likely contributors include insulin resistance, increased
cardiac collagen deposition, changes in both glucose metabolism,
generation of Reactive Oxygen Species (ROS) and Ca2+ homeostasis
[17-19]. A substantial number of studies have shown that Perivascular
Adipose Tissue (PVAT) is a source of predominantly pro-inflammatory,
cytokines and chemokines (Figure 1).

Systolic dysfunction

The left ventricular systolic impairment is responsible for most cases
of chronic heart failure and can be diagnosed by echocardiographic left
ventricular ejection fraction less than or equal to 0.40.

The majority of evidence regarding diabetic cardiomyopathy
considers LV diastolic dysfunction to largely occur in isolation, or
prior to LV systolic dysfunction, as outlined above. A smaller number
of studies have however suggested that abnormal systolic function
may also be evident, in both clinical and experimental settings [19].
Subclinical systolic dysfunction have been demonstrated in patients
with T2DM, who exhibit regional impairments in LV systolic function,
on both longitudinal and radial systolic velocities despite normal
ejection fraction, peak systolic velocity and functional reserve [20].

Cardiomyocyte hypertrophy

The functional changes evident in the diabetic heart are closely
associated with molecular and histopathological evidence of both
cardiomyocyte hypertrophy and fibrosis. LV hypertrophy is a common
structural hallmark in patients with diabetes, and is of clinical

significance as it is a strong predictor of Myocardial Infarction (MI),
stroke and death from HF [21]. The development of LV hypertrophy
initially occurs as an adaptive response to elevated hemodynamic
stress, reduced numbers of functional contractile cardiomyocytes
and neurohormonal activation. Although LV hypertrophy is
frequently associated with increased afterload in diabetic patients with
hypertension, it can also occur independent of pressure-overload.
Echocardiographic evidence revealed increased LV posterior wall
thickness and mass, in addition to a greater ratio of wall thickness to
chamber radius in diabetic patients, even in the absence of coronary
artery disease or hypertension [22].

Myocardial fibrosis

The diabetic myocardium is the development of interstitial and/
or perivascular fibrosis. Extracellular matrix (ECM) is composed of
collagen, elastin, laminin and fibronectin, which normally provide a
scaffold for cardiomyocytes. Collagen is an integral component of the
ECM, as it facilitates connections between cells and muscle bundles,
maintaining myocardial structure, shape and chamber thickness [23].
Myocardial fibrosis is a result of abnormally elevated ECM deposition,
in particular collagen, which increases myocardial stiffness. This
impairs LV relaxation, with subsequent compromise in the efficiency
of LV contraction. In the diabetic setting, a decrease in the activity
of ECM degrading enzymes, Matrix Metalloproteinases (MMP),
coupled with an increase in activity of their tissue inhibitors (TIMP)
have been proposed as a mechanism underlying ECM accumulation
[24,25]. Diabetes increases the proportion of collagen that is in the
insoluble form, elevated myocardial content and gene expression of
ECM proteins is often observed in experimental models of both TIDM
and T2DM and is closely associated with impairments in LV diastolic
filling [26,27]. Collagen type I and III are increased in the epicardial
and perivascular regions of the human diabetic heart, whereas the
endocardium accumulated collagen type IV. Diabetes-induced cardiac
fibrosis is accompanied (and likely triggered) by the upregulation of
transforming growth factor (TGF-B1), its receptor TGF-B receptor
II, and its downstream mediator, Connective Tissue Growth Factor
(CTGF) [28]. Alterations in glucose metabolism are an important
contributing mechanism to diabetes induced cardiac remodeling.
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Hyperglycemia per se is sufficient to directly increase cardiac fibroblast
and vascular smoothmuscle cell proliferation and elevating pro-growth
signaling in cultured cardiomyocytes [29].

Apoptosis and/or autophagy

Apoptosis is the most well-known form of programmed cell death;
tightly-controlled regulation of apoptosis is essential for maintaining
tissue homeostasis under normal physiology [30]. Increased myocyte
apoptosis is involved in the process of transition from the compensated to
decompensated hypertrophic state in the diabetic heart, cardiomyocyte
apoptosis is correlated with blood glucose levels [31]. Diabetes-
induced cardiomyocyte apoptosis often occurs concomitantly with
other structural anomalies including increased interstitial fibrosis and
myofiber disarray, and is likely to be a direct result of hyperglycemia-
triggered caspase-3 activation [32,33]. Common markers of autophagy
include microtubule-associated protein Light Chain 3 (LC3), double
membrane vesicles on electron microscopy, autophagic flux, the ratio of
the active LC3-II isoform to the inactive LC3-I isoform, as well as gene
expression or protein levels of autophagy-related genes Atg5, Atg7,
Beclin-1 and the LC3-binding protein p62. Autophagy is beneficial
or detrimental in the heart remains controversial at present, with
conflicting views surrounding excessive versus insufficient autophagy
in the pathophysiology of cardiac dysfunction and cardiomyocyte
death [34,35]. Altered regulation of various components of autophagic
signaling in the diabetic heart may thus be a compensatory response
to protect cells under conditions of cardiac stress. The contribution
of this altered autophagic response to the pathogenesis of diabetic
cardiomyopathy however requires further elucidation.

Microvascular abnormalities

Diabetic cardiomyopathy can develop independent of the
macrovascular complications of the disease, structural and functional
changes at the level of the coronary vasculature are a common
comorbidity in diabetic patients, which can further aggravate diabetic
cardiomyopathy. Sustained hyperglycemia is associated with endothelial
dysfunction and the risk of enhanced microvascular permeability,
impaired microvascular blood flow and subsequent tissue ischemia is
increased [36,37]. Therapeutic approaches targeting impairments at the
level of the coronary microvasculature may thus offer favorable benefits
in the setting of diabetic cardiomyopathy.

Hyperglycemia and hypoglycemia

Aberrations in glucose control itself is sufficient to trigger an array
of maladaptive processes including hyperinsulinemia and insulin
resistance, Glucose Transporter-4 (GLUT-4) depletion, changes in Free
Fatty Acid (FFA) oxidation, accumulation of Advanced Glycation End
Products (AGEs), altered Ca** handing, increased generation of ROS
and activation of the renin-angiotensin—aldosterone system (RAAS)
[38]. Clinical studies have demonstrated a clear correlation between
glycemic control and the risk of HF development and associated events,
on both Fasting Plasma Glucose (FPG) and glycated hemoglobin
(HbAlc) levels [39]. Uncontrolled hyperglycemia in T2DM patients
without overt cardiomyopathy is associated with diastolic LV
dysfunction, independent of obesity, dyslipidemia and systemic arterial
hypertension [40]. Together, these studies emphasize the importance
of effective glycemic control in the prevention of cardiovascular
events in diabetic patients. The hemodynamic changes associated with
hypoglycemia include an increase in heart rate and peripheral systolic
blood pressure, a fall in central blood pressure, reduced peripheral
arterial resistance, and increased myocardial contractility, stroke
volume, and cardiac output.

Insulin resistance

Insulin resistance and the concomitant hyperinsulinemia, are
significant risk factors for the development and progression of
cardiovascular disease, exists to indicate a causal relationship between
hyperinsulinemia, hypertension, metabolic syndrome and coronary
artery disease [41].

Activation of the sympathetic nervous system one mechanism
considered to underlie the development of high blood pressure under
insulin-resistant settings, renal sodium retention and increased
proliferation of vascular smooth muscle cells may also contribute [42].
Hyperinsulinemia is positively correlated with the risk of developing
diabetes and coronary artery disease, as demonstrated by a number
of studies [43]. The incidence of coronary artery disease associated
with high triglycerides and low high-density lipoprotein levels is only
significantly increased when accompanied by insulin resistance, even
in the absence of diabetes [43]. Cardiac abnormalities, including LV
hypertrophy, fibrosis and cardiomyocyte dysfunction are often already
apparent in the prediabetic, insulin-resistant stage, as observed in
animal models in vivo. In the diabetic heart, diminished activities of
GLUT-4 results in reduced glucose utilization and impaired insulin
signaling. This subsequently increases energy demand from FFA
oxidation, raising myocardial oxygen demand and reducing cardiac
efficiency, accompanied by dyslipidemia and lipotoxicity [44]. Cardiac
insulin resistance include mitochondrial dysfunction, inflammation,
cytokine upregulation, endoplasmic reticulum stress and stress kinase
signaling, and metabolic derangements and insulin resistance precede
the development of cardiac dysfunction and remodeling, these likely
predispose the diabetic heart to damage [45-47].

Diabetes

At the cellular level, mitochondrial dysfunction in particular
plays a significant contribution to the development and progression
of both cardiac and vascular complications of diabetes. Alterations in
mitochondrial morphology, (un)coupling, fission-fusion dynamics,
Ca** load, substrate utilization and ATP generation are clearly
both evident in, and exerting detrimental effects on the function
of, the diabetic myocardium. Mitochondria also contribute as a
pathophysiological trigger of diabetic cardiomyopathy as a key source
of ROS in the heart [46-48]. Hypertriglyceridemia is a common feature
of T2DM, characterized by decreased clearance of triglyceride-rich
lipoprotein, due to a reduction in the levels of lipoprotein lipase or
alterations in circulating lipoproteins [49]. Elevated triglyceride levels
correlate with the severity of atherosclerosis and coronary heart disease
in diabetic patients [50]. FFA levels are also elevated in T2DM, which
may shed light on the mechanistic relationship between increased fat,
insulin resistance, impaired glucose tolerance and central obesity [49].
FFA levels are elevated in pre-diabetic patients with impaired glucose
tolerance, and both acute and chronic increases in FFA levels are
sufficient to induce insulin resistance [51]. High circulating and cellular
FFAs can directly elevate peripheral insulin resistance, stimulate
apoptosis and trigger a harmful build-up of toxic intermediates which
result in lipotoxicity and these deleterious effects can contribute to
impaired cardiac function and adverse remodeling in the diabetic
myocardium [52]. Reduced glucose uptake and metabolism post-
ischemia may compromise the capacity of the diabetic heart to
recover, and demonstrate greater LV dysfunction and severe structural
remodeling in diabetic animals following short-term occlusion of the
coronary artery [52].
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Neurohormonal activation

The neurohormonal plasma profile of diabetic patients with HF
is however generally similar to non-diabetic HF patients, with the
exception of BNP, where plasma levels are further elevated in diabetic
HF patients, perhaps as a result of diastolic dysfunction for which BNP
has been considered as a prognostic marker [53,54]. Evident in the
diabetic heart includes upregulation of the RAAS, ET-1 and sympathetic
nervous system, circulating Ang II, ET-1, the natriuretic peptides ANP
and BNP, as well as catecholamines (epinephrine and norepinephrine)
are also elevated [55].

Oxidative stress

Hyperglycaemia, a constant clinical sign of DM, has been shown
to induce oxidative stress by stimulating the release of superoxide from
mitochondria. This oxidant in turn causes DNA lesion and may lead to
cell and tissue apoptosis [56]. It has been shown that oxidative stress
can induce a cascade of apoptotic pathways. Studies conducted by Cai
et al clearly showed that hyperglycaemia induced the release of reactive
oxygen species, which stimulates cytochrome c-activated caspase-3
pathway [57]. Oxidative stress has been shown to significantly deplete
the tissue concentration of apotransferrin, a crucial endogenous
antioxidant. A reduced body content of apotransferrin is associated with
an impaired antioxidant activity leading to enhanced lipid peroxidation
[58]. One study, it was reported that the level of 4-hydroxy-2-nonenal,
a by-product of lipid peroxidation, which inhibits glucose uptake into
cells, is significantly elevated in the brain of diabetic animals and these
factors may play a role in diabetes-induced myocardium damage that
may result in HF [59,60].

Impaired calcium homeostasis and dysfunction of
mitochondria and endoplasmatic reticulum

Oxidative stress exacerbates mitochondrial and Endoplasmatic
Reticulum (ER) dysfunction and produces subcellular remodelling
and abnormalities of calcium handling and imbalance within the
diabetic cardiomyocytes, which is characterized by calcium cytosolic
overloading and reduced mitochondrial ATP production [61]. The
ER, through negative regulation of insulin’s metabolic signalling,
additionally impairs calcium homeostasis. There is a release of calcium
from the ER into cytosol and reduced activity of the sarcoplasmatic
reticulum calcium pump [62]. The consequences of these changes are
modifications in the calcium sensitivity of regulatory proteins involved
in the regulation of the cardiac actomyosin system, leading to impaired
left ventricular function [62]. As an initial dysfunction, prolonged
diastolic relaxation time, hour later on cardiomyocyte apoptosis due to
the formation of mitochondrial permeability transition pore has been
observed [63,64].

Renin-angiotensin-aldosterone and sympathetic system

Hyperinsulinemia causes overactivation of the renin-angiotensin-
aldosterone system [65]. This leads to cardiac insulin resistance and
the activation of mitogen activated protein kinases, which promote
fibroblast proliferation while inducing cardiomyocyte fibrosis and
apoptosis [66]. The serum level of aldosterone is increased in the
prediabetic and diabetic condition and triggers LV hypertrophy,
fibrosis and cardiac remodelling [67]. Both angiotensin II and
aldosterone cause increased production of ROS and the activation of
NADPH oxidase, and they therefore increase cytosolic oxidative stress
[68]. Aldosterone also aggravates cardiac fibrosis by triggering pro-
inflammatory factors through activation of matrix metalloproteinases
and the transforming growth factor p (TGF-P) [69]. There are reports

of overactivation of the sympathetic system in the pre-diabetic and
diabetic condition that further contributes to metabolic abnormalities.
The association of blunted sympathetic responsiveness and insulin
resistance, and disturbed sympathetic neurobiology is characterized
by augmented resting sympathetic nervous activity and blunted
sympathetic responsiveness to oral glucose ingestion [69].

Electrophysiological

Patients with diabetes mellitus are at higher risk of cardiac
arrhythmias and sudden death. Autonomic neuropathy and/or cardiac
repolarization abnormalities such as prolonged QT interval and altered
T-waves of the diabetic heart also increases electrical instability. Diabetes
is the strongest predictor of Atrial Fibrillation (AF) progression and
that diabetic patients frequently have asymptomatic episodes of AF
with silent arrhythmia progression and significantly alters the cardiac
electrophysiology throughout several complex mechanisms greatly
contributing to create an electrical instability of the heart, which may
lead to potentially life-threatening arrhythmias and sudden cardiac
death [70].

Genetic

Understanding the influences of genetic and environmental factors
would provide insights into the pathomechanism of type 2 diabetes and
cardiovascular diseases. In twin study, 14 different risk factors were
simultaneously assessed in Monozygotic (MZ) and Dizygotic (DZ)
adult twin pairs without diabetes and known cardiovascular diseases
in order to determine the genetic and environmental influences on
cardiometabolic risk factors [71].

Advanced glycation end products (AGEs)

Advanced glycation end products (AGEs) are proteins or lipids
that become glycated after exposure to sugars. AGEs are prevalent
in the diabetic vasculature and contribute to the development of
atherosclerosis. The presence and accumulation of AGEs in many
different cell types affect extracellular and intracellular structure
and function. AGEs contribute to a variety of microvascular and
macrovascular complications through the formation of cross-links
between molecules in the basement membrane of the extracellular
matrix and by engaging the receptor for advanced glycation end
products (RAGE).

To conclude, according to current knowledge, DC is caused
by different pathogenetic changes leading to diastolic and systolic
dysfunction in diabetes complications with even more cardiovascular
events. Further understanding of the mechanisms responsible for the
onset of the functional and structural complications in the diabetic heart
will undoubtedly aid the development of more precise therapeutics for
the treatment of diabetic cardiomyopathy.
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