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Abstract

Diabetic cardiomyopathy (DCM), one among the macrovascular complications of diabetes is the leading cause of
mortality around the globe. The emergence of DCM irrespective of other cardiovascular diseases (CVD) necessitates
a deeper insight into its occurrence and mechanism of development. This review summarizes the different stages
in DCM progression based on molecular, cellular and functional level. The early stage in DCM involves oxidative
stress and endoplasmic reticulum stress concomitant with O-linked glycosylation of receptors, and extracellular
matrix (ECM) proteins, and formation of advanced glycation end products (AGE). This further influences myocyte
apoptosis and steatosis, which is followed by fibrosis and remodeling, thus altering the physiological functioning
of heart. It has been postulated that, microbuminuria (MA) which is an indicator of renal failure is also an early
predictor of DCM. Currently, focus on epigenetic modifications, as observed in diabetics with renal failure is of
critical importance to unveil the mystery behind the association of DCM and MA. Albeit, we examine DCM in a
mechanistic approach, the major reason that remains unnoticed is glycemic excursion (GE). ACCORD, DCCT and
EDIC studies have reported that the persistent effect in CVD is due to transient hyperglycemia. Hence it is predicted
that, treatment strategies focusing on genetic level, along with maintaining persistent blood glucose would be more
effectual. Besides, designing treatment regimen for patients with renal failure would be a preventive strategy for
diabetic cardiomyopathy when their state towards DCM incidence is also considered and monitored precisely.
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Introduction

Diabetes is the leading cause for pandemic rise in various
micro- and macro-vascular complications, embodying social and
economic burden worldwide. Diabetes related heart disease includes
coronary heart disease, cardiac autonomic neuropathy or diabetic
cardiomyopathy (DCM) [1]. Diabetic cardiomyopathy is one of the
major causes for end stage heart failure, marked by left ventricular (LV)
compliance and abnormal ejection fraction, leading to sudden cardiac
arrest and death. Decades ago, Rubler et al. coined the term “diabetic
cardiomyopathy” based on postmortem findings of four diabetic cases
reported with ventricular hypertrophy and hyperfiltration [2]. This
functional loss of left ventrical due to diabetes signifies myocardial
damage that exists independent of other vascular diseases [3-6,7].

Amongst all other comorbidities of heart failure, mortality caused
due to cardiomyopathy under diabetic condition is reportedly high,
where DCM was evident in 60% of type 2 diabetes mellitus (T2DM)
cases. It has been estimated that, worldwide, the prevalence of diabetes
mellitus (DM) will increase from 2.8% in 2000 to 4.4% in 2030 [8,9].
It has been postulated that DCM is marked by asymptomatic diastolic
dysfunction referred to as preclinical diastolic dysfunction (DD),
followed by systolic damage in diabetics [10]. This diastolic dysfunction
in diabetic patients is ascertained to be related to aging and duration
of diabetes rather than hypertension and left ventricular hypertrophy
(11].

An appreciation on understanding the structural abnormalities
that arise in progression of myocardial dysfunction, and the molecular
mechanism behind these, is vital for an effectual amelioration of DCM.
Whilst, pathogenesis of cardiomyopathy is well studied by researchers,
understanding on pathophysiology related to these morphological
alterations is conceived to identify a better marker at an earlier stage
[12]. This review focuses on how heart carries out certain adaptive

measures to combat the impact of diabetes, whether these measures
are really adaptive or maladaptive, and relates diabetes mediated
microalbuminuria to cardiomyopathy. Further we discuss on epigenetic
changes influencing the structural and functional abnormalities in
diabetic cardiomyopathy.

DCM Cardiomyopathy: Possible Stages

Diabetic cardiomyopathy has been classified into stages (Figure
1), based on ejection fraction and phenotypic changes in left ventricles
(LV). The initial stage of DCM is asymptomatic marked by LV
hypertrophy with normal ejection fraction, followed by stage 2 with
noticeable dilatation and reduced ejection fraction, patients with
systolic and diastolic dysfunction mediated by contributing factors viz
micro-angiopathy, hypertension and myocarditis are considered in
stage 3 and the final stage designated as end-stage or refractory heart
fajlure with ischemia, infraction and remodeling [12].

This stepwise progression of DCM has been engendered due to
hyperglycemia mediated metabolic dysregulation, ensuing cardiac
apoptosis, necrosis, fibrosis, steatosis, hypertrophy and remodeling
[13]. Such structural modifications influence cardiac dysfunction
characterized by an initial diastolic dysfunction followed by altered
systolic function.
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Figure 1: A summary of different stages in diabetic cardiomyopathy.

Diastolic Dysfunction

Diastolic dysfunction (DD) marked by ventricular stiffness and
impaired relaxation is recognized as the earliest manifestation of DM-
induced LV dysfunction. Diabetes mediated cardiac structural changes
has been evidenced as a major cause of diastolic dysfunction, with its
prevalence being 21% to 75% in diabetic cases [13,14].

Diastole starts at closure of aortic valve, along with LV filling,
atrial contraction and subsequent ventricular relaxation. Thus
diastolic dysfunction culminates in elevated filling pressure with mean
pulmonary capillary wedge pressure (PCWP) being>12 mm Hg or
when the left ventricular end-diastolic pressure (LVEDP) being>16 mm
Hg [15]. In normal heart with normal load the ventricular filling nearly
ends at minimal pressure. The elevated filling pressure is mainly due to
elevated after load (pressure generated in left ventricles to overcome
aortic pressure) along with elevated preload (end-diastolic pressure,
stretching of ventricles prior to contraction) [16]. Myocardial stiffness
is another factor influencing diastolic dysfunction that modulates the
cardiac contraction. This is caused due to the increased deposition of
advanced glycation end products and increased resting tension [17].

There are various methods to assess diastolic dysfunction,
which includes tissue doppler imaging, pulse-wave doppler, cardiac
magnetic resonance and colour M-mode propagation velocity.
Diastolic dysfunction is classified into stages as follows: impaired
relaxation, pseudonormal, reversible restrictive and fixed restrictive.
The parameters to analyse these stages of DD include mitral inflow,
pulmonary venous flow and valsalva maneuver. Of all, mitral E/A is
widely used as marker for diastolic filling, which represents early to late
filling velocities [18-20].

Using pulsed-wave Doppler across the mitral valve, the normal
pattern of diastolic function (DD) measured is defined as E/A>1 in
humans, which can also be observed at early stage of ischemia and
hypertrophy, impaired early diastolic dysfunction is denoted as E/A <
1, pseudonormal pattern or moderate DD group as E/A>1 that occurs
to compensate the impaired relaxation by increasing the early filling
and LV filling pressure (LVFP) to maintain the cardiac output. The
advanced grade of DD with restrictive filling pattern and elevated
filling pressure is defined as E/A>2 [20,21].

Since diastolic dysfunction being the initial stage in DCM, early
diagnosis of DD may prevent the disease progression.

Systolic Dysfunction

The ventricular myocardium is characterized by circular, oblique
and longitudinal myocardial fibers with global LV functioning viz
radial, circumferential and longitudinal. This LV function depends on
LV size, wall thickness and heart rhythm [22,23].

Ithas been reported that in streptozotocin induced diabetic Sprague
Dawley rats, diastolic dysfunction was prevalent in all diabetic rats 2 to
3 months from STZ induction. The average time from induction of DM
to the development of both systolic and diastolic dysfunction was 9.2
months. Reduced acceleration in LV in correspondence with elevated
wall segments and a normal LVEF were related to left ventricular
dysfunctioning ensuing impaired cardiac contractibility [24].

A prospective, multi-centered study, The SHORTening of midWall
and longitudinAl left Ventricular fibers in diabEtes (SHORTWAVE)
trial with 386 type 2 DM cases and 120 normotensive healthy volunteers
has shown that, in diabetics, systolic dysfunction is associated
with reduced shortening of longitudinal fibers and shortening of
circumferential LV fibers that is dependent on increased stress [25].
Moreover longitudinal contraction is found to occur in early stage of
DCM, since it is influenced by contraction of sub-endocardial fibres
that are more susceptible to fibrosis. Earlier it was assumed that
longitudinal shortening is followed by increased radial function that
emerges to combat the longitudinal function. In contrary, Ernande et al.
has demonstrated using spectral tracking imaging that in a prospective
study of 112 type 2 DM patients both radial function and longitudinal
function occurs simultaneously, along with circumferential shortening
[26].

Besides LV dysfunction, right ventricular (RV) dysfunction has
also been observed in type 2 diabetic patients. Albeit, the reason behind
RV dysfunction remains elusive, the abnormalities were found to be
similar to LV dysfunction. Hence it has been conceived that fibrotic
lesion may diffuse from LV to RV via sub-endocardial fibres present
in the arterioventricular septum [27]. These ventricular remodeling
initially arises to overcome the effects of interstitial fibrosis and to
maintain a normal functioning of heart, which later on accounted
for an elevated ventricular contractile dysfunction along with widely
spread fibrotic lesions.

Metabolic Dysregulation: Sign of Hyperglycemia

The diabetic patients at high risk of developing heart failure are
characterized with altered metabolism in cardiomyocytes (Figure 2).
Albeit, heart energetics depend on various substrates depending on the
dietary and physiological conditions, fatty acid and glucose are crucial
among them, wherein utilization of either has a reciprocal inhibitory
effect on another termed as “Randle cycle”. Normal adult heart
generates 60% — 80% ATP by fatty acid B-oxidation and remaining
from glucose oxidation. The uptake of free fatty acids (FFA) is via 2
modes, simple diftusion or FAT/CD36 transporters which accounts for
80% of FFAs uptake, of which 75% of FFA gets oxidized immediately
and is esterified to fatty acyl CoA by various fatty acyl CoA synthase
(FACS) enzymes, which is then channeled to mitochondria via 2
enzymes, outer membrane bound carnitine palmitoyl transferasel
(CPT1) that converts it into respective carnitine acyl CoA moieties,
and carnitine translocase. The fatty acid p-oxidation generates NADH
and acetyl CoA that are diverted to krebs cycle, involved in energy
production [28].
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Figure 2: Schematic representation of substrate metabolism in myocytes. Hyperglycemic milieu causes elevated CD36 recruitment on the membrane, increasing
fattyacid (FFA) uptake. Impaired regulation due to increased FFA uptake involves increased malonyl-CoA, inhibiting FA oxidation, and increased ROS formation. This
further influences triglyceride (TG) accumulation and glycogen formation due to decreased glucose oxidation. Abbreviations: MCD — Malonyl CoA decarboxylase,
ACC — Acetyl-CoA, CPT1 — Carnitine palmitoyl transferase 1, MCT — Mono-carboxylase carrier.

Although FFA is the predominant energy source in heart, glucose
utilization also plays a significant role in maintaining the cardiac
plasticity and energy homeostasis. Glucose contributes to energy
production via glycolysis, pyruvate the end product of glycolysis is
converted to either acetyl-CoA or lactate depending on aerobic or
anaerobic condition respectively. Further, glycolysis is regulated by
activation of pyruvate dehydrogenase that is inhibited by pyruvate
dehydrogenase kinase (PDH kinase) and fatty acid oxidation.
Indeed, fatty acid B-oxidation is endogenously regulated by malonyl-
CoA, which is being synthesized from acetyl-CoA (generated from
peroxisomes) by acetyl-CoA carboxylase (ACC) in the cytosol. This
entire mechanism of regulation is mediated by AMPK. Thus AMPK is
not only implicated in regulating cell survival mechanism, but also in
energy substrate metabolism. Disruption in these regulated pathways is
one of the reasons for myocardial dysfunction [28-30].

Further FAT/CD36, localized in the intracellular endosomal
compartment straddles on the sarcolemma that facilitates fatty acid
uptake. The effect of insulin and cardiac contraction has been found to
be additive in regulating FAT/CD36 recruitment. Unlike contraction
mediated CD36 recruitment, insulin mediated recruitment is found
to be PI-3 kinase dependent. Further insulin mediated FAT/CD36
transmembrane expression has augmented FFA esterification to
FFA oxidation ratio by increasing malonyl-CoA, the inhibitor of
mitochondrial FFA uptake. This elevated FA esterification leads to
increased triglycerides storage reserve, leading to insulin resistance
[31,32].

Insulin resistance, in general, decreases the capacity of myocytes

to utilize glucose, thus reducing its substrate flexibility. Under diabetic
condition, the inability of myoctes to take up glucose is compensated
by its dependence on alternate source of energy for maintaining the
functionality of heart. This is consistent with the finding that, under
diseased condition membrane bound CD36 expression is increased,
facilitating elevated fatty acid (FA) uptake, this condition is attenuated
in CD36 knock-out MHC- PPAR-a mice that mitigated the lipotoxicity
in cardiomyocytes by decreasing FA accumulation and deactivating
subset of PPAR-a target genes [33].

It has been reported that though various FA-activated nuclear
receptors PPAR-a, PPAR-B/8 and PPAR-y are being expressed in
heart, PPAR-a plays a pivotal role in FA accumulation under disease
condition [34]. These nuclear receptor family receptors heterodimerizes
on binding to fatty-acyl-fattyacyl-CoA, which upregulates fatty
acid metabolism and as a compensatory mechanism it induces IxB
expression that represses NFxB (proxidant gene) expression. PPAR-a
agonist WY14643 has been substantiated to suppress inflammatory
cytokines viz TNF-a, MCP1 and macrophage antigen-1 and augment
adiponectin levels in myocarditis [35].

Uncoupling proteins (UCP), in particular UCP2 and UCP3, which
are predominantinhearthasbeen implicated in reducing mitochondrial
membrane potential (Ay) that influence ROS generation, besides it
also protects the heart from exogenous oxidant stress [36]. It has been
found that UCP wields ROS generation vividly by regulating fatty acid
oxidation. Under elevated fatty acid oxidation, intra-mitochondrial
fatty acyl CoA is cleaved by mitochondrial thioesterase to release CoA
and FFA on release of a proton that decreases free radical generation.
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Attenuation of these profound metabolic derangements has shown to
arrest its untoward effects viz structural and functional abnormalities
[37]. Indeed, however, the role of UCP3 in diabetics remains elusive
and has to be well studied.

ER stress

In another perspective, Insulin resistance in heart has been
stated as an adaptive mechanism to overcome proteotoxicity and
endoplasmic reticulum stress. As discussed by Taegtmeyer and
Lubrano, dysregulated substrate metabolism causes metabolic stress
that influences the protein turnover. In non-ischemic heart disease
viz diabetes, there is an observed increase in glucose uptake to glucose
oxidation, ensuing glucose-6-phosphate (G6P) accumulation and
increased signaling through mTOR pathway causing elevated unfolded
and misfolded proteins, subsequently leading to ER stress. Hence, it
has been hypothesized that to overcome such effect, cardiac muscles
undergo an adaptive mechanism of insulin resistance [37].

ER stress foster the activation of transmembrane ER resident
proteins PERK, IRE-1 and ATF6 by increasing the dissociation of ER
localized molecular chaperon GRP78 that is attached to the N-terminal
domain of these ER resident protein on the luminal side, and by
increasing the affinity of GRP78 towards the unfolded proteins. This
unfolded protein response (UPR) is vital to overcome the deleterious
effects of unfolded or misfolded proteins. However, the outcome of UPR
depends on its phase of action either prosurvival phase or proapoptotic
phase. The apoptosis of myocytes under ER stress is energetised via
the activation of JNK pathway, caspases-12 and by suppressing the
activity of proapoptotic proteins [38]. GRP 78 and caspases-12 has
been found to be aggravated in diabetic cardiomyopathy that evidences
the activation of ER stress mediated apoptosis. Besides, the decreased
myocyte regeneration capacity in adult cardiac muscles and loss of
endothelial cells exacerbates cardiac dysfunction [39].

Whilst, insulin resistance is enunciated to be an adaptive
process under hyperglycemia mediated ER stress, it seems to be
counterintuitive, since ER stress is also invoked by the underlying

effects of hyperglycemia. Indeed, the effect of insulin resistance is
even more adverse, this culminates in elevated free radical generation,
eventually leading to oxidative stress. Further, insulin resistance
engenders glucose uptake via insulin insensitive transporters, that
channels glucose via alternate pathways of glycolysis.

Oxidative stress

Oxidative stress remains a causative factor for complications
of diabetes. The driving force for oxidative stress in hyperglycemic
conditions is the reductive stress marked by NADH accumulation
due to impairment of complex 1 in electron transport chain [40,41].
This leads to a condition called pseudohypoxia, where the cells does
not respond properly to the presence of oxygen. The interrelationship
between hypoxia and hyperglycemia makes the condition worse,
compared to their individual effects, because of the increase in lactate
production under hypoxic condition [42]. Further Zhang et al., has
demonstrated that fatty liver is more prone to damage due to the
sorbitol accumulation under hypoxia [42].

The insulin independent cells take up the high glucose and channel
them via branch off pathways of glycolysis like polyol, hexosamine and
methylglyoxal pathway. This eventually increases the rate of superoxide
radical (SO) formation or glucose gets stored as glycogen reserves
reducing glucose oxidation [43].

Branch off pathways of glycolysis: The cause for impaired glucose
transport under high glucose ambience depends on the differential
tissue specific expression of GLUT transporters. About 28% of basal
GLUT4 is membrane associated in healthy heart, majority of GLUT
transporters in cell surface of myocardium consists of GLUT12 in
healthy and diabetic cases that functions similar to GLUT1 transporters,
which are insulin insensitive. This has been demonstrated by progressive
bio-tinylated photolabeling, where in insulin stimulation did not have
any effect on GLUT12 translocation in perfused heart or in isolated
myocytes [44], in contrary cell surface GLUT12 expression is found
to be increased in diabetic cases. This altered glucose transport via
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GLUT1 and GLUT12 transporters indicate increased glucose uptake
and insulin resistance that represents metabolic abnormality [45,46].

The glucose transported via such basal transporters (not stimulated
by insulin) gets to be channeled across the branch off pathways of
glycolysis (Figure 3). About 30% of glucose is consumed via polyol
pathway, where in sorbitol dehydrogenase utilizes NAD* for sorbitol
oxidation. This makes NAD* unavailable for glyceraldehyde-3-
phosphate dehydrogenase (GADPH) activity. The subsequent NADH
formed is then taken up by NADH oxidases that lead to ROS generation
causing further impairment in GAPDH by modifying the cysteine
residue, thus leading to accumulation of glyceraldehydes-3-phosphate
(G3P) in glycolysis [47].

The NADPH utilizing catalytic activity of aldose reductase (AR),
a rate limiting step in polyol flux, is another major source for ROS
generation, which reduces the formation of oxidized glutathione, a
primary ROS scavenger. Tiwari et al., has reported that high glucose
induced sorbitol accumulation influenced the hemolysis of human
erythrocytes and altered the redox ratio in retinopathy induced goat
lens; this effect is extenuated by the antioxidant property of certain
vegetable juices [48]. Besides, sorbitol accumulation has been found to
induce hyperosmotic stress in cardiomyocytes that culminates in DNA
fragmentation and cell shrinkage. These changes were mediated by
upregulation of P13K/PKB and MAPKs: Extracellular signal-regulated
kinase (ERK), P38-MAPK and c-Jun N-terminal kinase (JNK) isoforms
(P46, P54), and by downregulation of anti-apoptotic protein BCL-2
[49].

Hexosamine biosynthesis pathway (HBP) is postulated to be a
nutrient sensor that regulates the flux of glucose, FFAs, uridine and
glutamine into the cell. Unlike other accessory pathways of glycolysis,
HBP leads to glycosylation of cytoplasmic and nuclear proteins [50].
This glycosylation process is regulated by two key enzymes O-GlcNAc
transferase (OGT) and N-acetylglucosaminidase (O-GlcNAcase)
[51,52].

About 2-5% of glucose conducted via this pathway is associated
with  O-GlcNAcylation of transcriptional factors, cytokines
and insulin signaling molecules that plays a key role in diabetic
complications. These in turn upregulates transcriptional factors ilk
TGFa, TGFp, leptin, PAI-1 and decreases phosphorylation of Akt
and GSK3. Enhanced HMP flux modified Specificity factor (SP1) with
O-linked glucosamine (O-GIcNAc) that binds to various promoters,
exacerbating hyperglycemic condition. Such promoter region includes
adipocytokine and heat shock protein (HSP). SP1 has found to reduce
HSP27 expression elevating reactive oxygen species (ROS) generation
leading to apoptosis. Further in diabetes, SP1 expression has found to be
enhanced that is positively correlated with the development of insulin
resistance [50,53]. Zimmerman and Harris, has demonstrated that
high glucose induced HBP flux negatively regulates leptin dependent
phosphorylation of STAT3 (S727), implicating leptin resistance [54].

In contrary, O-GlcNAcylation is found to be cardioprotective in
acute elevation, and the adverse effect shows up in chronic condition
or increased frequency of occurrence. Majumdar et al. has reported
that SP1 glycosylation and its translocation into nucleus transactivated
(calmodulin) CAM gene in liver cells, which is mediated by insulin
[55]. So, the impact of elevated HBP flux mediated glycosylation
causing insulin resistance would also suppress the calmodulin
expression. Further insulin resistance has been demonstrated to induce
mitochondrial dysfunction that failed to oxidize glucose and fatty acid
for energy [56].

It has been found that O-GlcNAcylation and phosphorylation
compete for the same site in protein, and the response elicited due
to enhanced glycosylation under hyperglycemic milieu is found to be
comparatively robust. Consistent with these findings, Zeiden et al. has
reported that, augmented O-GlcNAcylation of IKappa f kinase complex
(IKKp) has been observed in diabetics with elevated NFkp expression
[57]. Besides, O-GlcNAcylation of pro-apoptotic protein BAD has
found to be involved in BAD-BCL2 dimerisation by inhibiting BAD
phosphorylation, thus suppressing BCL2 activity causing apoptosis.
Further, nuclear protein P53 (tumor suppressor protein) glycosylation
has been observed concomitant with elevated angiotensin II (ANGII)
synthesis that leads to myocardial apoptosis [58]. Contrarily, Marsh et
al. has reported that augmented O-GIcNAcylation has led to decreased
ANGII synthesis that is implicated in impaired hypertropic signaling,
and is found to be independent of P53 expression [59].

Indeed, hyperglycemia also induces functional and structural
change in microvasculature by mediating O-linked glycosylation of
nitric oxide synthase that decreases AKT dependent phosphorylation
of endothelial nitric oxide synthase (e-NOS) and histamine induced
NO mediated dilation of arterioles. In addition to O-GlcNAcylation
of proteins in the vasculature, HBP shunt is further associated with
altered myocardial substrate utilization. Glucosamine increased
O-GlcNAcylation and transport of FAT/CD36 (fatty acid transporters)
on cell surface that is related to increased fatty acid uptake with
concomitant decrease in carbohydrate uptake as discussed earlier [60].
So it can be concluded that though insulin recruits CD36, it might not
be its only activator, and insulin resistance decreased only GLUT4
mediated glucose uptake, but not CD36 mediated FA uptake. Further,
cardiac related proteins troponin I and myosin-actin heavy chain
has been found to be glycosylated in diabetic condition. In addition
to glycosylation, uridine diphosphate-f-N-acetylglucosamine (UDP-
GlcNAc) formed in HMP flux also mediates synthesis of proteoglycan
and glycoprotein in endoplasmic reticulum and golgicomplex [60].

Many studies have confirmed the deleterious effect of advanced
glycation end products implicated in disease progression. These AGEs
are generated intracellularly and extracellularly by non-enzymatic
glycation of protein molecules termed “Maillard reaction”, in which
sugar such as glucose reacts with protein amino group to form schift
base. The Schiff base then converts to a more stable Amadori product
and the subsequent rearrangement of Amadori products leads to the
formation of stable and irreversible AGE compounds. These AGEs
formed covalently attaches to extracellular matrix proteins, especially
collagen leading to myocardial stiffness that precedes myocardial
fibrosis. Elevated collagen III to collagen I has been reported in diabetic
heart. The extracellular AGEs formed binds to RAGE and elicits
cascade of reactions by ROS generation that mediates NF-kf induced
inflammation and apoptosis, along with synthesis of inflammatory
cytokines IL-1 and TNF-a and profibrotic cytokines TGF-p, inducing
extracellular matrix protein synthesis. Further intracellular AGE
formed affects the Ca** ATPase affecting the contractibility of
myocardium [61].

The crosslink breaker of preformed AGEs, 3-phenacyl-4,5-
dimethylthiazolium chloride (ALT-711), has been manifested to
attenuate the receptors RAGE and AGE-R3 expression and reduce
CTGF expression in diabetic hearts. Additionally, aminoguanidine
and ALT-946, the anti-glycation drugs against diabetic nephropathy
have been shown to ameliorate the myocardial stiffness by reducing
collagen-AGE formation, thus mitigating ventricular dysfunction [61].

Thus hyperglycemia has been found to induce cadiomyopathy by
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elevated oxidative stress, by enhancing ROS generation and decreasing
antioxidant enzymes. Azelnidipine (AZL), an antioxidant has
attenuated these changes by increasing Mn-SOD and Bcl-2 expression,
and by decreasing p67phox, NADPH oxidase subunit recruitment to
the membrane [62]. This shows that diabetes induced oxidative stress
involves both NADPH oxidases and mitochondria that is further
linked to apoptosis.

Autophagy and Apoptosis

Recent studies have enlightened the cause of apoptosis in
myocytes under high glucose ambience. Generally, autophagy is
considered as a catabolic process that is activated under cellular stress
like glucose deprivation and pathogenic infection. Current demand
on understanding the role of autophagy in high glucose mediated
metabolic disorders is growing eminent due to its role in cell adaptation,
cell survival and cell death [63,64].

Generally, in  elongating  autophagosome  membrane
inactive unconjugated form LC3B is transformed into the
phosphatidylethanolamine-conjugated form (LC3BII). More than
30 Atg (autophagy-related gene) gene regulated proteins have been
substantiated in inducing autophagosome formation and maturation
[65]. The ratio of LC3BII to LC3BI measures the autophagy packaging
activity. Further, p62, which is an adapter molecule tethers proteins
and organelles to autophagosome via binding to LC3B. Albeit,
autophagy observed in diabetic rats in earlier stages occurs to be a
protective mechanism that functions by phagocytosing the misfolded
proteins by polyubiquitination, its role in later stages remains elusive.
A concomitant increase in autophagosome with progression of
cardiomyopathy was analyzed by measuring the membrane associated
microtubule-associated protein-1 light chain-3 (LC3), a fluorescent
autophagosome marker, to cytosolic LC3. However, elevated autophagy
under high glucose is positively correlated with caspase-3, a marker

for apoptosis [66]. This indicates augmented autophagy is related to
progression of apoptosis.

Contrarily, Xie et al. has demonstrated that the progression of
cardiomyopathy is related to decreased autophagy, and this condition
is ameliorated by administering metformin [67]. This is consistent
with the evidence that, under high glucose milieu, upregulated hexose
biosynthesis pathway increased OGIlcNAcylation, this blunted the
beclin-1 expression. BCL-2 (Bcell lymphoma 2), Beclinl and BNIP3
have been known to be key mediators of apoptosis and autophagy.
OGIcNAc of these proteins further affects the hypertrophic signaling
pathways. Glucose deprivation in diabetic cardiomyocytes blunted
Beclinl and LC3-II response indicating impaired autophagy, which
shows the abnormal response of heart under diabetic condition [68].
This suggests that in hyperglycemic condition, the increase in autophagy
as determined earlier, would be due to accumulated autophagosomes
with impaired function. Another prominent regulator of autophagy
is AMPK (AMP activated protein kinase) that decreases mTORI1
mammalian target of rapamycin kinase activation which augments
autophagy by phosphorylating unc51-like kinase 1/2 (ULK1/2, the
mammalian homolog of yeast autophagy-related gene 1 [Atgl]). This
results in translocation of ULK1/2 to ER (endoplasmic reticulum)
membrane, which further recruits E3 like Ubiquitin ligase along with
E2 and E1 that facilitates LC3-1I formation, involved in autophagosome
elongation. The pivotal step in initiating autophagy is the fusion of
lysosome and autophagosome forming autolysosome. Along with
several proteins, Rab7 and Vsp34-Beclinl complex has been found
to activate autophagosome maturation. In diabetic heart, impaired
autophagy due to accumulation of autophagosome has been found
to be due to impaired expression of these proteins [69,70]. Consistent
with this finding, hyperglycemia has been manifested to decrease
AMPK in H9c2 cadiomyocytes, inhibiting JNK-BCL2 signaling, thus
inducing apoptosis and suppressing autophagy by promoting Beclinl-
BCL2 interaction. Metformin is found to normalize AMPK expression
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and promote BCL2 phosphorylation, which is required to maintain the
integrity of mitochondrial outer membrane and prevents the release of
proapoptotic factors salvaging cells from apoptosis (Figure 4) [71,72].

Such phagosomal dysfunction analysed in diabetic heart is
marked by increased p62 expression and decreased SIRT1 (sirtuin 1)
expression. Reservetaol has been found to increase SIRT1 expression
mediated deacetylation and HDAC mediated deacetylation of FOXO1,
facilitating FOXO1 transcriptional activity and stimulating autophagic
flux. FOXOLI in turn regulates Rab7 expression, which acts as a major
factor in autophagosome maturation and phagolysosome formation
[73]. Besides, SIRT1 has been substantiated to deacetylate peroxisome
proliferator-activated receptor-gamma coactivator 1 alpha (PGC-
la) and induce the downstream target genes, such as the peroxisome
proliferator-activated receptor gamma (PPARYy) gene that is involved in
uptake of fatty acids and in energy homeostasis [74]. Hence decreased
phagosomal functioning should be concomitant with impaired energy
metabolism, and it is found that nutritional stress contributes to
enhanced autophagy that ravens the harmful metabolites and wornout
organelle [75].

The impaired metabolism in myocytes is marked by buildup
of glycogen reserve, enhancing autophagy of glycogen, termed as
glycophagy. Insulin stimulates glycogen synthesis via AKT mediated
inhibition of glycogen synthase kinase3p. However, under insulin
resistance, high glucose mediated glycogen storage is found to be
independent of AKT and is concomitant with augmented starch-
binding domain containing protein-1 expression, marker for glycophagy
involved in binding glycogen and mediating membrane anchorage via
interaction with the cognate protein GABA(A) receptor-associated
protein-like 1 (GABARAPL1). AMPK as it regulates autophagy has
also found to regulate glycogen storage by augmented glucose uptake
and activating glycogen synthase. However, autophagosome formation
is found to be independent of glycophagy. Besides, the suppressed
AMPK activity in DCM should be converged with decreased
autophagy and glycogen storage, but the counterintuitive mechanism
of elevated glycogen storage linked glycophagy suggests that, it should
be independent of AMPK or AKT activation. Subsequently, decreased
glucose oxidation has been found to substantiate elevated glycophagy
[76,77].

Heme oxygenase (HO-1) is among these enzymes that increase
in patients with diabetes. HO-1, the rate-limiting enzyme in heme
degradation, catalyses the oxidation of heme to generate several
biologically active molecules, such as carbon monoxide (CO),
biliverdin, and ferrous ion. Evidences have shown that, HO1 has been
implicated in autophagy that is regulated by AKT mediated AMPK
activation, potentiating autophagy [78].

TNESF10 (tumor necrosis factor-related apoptosis-inducing
ligand) has been known to induce apoptosis, is now found to be a
regulator of autophagy. In cancer cells TNFSF10 inhibits apoptosis
and promotes autophagy via activation of anti-apoptotic proteins
and by blocking apoptotic signaling. Further autophagy is regulated
via TRAF2 (TNF receptor associated factor 2) and RIPK2 (Receptor-
interacting serine/threonine-protein kinase 2) activation, mediated by
TNFSF10 induced MAPKS activation. Knockdown of these proteins
has potentiated TNFSF10 induced cytotoxicity by enhancing DISC
(Death-inducing signaling complex) formation. As the autophagic flux
is considered vital in controlling the disease progression, more insights
into the mechanism of autophagy activation and designing drugs
targeting the pathways is conceived to root for an effective treatment
[79].

Autophagosome also targets particular organelles and phagocytose
it, when mitochondria are being engulfed it is termed as “mitophagy”.
In diabetic cardiomyopathy, primarily, mitochondria is most prone
to damage due to ROS generation, and this damaged or injured
mitochondria has to be removed to curb the overproduction of
ROS level. These abnormalities are followed by dedifferentiation
and regeneration of the myofibrillar apparatus. The dominant
source of cardiomyocyte turnover is reported to be from preexisting
cardiomyocyte but not the progenitor cells. The increased rate of
turnover during injury consequently leads to the utter functional loss
in myocardium in diabetic milieu. Along with this fact, the myocyte
mitosis and cytokinesis of pre-existing abnormal myocytes during
regeneration has been found to worsen this condition [80].

Fibrosis

Eventually these abnormalities cause interstitial fibrosis, an
irreversible morphological change, which exacerbates the cardiac
dysfunction. Necrosis and apoptosis of myocytes has been elucidated
as the cause for fibrosis formation. Under hyperglycemic ambience, the
increased angiotenin II has been found to trigger JAK/STAT pathway,
mediating augmented TGF-B expression, which is the instigator of
fibrosis that promotes collagen I and collagen II synthesis (Figure 4).

In addition to TGF-p, CTGF has also been elevated in
concomitance with creatine phosphokinase isozyme (CK-MB), plasma
brain natriuretic peptide (BNP), myocardial collagen volume fraction
(CVF) and left ventricular mass index (LVWI), indicating myocardial
remodeling. These changes have been positively correlated with reduced
phophorylation of AKT and GSK-3f that promote transcription of
BCL-2, an antiapoptotic protein. Administration of urocortin or
losartan (AT1 receptor antagonist) has been found to alleviate this
condition [81]. Further augmented HMP shunt has been implicated
in elevated glycogen glycosylation that is observed to increase fibrosis
in cardiomyocytes, leading to cardiac stiffness promoting diastolic
dysfunction.

Diabetes has also been conceived as a modulator of urocortin, an
endogenous peptide, associated with corticotrophin releasing factor
(CRF) family that activates CRF2 receptors, which is considered to be
a potent vasodilator involved in cardiovascular functioning. Previous
findings have reported that urocortin improves cardiac performance
under ischemia/hypoxia. Hence its decrease in hyperglycemic
condition would suggest that, high glucose should also cause hypoxia
in cardiomyocytes, which might be due to blockage of coronary artery.
Since, even a picomolar concentration of urocortin is anticipated to
exert its effect due to its high affinity towards CRF2 receptor, it can be
hypothesized that it is completely deteriorated in DCM. Thus treatment
strategies targeting urocortin would prevent diabetes mediated
cardiomyopathy and vascular dysfunction. In heart, Urocortin2
(Ucn2) has been substantiated to act via dual mechanism involving
PKC mediated AMPK activation, followed by downstream AKT
phosphorylation (Ucn-CRF2-PKC-AMPK-AKT) that is responsible
for vasorelaxation, and via PKA mediated cyclic AMP production
(Ucn-CRF2-PKA-CAMP), which would exert an inotropic effect [81-
83].

Likewise a potent vasoconstrictor endothelinl (ET1), produced
mainly from endothelial cells has been elevated under chronic
hyperglycemia through PKC activation, which is found to be
responsible for superoxide formation, and subsequent mitochondrial
dysfunction and myofibrillar disarray in diabetic heart. Further, ET1
has been assessed to promote fibrosis by augmenting TGF-p and CTGF
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expression, which mediates epithelial-mesenchymal transition and
fibroblast accumulation. These fibroblasts have mainly considered as
ET1 and collagen producing cells that has acquired a faster migrating
capacity [84]. TGF-p has been regarded as profibrotic gene that acts
via smad2 phosphorylation, which is involved in de novo synthesis
of collagen, plasminogen activator inhibitor 1 and biglycan, and in
elongation of glycose-amino-glycan (GAG) chains in proteoglycan
[85].

Further the functional changes in cardiomyocyte with respect to
surrounding fibroblasts have been studied under impedence microscopy
by Rother etal. [85]. The contractibility of cardiomyocytes is determined
by analyzing the beating frequency, indicated as coupling. The increase
in fibroblast is found to be coupled to decrease in contractile frequency.
This is due to elevated spreading rate of fibroblasts concomitant with
increased N-Cadherin and Cx43 (connexins) between them [86]. Thus
augmented fibroblast production due to hyperglycemia may be the
stage where functional loss of cardiomyocyte would emerge.

Cardiac Contractibility and Remodeling

Decades ago, the term Cardiac mechanical efficiency was expressed
as work/MVO, that relates cardiac work to the energy consumed
(MVO,) by the ventricle during contraction [87]. This decreased
mechanical efficiency indicates the impaired contractibility of cardiac
muscles. Aforementioned, Polyol pathway not only attenuated the
redox ratio but also the contractibility of cardiac tissue by decreasing
the calcium reuptake by sarcoplasmic reticulum (SR) by inducing
nitrosylation of tyrosine residue in SERCA (sarcoplasmic reticulum
Ca?*ATPase) pump and decreasing the s-glutathiolation, thus causing
oxidation of cysteine-674 residue in SERCA [88].

As illustrated in (Figure 5), the accumulation of calcium is

associated with the depletion of high energy phosphate stores and
derangement of cellular ultrastructure that can lead to cardiac
dysfunction [88]. SP1 also regulates the expression of specific
isoform of SERCA in cardiomyocytes, which is observed to decrease
during fetal development and increase under disease condition [89].
The localization of connexins in ventricles and N-cadherins are
mainly involved in signal transduction during cardiac contraction.
These proteins involved in cell-cell contact, polarizes depending on
mechanical situations, and its expression is also found to increase under
stretch, but the cell orientation and elongation merely depends on such
polarization. Whilst, Cx43 increased upon elevated angiotensin II and
stretch in diseased, it resulted in a shift in polarization from cell poles to
lateral sides, affecting the contractibility of myocytes. Thus only certain
directed stretch is found to be responsible for proper polarization of
Cx43. Cx43 are mostly localized in cell poles that enables proper signal
transduction among cells. A shift in this site of polarization would
culminate in functional abnormalities. So the direction of stress and
polarization of connexin are pivotal in determining the contractibility
of myocytes [90].

These structural changes causing asymmetric reorganization
influence the cardiac functional abnormalities affecting the electrical
conductivity that designates the impaired calcium handling and
decreased calcium transients in myocytes. Recent study has shown that
at an optimal stimulation frequency of 0.5Hz, which mimics diabetic
condition, a decrease in myocyte shortening was observed, which
might be due to decreased calcium transients observed after 4 to 12
weeks [91].

Further, contraction of muscle has been found to be responsible for
glucose transport that is independent of SR Ca** release. The complete
contraction is determined to be facilitated by increased AMPK and
mechanical stress, which then combinedly and independently acts to
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augment glucose transport. Thus decreased AMPK not only indicates
decreased autophagy but also decreased muscle contratibility and
glucose intake [92]. To combat the increased work load, ventricular
remodeling occurs, resulting in cardiac hypertrophy that initially
maintains cardiac output, but leads to diastolic and systolic dysfunction
in later stages. The increased heart mass due to ventricular remodeling
is marked by increased myocyte volume, without myocyte proliferation.
The augmented expression of fetal cardiac genes has found to influence
increased heart mass that has led to cardiac hypertrophy. Azelnidipine
(AZL) has been examined not only in ameliorating oxidative stress and
apoptosis, but also in maintaining Ca** homeostasis by normalizing
SERCA2, ryanodine receptor (RyR) proteins and Troponin I expression,
thereby increasing the of calcium clearance from cytosol [93].

It has been observed that in 2 months old adult female Sprague-
Dawley Ivanovas rats, early stage of DCM (first week) is marked by
subtle changes in myocyte morphology and contractibility, which in
otherwise are interdependent. The decrease in heart weight of 25%
is found to be positively correlated with decreased myocyte volume
of 30% after 14 days of STZ injection [8]. This decrease in myocyte
volume is found to be birectional, denoted by reduced length to width
ratio, the reason for such volumetric change lies on specific anatomical
changes in diabetic left ventricle.

Microalbuminuria

The mechanism of diabetic cadiomyopathy is multifactorial
nominally myocyte dysfunction, caused by myocardial fibrosis,
metabolic disturbances, microvascular diseases, autonomic dysfunction
and insulin resistance. Microalbuminuria being the marker for renal
microangiopathy and the severity of microangiopathy is related to
degree of albuminuria, the mechanisms involved in microangiopathy
progressing to myocardial dysfunction is gaining attention. Albeit, the
exact relation between microalbuminuria and cardiomyopathy remains
elusive, it has been speculated that the vascular changes that lead to
renal dysfunction and cardiac dysfunction could be alike that, both are
prone to similar alterations under disease condition. A combinatorial
approach of angiotensin receptor blockers and peroxisome proliferator-
activated receptor (PPAR)-gamma agonist based treatment regimen

has been postulated to mitigate the grimness of microalbuminuria
and cardiac dysfunction . This has led to the hypothesis that renal and
cardiac dysfunctioning may be an interdependent mechanism.

Recent findings have shown that cardiokines, as defined by
Shimano et al. not only regulates the cardiac functioning and cardiac
remodeling in pathological state, but also bridges the communication
between heart and kidney (Figure 6) [94]. Such cardiokines include
BNP (brain natriuretic peptide), ANP (atrial natriuretic peptide) and
Follistatin-like 1 (Fstll) also called TSC-36. As a supportive evidence
for the hypothesis, the tissue specific secretion of Fstll has been found
to have differential nephroprotective action.

Cardiac specific Fstll (cFstll) has been proved to elevate AMPK
expression that mitigates renal injury, by minifying the level of
proinflammatory cytokine and NADPH oxidase mediated ROS
generation in mesangial cells [95]. So, the progression of renal
dysfunctioning is marked by impaired cardiokine secretion that
indicates the initiation of cardiac dysfunctioning. Thence, cardiac
dysfunctioning is speculated to occur early in the course of renal failure.
This is in agreement with the prospective multicentre observational
studies (GREECS, GRACE), where in creatinine clearance has been
found to be a vital predictor of hospital mortality and major bleeding
episodes in patients admitted with acute coronary syndrome diagnosis
[96,97].

Consistent with these reports are the findings on GDF15 (Growth
differentiation factor - 15) a member of TGF-p superfamily that is
expressed in liver and placenta at baseline, but poorly expressed in adult
heart under physiological condition. GDF-15 has been induced with
the onset of acute kidney injury (AKI) that is positively correlated with
N-GAL, a kidney injury marker and is found to exacerbate glomerular
filtration rate (GFR). However, cardiokine Fstl1 has been demonstrated
to induce GDF15 in myocardial infarction [98,99]. In contrast, Xu et al.
has reported that, in neonatal cardiomyocytes and in adult mice, GDF-
15 induced under injury alleviates cardiac hypertrophy and dilated
cardiomyopathy via smad2/3 mediated AKT activation, which is akin
to TGF-P signaling [100]. Thence, whilst, cardiokines ameliorate the
pathological condition, its activity should be concentration dependent
that, augmented secretion may exacerbate the damage.
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In addition certain peptides and proteins have been identified as a
marker for diabetic cardiomyopathy that facilitates the understanding
of interrelation between heart and renal functioning. Such markers
include troponin a calcium dependent cardiac specific actomyosin-
ATPase inhibitory protein, involved in actin-myosin interaction and
muscle relaxation, and B-type natriuretic peptide (BNP), a 32-amino
acid peptide released by ventricular cardiac myocytes in response
to wall stress. The isoforms of troponin expressed in heart includes
troponin I (cTnl), troponin T (¢TnT) and troponin C (cTnC).

Both these markers exert its effect by binding to natriuretic peptide
receptor (NPR-A) [101]. It has been postulated that renal artery
denervation (RAD) reduced the cardio-metabolic abnormalities.
The reduced sympathetic activation due to RAD led to decreased
catecholamine release that decreased the blood pressure and wall
stress mitigating ventricular dysfunction. This is in agreement with
the decreased pro-type B natriuretic peptide (proBNP) [102,103].
However, in fetus of diabetic mother, the augmented proBNP and
cTnT has been implicated to prevent cardiac hypertrophy.

Further, increased NT-proBNP substantiated chronic kidney
disease with asymptomatic LV hypertrophy. Subsequently the next
stage in diabetic cardiomyopathy marked by systolic dysfunction, LV
dilation and higher LV filling pressure develops, and is characterized
by elevated troponin level (cTnT) with concomitant increase in NT-
proBNP. These cardiac functional abnormalities have been observed
in a prospective observational study, where in diabetic patients in end
stage renal failure (ESRD) undergoing dialysis had augmented cTnT
and NT-proBNP [104]. So it can be concluded that the proteins and
cardiokines once functional in preventing cardiac injury in fetus,
may turn deleterious in adult heart upon increased secretion, or the
cardiokines secreted remains ineffective to combat the damage.

Epigenetics of Diabetic Cardiomyopathy

Epigenetics described as a non-genetic change in gene expression
with accompanied mitotic and meiotic inheritance and without any
altered nucleotide sequence. Several environmental factors influence
chromatin rearrangements implicating DNA methylation, histone
post-translational modification and chromatin remodeling [105,106].

Histone modification

Post translational modifications of histones include both
permissive and repressive modifications. Though the epigenetics of
diabetic cardiomyopathy remains elusive, renal failure influencing
DCM is associated with epigenetic modifications that activate or
suppress transcription (Table 1). Recent study has shown that, in
hearts of diabetic mice, elevated H3 acetylation at lysine 9 (H3K9Ac9)
and 23 (H3K9Ac23), H3 dimethylation at lysine 4 (H3K4me2) and
9 (H3K9me2), and H3 phosphorylation at serine 10 were observed.
Uninephrectomized db/db mice have further augmented these histone
modifications along with decreased H3 dimethylation at lysine 9
(H3K9me2). These histone modification under renal failure has been
associated with increased expression of cardiomyopathy-related genes
involved in tissue remodeling that includes myosin heavy chains 3,
6, and 7, myosin light chain 3, as well as tubulin-a, catenin-al, and
laminin-B2 [107]. Consistent with these findings, angiotensin II type
1 inhibitor losartan has been substantiated to ameliorate diabetic
nephropathy, concomitant with elevation of H3K9 and H3K14
acetylation implicated in DCM .

H3 phosphorylation of serine 10 is found to be regulated by calcium/
calmodulin-dependent protein kinase II 8 (CaMKIIS). Its utility in
fetal cardiac development turns deleterious under hemodynamic
stress, which is critical for cardiac hypertrophy [108].

Augmented H2AK119 and H2BK120 ubiquitination has been
positively correlated with H3K4mel, H3K4me2 and H3K4me3 levels
at the promoter of fibrotic genes involved in diabetic nephropathy
progression. Along with these PTM, Kadakol et al. has demonstrated
an increased H3K9me2, H3K36me2, H3K79me2, H3T3phospho,
H3K27Acand H3K56Acin type 2 diabetic rats progression to DCM. The
cardioprotective role of esculetin has been demonstrated by decreased
AT Rand AT, R expression and increased ACE2 expression. Hence, the
histone ubiquitination of H2A/H2B should have been occurred in the
promoter region of ATR,ATR and ACE2 that facilitated an increased
expression of genes involved diabetic cardiomyopathy progression
[109].

Further activation of ATP dependent chromatin remodeling
proteins (CRP) has been substantiated in DCM. Among 4 CRPs, four
different SWI/SNF (switching defective/sucrose non-fermenting)

Source PTM Drugs Role of drugs Promoter

H3K9/14 tAcetylation Losartan Inhibits HAT RAGE and PAI-1
O ) oo OIS 11 b,
H3K36 tMethylation Losartan Inhibits methyl transferase RAGE and PAI-1
H3K9/14 1Acetylation Atorvastatin Promotes HAT ACE2

H3K4/14 |Acetylation Curcumin analogue C66 p300/CBP-mediated deacetylation -

H2AK119 and H2BK120 tubiquitination Esculetin ﬁiﬁ?ﬁiihgﬂiw transtational AT R, AT R and ACE2
H3K27 and H3K9 | Trimethylation - - ANP, BNP

DNA methylation

Source PTM Drugs Role of drugs Promoter

CpG islands Demethylation - - Keap1

CpG islands TMethylation SPV106 HAT activator Cell cycle and DNA repair

Chromatin remodeling

Source PTM

1Brg1, 1Baf180 and 1Baf60c
Phosphorylation, |Brg1

Histone deacetylation
Ser727 and Try705

Effect of PTM Promoter
Diabetic cardiac hypertrophy Fetal gene
Diastolic dysfunction STAT3

Table 1: Epigenetic modifications involved in diabetic cardiomyopathy.
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subfamilies have been investigated to play a vital role in heart
development, in which SWI/SNF complexes is solely involved in
adult cardiomyocytes. Brahma-associated factor (BAF) complex, the
mammalian orthologue of the SWI/SNF complex consists of 14 BAF
subunits, which contain either brahma (Brm) or brahma-related gene
1 (Brgl) as the ATPase subunit. Brgl, which is involved in fetal cardiac
development has been overexpressed in adult cardomyocytes under
cardiac stress, that interacts with HDACs and PARP1, and its activation
is marked by shift in MHC from a-MHC to embryonic f-MHC, an
initiator of hypertrophy [110,111]. In high salt fed hypertensive rats
Brgl, Baf180, and Baf60c have found to be enriched in promoters of
fetal genes ANP and BNP, which might be due to deacetylation of
histones in these promoter regions.

In contrast Xu et al. has shown that Brgl is downregulated in
the early stage of type 1 diabetes concomitant with decreased HO1
and phosphorylated Ser727 and Try705 in STAT3, marked by
diastolic dysfunction [112]. Further adiponectin has been found to
increase HO1 by Nrf2 (Nuclear factor-erythroid-2-related factor-2)
mediated Brgl activation, which in turn recruits RNA polymerase II
[113]. Hence PTM and chromatin remodeling are conceived to be a
codependent mechanism and the drugs targeting these modifications
may combat both renal failure and cardiovascular disease. In addition
DNA methylation has been found to regulate the progression of DCM.
In diabetic subjects, Keapl (Keltch-like ECH-associated protein 1) is
found to be highly transcribed due to demethylation of CpG islands
in keapl promoter that mediates proteosomal degradation of Nrf2,
blocking anti-oxidant mechanism [114].

Vecellio et al. has shown that in type 2 diabetes induced cardiac
mesenchymal stem cells, the CpG islands of gene promoters involved
in cell cycle and DNA repair (TP53, BRCA1 and BRCA2, CCNBI,
CCNF, CDK2, MCM2, and RAD5) has been hypermethylated that is
associated with hypoacetylation of H3K9 and trimethylation of H3K27,
a condition observed in DCM. These observations were in parallel with
down regulation of p300/CBP-associated factor (PCAF), its isoform
5-a (GCN5a) and GCNb5-related N-acetyltransferases (GNAT).
SPV106, a histone acetyl transferase has found to attenuate these
modifications. Thus acetylation of histones prevents open access of
DNA for methylation, promoting demethylation of promoters [115].

Since these epigenetic changes form the basis for origin and
progression of DCM, interventions should not only target in
attenuating the signaling cascades but also in ameliorating these
epigenetic modifications.

Glycemic Excursion, Family History and Diet: Forgotten
Truth in CVD

The vascular complications as discussed above are apparent in
diabetic cases that are unmonitored, and the glycemic disorders
in diabetics not only include hyperglycemia but also the intra-day
glycemic excursions and its rate of excursion, which is not considered
in evaluating the treatment strategies [116]. The rate of glycemic
excursion varies based on the carbohydrate content in the diet, as
listed in the glycemic index (GI). The high GI diet is found to elevate
the blood glucose level compared to the low GI diet, and the post
prandial glucose level of high GI diet in the day time is found to cause
a significant impact on glycemic variability.

Numerous epidemiological studies on diabetes based cardiovascular
diseases focused on hyperglycemia. In Diabetes Control and
Complications Trial (DCCT) study, the glycosylated hemoglobin has

been manifested to be strongly associated with cardiovascular disease
(CVD) in type 1 diabetics and the EDIC study substantiates that the
major risk factor of CVD is microalbuminuria and albuminuria [117].
According to accord study even very tight control of blood glucose
level failed to control cardiovascular diseases. Thus even though,
glycosylated hemoglobin (HbAlc) is widely considered to be a marker
for chronic hyperglycemia, it is not the only criteria to be considered
in macrovascular complications, especially when cardiovascular
disease is concerned. Consistent with this fact is the evidence given by
a comparative epidemiological study which has proved that glycemic
disorders are observed in diabetic patients with coronary artery disease
(CAD) but not in non CADs [118,119].

Thus transient glucose level would be a major common cause
for persistent effects in CVD which is independent of HbAlc, which
failed to explicate this effect. Glycated albumin (GA) represents the
glycemic excursion and post-prandial hyperglycemia. Since faster
glycation of albumin reduces its anti-oxidant potential, it is found to
be the major contributor of endothelial dysfunction and mitochondrial
reactive oxygen species (ROS) formation, the major cause for CVD.
The reduced antioxidant potential of glycated albumin is found to
be the initiator of ROS production. The major Intensive glucose
treatment studies have shown that it did not have beneficial effect on
the mortality of macrovascular complications; this might be due to the
counterbalancing effect of severe hypoglycemia [120].

One such severity of transient hyperglycemia includes formation of
AGE induced metabolic memory. Not only the extracellular and blood
plasma are susceptible to glycation, but also the intracellular products
especially the mitochondrial proteins and mitochondrial DNA.
The short fluctuating spikes of glycemia exacerbated mitochondrial
damage, reactive oxygen species formation and nitrotyrosine (NT)
level, compared to chronic hyperglycemia. These accentuated
metabolic memory observed under intermittent normoglycemia as the
vital factor to be considered in diabetics [121].

Thus not only hyperglycemia increases the NT level but also the
post prandial hypertriglyceridemia (ppHTG), which is substantiated to
be an independent predictor of CVD, evidenced by increased intima-
media thickness of carotid artery (IMT) in type 2 diabetics [122-124].
Ceriello et al. has reported that the endothelial dysfunction driven
by oscillating blood glucose is related to increased 3-nitroglycerine
level, a marker of reactive oxygen species and 8-iso prostaglandin F2a
(PGF2a) an indicator of lipid peroxidation [125]. In endothelial cells
of umbilical cord, an increase in IL-6 and adhesion molecules ICAM-1
and VCAM-1 has been monitored, which is influenced by oxidative
stress mediated PARP (polyADP ribose polymerase) activation and
isoforms of PKC [126,127]. Further, the increased nitrotyrosine and
peroxynitrite irreversibly oxidized the cysteine residue in SERCA,
blocking calcium reuptake.

Thus, primarily, while CVD is concerned, the severity of glycemic
fluctuations should be considered to frame an effective treatment
strategy. Even studies on diabetic cardiomyopathy centralizes only
on chronic hyperglycemia, and the treatment strategies concentrates
mainly on lowering lipid level, which has been ascertained to fluctuate
the blood glucose level. So far, none of the treatment regimen has been
demonstrated to influence long term normoglycemia [128,129].

Secondarily, family history of the patients also influences CVD
incidence. Pannacciulli et al. has demonstrated that the first degree
relatives of T2DM cases along with slight increase in blood glucose
augmented IMT at an early stage of diabetes. Their post prandial blood
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glucose level has been found to be relatively higher than in patients
without genetic predisposition, which might be due to the altered
substrate metabolism and decreased incretin hormones secretion
that influence post prandial insulin secretion [130,131]. Eventually,
Irrespective of age, obese individuals are more prone to endothelial
dysfunction. Further, diet plays a vital role in management of obesity
mediated T2DM conditions and its related complications. Ciccone et al.
has reported that dietary supplementation of Omega-3 Polyunsaturated
Fatty Acids in obese children has decreased inflammatory cytokine
production and improved endothelial functioning [132]. Thence, when
treatment for CVD is concerned, awareness on dietary habits that
mitigate the severity of CVD among diabetic patients may help avoid
obesity related complications and the detrimental effects of transient
hyperglycemia.

Conclusion

Recentevidences support the fact that DCM isinitiated via metabolic
perturbations in myocytes, in response to hyperglycemic milieu.
Chronic hyperglycemia intends to cause oxidative stress, ER stress,
apoptosis and fibrosis inducing structural disturbances and functional
abnormalities. Though DCM has been reported in patients progressing
with microangiopathy, there remains a considerable controversy over
what are the actual underlying mechanisms of such coexistence. This
review relates one of such mechanism as, epigenetic changes that occur
along with renal failure, though this area has to be explored more to
elucidate the codependence. Despite the understanding on chronic
hyperglycemia mediated DCM, fluctuating blood glucose level as seen
in diabetic patients due to post prandial glucose level and medications
should also be considered, to maintain long term normoglycemia
that could combat the detrimental effects of transient HG. However
family history and obesity regardless of age factor has also been found
to influence CVD incidence. Besides, this review conveys that, the
molecular mechanisms cardiac myocytes carry out under chronic HG
is conceived to be adaptive in the earlier stages, which turns out to be
maladaptive influencing disease progression. Thus in diabetic patients
family history and obesity should be considered to decide the time for
intervention, and the treatment strategies focusing the early stage of
DCM considering the epigenetic changes and glycemic excursions may
provide a better management of DCM progression.
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