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Abstract In recent years, diabetes mellitus has become an
epidemic and now represents one of the most prevalent disor-
ders. Cardiovascular complications are the major cause of
mortality and morbidity in diabetic patients. While ischaemic
events dominate the cardiac complications of diabetes, it is
widely recognised that the risk for developing heart failure is
also increased in the absence of overt myocardial ischaemia
and hypertension or is accelerated in the presence of these
comorbidities. These diabetes-associated changes in myocar-
dial structure and function have been called diabetic cardio-
myopathy. Numerous molecular mechanisms have been pro-
posed to contribute to the development of diabetic cardiomy-
opathy following analysis of various animal models of type 1
or type 2 diabetes and in genetically modified mouse models.
The steady increase in reports presenting novel mechanistic
data on this subject expands the list of potential underlying
mechanisms. The current review provides an update on mo-
lecular alterations that may contribute to the structural and
functional alterations in the diabetic heart.
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MAPK Mitogen-activated protein kinase
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miRNA MicroRNA

MMP Matrix metalloproteinase

MTOR Mammalian target of rapamycin

MVO, Myocardial oxygen consumption

NF-xB Nuclear factor kB

OXPHOS  Oxidative phosphorylation

PARP-1 Poly(ADP-ribose) polymerase-1

PI3K Phosphatidylinositol 3-kinase

RAAS Renin—angiotensin—aldosterone system

RAGE Receptor for AGEs

ROS Reactive oxygen species
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ATPase

SR Sarcoplasmic reticulum

STZ Streptozotocin

UPR Unfolded protein response

Introduction

The prevalence of diabetes mellitus continues to increase and is
driven in part by the accompanying obesity epidemic. In 2011,
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8.3% of the US population or 25.8 million individuals have
diabetes (18.8 million people diagnosed and 7.0 million people
undiagnosed). In addition, 25.4% are considered to have predi-
abetes [1]. Cardiovascular complications, mainly ischaemic
heart disease, are the major cause of morbidity and mortality
in patients with diabetes. However, in population-based studies,
the risk of heart failure in patients with diabetes (particularly
type 2) is significantly increased following adjustment for well-
established heart failure risk factors such as hypertension or
ischaemic heart disease. The earliest report of this association
was published 40 years ago by Rubler and colleagues, who
reported post-mortem data from four diabetic patients following
death from heart failure without evidence of hypertension, myo-
cardial ischaemia or congenital or valvular heart disease [2].
Similarly, a more recent study by de Simone et al reported an
increased risk of heart failure in patients with type 2 diabetes,
independent of concurrent myocardial infarction and hyperten-
sion [3]. Thus, the term ‘diabetic cardiomyopathy’ was coined,
defined as ventricular dysfunction in the absence of coronary
artery disease (CAD) and hypertension. Some have argued that
if a strict definition of structural changes leading to clinically
meaningful cardiac dysfunction is applied, then a distinct car-
diomyopathy of diabetes might not exist in humans with type 1
diabetes [4]. Nevertheless, many studies in humans have pro-
vided strong evidence for structural and subcellular changes that
adversely affect the response of the heart to subsequent stressors.
Potential mechanisms extend beyond consequences of diabetes-
associated hyperglycaemia and reflect the interaction of multiple
factors, which in combination may adversely affect cardiac
structure and function. The current review provides an overview
of recently described molecular mechanisms that may contribute
to the development of diabetic cardiomyopathy.

Structural and functional changes

A prominent feature of the diabetic myocardium is cardiac
hypertrophy. Data from the Strong Heart study and the Car-
diovascular Health study revealed an independent association
between diabetes and cardiac hypertrophy (increased left ven-
tricular [LV] mass and wall thickness) that was accompanied
by compromised systolic and diastolic function [5, 6]. These
changes in myocardial structure were confirmed independent-
ly in the Framingham cohort where cardiac hypertrophy was
noted to correlate with glycaemic control in diabetic women
independently of blood pressure [7].

Diastolic dysfunction has been described as an early func-
tional alteration in the diabetic myocardium. Using convention-
al echocardiography and tissue Doppler imaging, diastolic dys-
function is detected in 40—75% of patients with type 1 or type 2
diabetes [8, 9]. Systolic dysfunction may also develop but
mostly at a later stage of the disease, presenting a challenge
for diagnosis using conventional echocardiography. Using

strain analysis and measurements of peak systolic velocity,
subtle abnormalities in systolic function have, however, been
described in 24% of patients with diabetes mellitus without
CAD or LV hypertrophy [10]. A recent study showed that using
systolic strain analyses, systolic dysfunction can also be detect-
ed in diabetic patients with normal diastolic function, suggest-
ing that diastolic dysfunction may not necessarily be the first
functional alteration in diabetic cardiomyopathy [11].

Systolic and diastolic dysfunction can be consistently
reproduced in a variety of rodent models, including models
of type 1 and type 2 diabetes, as reviewed in detail elsewhere
[12]. Indeed, mice and rats represent a useful model system
with which to investigate molecular mechanisms of diabetic
cardiomyopathy since rodents do not develop atherosclerosis
when rendered diabetic in the absence of mutations that pre-
cipitate severe hypercholesterolaemia [13].

Diabetes increases the risk of heart failure. The increased
heart failure risk persists even after adjusting for
underlying cardiac ischemia and hypertension. Diabetes
is associated with detectable changes in LV structure and
function in the absence of active ischaemia.

Molecular mechanisms of diabetic cardiomyopathy

In the following subsections, we will provide concise overviews
of molecular mechanisms that have been proposed to contribute
to the development of diabetic cardiomyopathy, with a focus not
only on established mechanisms but also on novel or emerging
mechanisms (summarised in Fig. 1). Many of these areas war-
rant independent and comprehensive review. Because of space
limitations our intent is to provide the reader with an introduc-
tion to the complex pathophysiology of diabetic cardiomyopa-
thy as a road map for more detailed exploration. In addition, it is
important to note that many of these mechanisms are highly
interrelated, despite being presented as separate topics. Exam-
ples of these interactions are mentioned in the legend to Fig. 1.

The metabolic milieu associated with diabetes, such
as hyperglycaemia, increased circulating fatty acids
and triacylglycerols, hyperinsulinaemia, increased
inflammatory cytokines, alter multiple molecular
pathways within the cardiomyocyte, which impair
cardiac contractility and promote myocyte dysfunction,
injury and cell death.

AGEs AGE:s are predominantly long-lived proteins that become
glycated after exposure to sugars, which alters their functional
properties [14]. The increased formation of AGEs secondary to
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Fig. 1 Schematic depiction of the multiple potential mechanisms that
have been implicated in the pathophysiology of diabetic cardiomyopathy.
Although depicted as separate mechanisms, these pathways interact with
each other in complex ways. Examples include: (1) increased FA

hyperglycaemia may alter structural proteins and lead to in-
creased myocardial stiffness. AGEs can cause crosslinks in
collagen molecules, thereby impairing the ability of collagen to
be degraded, leading to increased fibrosis with subsequent in-
creased myocardial stiffness and impaired cardiac relaxation
[15]. AGE:s also act via AGE receptors (RAGE), the expression
of which is induced in diabetic hearts by oxidative stress [16].
Increased AGE and RAGE activation leads to activation of
nuclear factor kB (NF-kB) signalling, which may contribute to
the switch towards increased expression of the (3-myosin heavy
chain (MHC) isoform in diabetic hearts [16]. Treatment with
dehydroepiandrosterone counteracts oxidative stress-induced
RAGE activation both in hearts of streptozotocin (STZ)-induced
diabetic rats and Zucker diabetic fatty (ZDF) rats and normalises
NF-kf signalling and the MHC isoform switch, which are early
events in diabetic cardiomyopathy. In addition, hearts of STZ-
diabetic rats exhibit crosslinked AGEs on the sarcoplasmic/
endoplasmic reticulum calcium ATPase (SERCA)-2a pump,
which may impair sarcoplasmic reticulum (SR) Ca®" reuptake
in cardiac myocytes [17, 18]. Long-term treatment with an AGE
crosslink breaker partially normalises SR Ca”" handling [18]. In
a separate study, STZ-induced diabetes was observed to mark-
edly decrease the maximum and minimum rate of pressure
change in the ventricle and LV developed pressure determined
by cardiac catheterisation. These haemodynamic impairments
were prevented by RAGE gene knockdown [19]. Thus, targeting
the AGE/RAGE axis may represent a potentially useful thera-
peutic approach that needs to be explored in further detail.

Fibrosis Increased fibrosis is frequently observed in diabetic
cardiomyopathy. Increased perivascular and intermyofibrillar
fibrosis has been observed in human myocardial samples in
the absence of CAD and hypertension [20, 21]. Similarly, in
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oxidation and lipotoxicity may promote mitochondrial dysfunction; (2)
mitochondrial dysfunction and ER stress may increase apoptosis; (3)
oxidative stress, increased AGE signalling and inflammation may pro-
mote increased expression of pro-fibrotic genes or promote apoptosis

rodent models, hearts of rodents with STZ-induced type 1
diabetes and Otsuka Long Evans Tokushima fatty (OLETF)
rats with type 2 diabetes show increased connective tissue
content [22-24]. Increased collagen deposition may be related
to increased expression of TGF-3 and connective tissue
growth factor (CTGF), transcription factors that drive collagen
production, or may be related to increased activation of poly
(ADP-ribose) polymerase 1 (PARP-1) [25]. In addition, dys-
regulation of extracellular matrix degradation due to remod-
elling of matrix metalloproteinases (MMPs), in particular
reduced expression of MMP-2, contribute to increased con-
nective tissue content in diabetic hearts [22, 26].

Inflammation Diabetes is a pro-inflammatory state [27] and
many groups have reported an increase in tissue concentrations
of cytokines in various mouse models of diabetes suggesting an
important contribution of inflammation to the development of
diabetic cardiomyopathy. These studies demonstrated
intramyocardial inflammation in diabetic cardiomyopathy in-
cluding increased expression of cell adhesion molecules
(ICAM-1 and vascular cell adhesion molecule 1 [VCAM-1]),
increased infiltration of macrophages and leucocytes and in-
creased expression of inflammatory cytokines (IL-1f3, IL-6,
IL-18, TNF-& and TGF-f31) [22, 28-31]. Many interventions
have demonstrated beneficial effects, attributable in part to re-
duced cardiac inflammation. These interventions include angio-
tensin 1 (AT-1) receptor antagonism, activation of the kallikrein—
kinin system, inhibition of p38 mitogen-activated protein kinase
(MAPK) signalling, gene deletion of kinin receptor bl, inhibi-
tion of interleukin converting enzyme, atorvastatin treatment,
anti-TNF-« treatment, inactivation of GSK-3f3, and cannabidiol
treatment [22, 26, 28-30, 32-35]. Other proposed mechanisms
for increased inflammation in diabetic cardiomyopathy include
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oxidative stress via a Ras-related C3 botulinum toxin substrate 1
(RACT1)-mediated activation of NADPH oxidase and endoplas-
mic reticulum (ER) stress [36]. Although most of these mecha-
nisms have been studied in animal models of insulin-deficient
(type 1) diabetes, a smaller number of studies in animal models
of type 2 diabetes, such as the Zucker diabetic rat [37], the low-
dose STZ and high-fat diet rat model [38] or mice with diet-
induced obesity and diabetes [39], also revealed increased myo-
cardial inflammation that was driven in part by increased acti-
vation of M1 macrophages. Data on myocardial inflammation in
humans with diabetes are lacking to date. However, the findings
in animal models provide a strong rationale for studying these
mechanisms in humans, to definitively determine whether anti-
inflammatory strategies will have any clinical usefulness in
minimising cardiac complications of diabetes.

Apoptotic and necrotic cell death Many of the molecular
mechanisms that increase fibrosis and myocardial inflamma-
tion can activate pro-apoptotic signalling pathways or activate
necrosis signalling. Increased cell death is frequently observed
in hearts of humans with type 1 and type 2 diabetes and rodent
models of these disorders, and includes both apoptotic and
necrotic cell death [40—44]. Underlying mechanisms for in-
creased rates of apoptosis include increased production of
reactive oxygen species (ROS), increased circulating inflam-
matory cytokines and chemokines, caspase activation, Fas-
receptor-dependent and mitochondrion-dependent apoptosis,
ER stress, increased activation of the TGF-f3 signalling path-
way, increased local activation of the renin—angiotensin—aldo-
sterone system (RAAS), IGF-1 resistance and altered expres-
sion of pro- and anti-apoptotic molecules [42—48]. Increased
PARP-1 activation, impaired IGF-1 action and increased an-
giotensin II levels may also promote necrosis in diabetic hearts
[48]. Since overactivation of PARP-1 triggers the nuclear
translocation of apoptosis-inducing factor (AIF), resulting in
caspase-independent cell death, PARP-1-mediated cell death
may be distinct from apoptosis, necrosis or also autophagy
and is therefore termed parthanatos [49]. Recent data suggest a
role for forkhead box O1 (FOXO1)-mediated inducible nitric
oxide synthase-induced S-nitrosylation of PARP-1 target
proteins, such as glyceraldehyde 3-phosphate dehydro-
genase and caspase-3, in initiating cardiac cell death in
diabetic cardiomyopathy [50].

RAAS Activation of the intrinsic myocardial RAAS promotes
remodelling processes in the heart. Antagonising myocardial
aldosterone action has beneficial effects on cardiac myocyte
hypertrophy and myocardial fibrosis [51]. Several studies
have demonstrated increased connective tissue content in
STZ-diabetic mouse hearts, which can be attenuated by treat-
ment with the aldosterone antagonist spironolactone [22, 23,
26]. Cardiac angiotensin II receptor density and synthesis is
increased in STZ hearts, and increased superoxide

production and apoptosis can also be inhibited, at least
partially, by treatment with angiotensin receptor blockers
or ACE inhibitors [23, 52].

Impaired Ca’* handling Excitation contraction coupling is
essential for cardiac contractility. Excitation of the cardiomyo-
cyte results in increased Ca®" influx via L-type Ca®" channels,
which in turn triggers the release of Ca®" from the SR,
resulting in actin—-myosin interaction and mechanical work.
Relaxation occurs when Ca”" is actively re-imported into the
SR by SERCA-2a. In cardiomyocytes from an ob/ob mouse
model of type 2 diabetes, intracellular resting Ca®" concentra-
tions were elevated, intracellular Ca** decay was prolonged,
Ca”" transients were slower and smaller, responsiveness to
extracellular Ca®" was diminished, SERCA 2a activity was
decreased and SR Ca*" reuptake was impaired [53—55]. Per-
turbations in cardiac Ca®" handling have also been found in
Type 2 diabetic db/db mice, including decreased systolic and
diastolic levels of Ca®*, decreased rates of Ca®" decay, Ca**
leakage from the SR and decreased SR Ca”* load [56, 57].
Impairment in intracellular Ca®" handling in the heart also
occurs in rodent models of type 1 diabetes, involving in-
creased resting Ca®" levels, attenuated SR Ca®" release and
reuptake, delayed recovery of the intracellular Ca®" transient,
reduced expression of SERCA-2a and the Na'—Ca”" exchang-
er and compromised mitochondrial Ca*" handling [12,
58-63]. Very recent studies have implicated diabetes-
induced or glucose-dependent modifications of Ca**/calmod-
ulin-dependent protein kinase 2 (CAMKII) (i.e. oxidation or
modifications by O-linked N-acetylglucosamine), which in
diabetic models will impair SERCA function or ryanodine
receptor function, linking glucose-derived modifications of
this important signalling molecule to the pathophysiology of
contractile dysfunction in diabetes [64—66].

Increased fatty acid utilisation Hearts in humans with type 1
and type 2 diabetes and in rodent models of type 1 and type 2
diabetes are characterised by increased fatty acid (FA) uptake
and oxidation [67—69]. Increased FA utilisation likely results
from increased serum FA and triacylglycerol levels, and in-
creased activity of peroxisome proliferator-activated receptor
« (PPAR«), which determines FA oxidative capacity by in-
creasing FA oxidation gene expression [70]. Concomitantly,
glucose uptake, glycolysis and glucose oxidation are reduced
in diabetic hearts, most likely mediated by decreased GLUT4
expression and translocation and impaired pyruvate decarbox-
ylation [71-73]. Increased FA oxidation in diabetic hearts has
been shown to be associated with increased myocardial oxy-
gen consumption (MVO,), which is not accompanied by an
equivalent increase in cardiac contractility and thus results in
reduced cardiac efficiency (cardiac work/MVO,) [68, 74].
Increased MVO, and decreased cardiac efficiency is likely
the consequence of FA-induced mitochondrial uncoupling of
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ATP synthesis from oxygen consumption, leading to energy
depletion [75, 76]. This uncoupling is mediated by increased
proton flux through mitochondrial uncoupling proteins, which
are activated in this setting by reactive oxygen radicals [75,
77]. Interestingly, FA-induced ROS-mediated mitochondrial
uncoupling does not occur in certain mouse models of type 1
diabetes, such as the Akita diabetic mouse, indicating that
some mechanisms governing changes in myocardial energy
metabolism might be distinct in type 1 vs type 2 diabetes [67].

Lipotoxicity Diabetes is associated with myocardial lipid accu-
mulation. Cardiac lipotoxicity involves detrimental effects that
may arise from increased cardiomyocyte lipid uptake, use and
storage, which may adversely impact cardiomyocyte function.
It is likely that the mechanism for lipotoxicity arises not from
accumulation of triacylglycerol per se but is a result of increased
availability of lipid intermediates such as ceramides, diacyl-
glycerol or oxidised phospholipids. Lipotoxic cardiomyopathy
has been modelled in various transgenic animals in which FA
uptake was increased, including overexpression of long-chain
acyl-CoA synthetase 1, a glycosylphosphatidylinositol
membrane-anchored form of lipoprotein lipase (LPL), or FA
transport protein 1 [78—-80]. Increased myocardial lipid
utilisation and storage is also observed in literally all animal
models of diabetes to varying extents and in human cardiac
tissue as well [12, 69, 81]. Importantly, multiple approaches that
either increase triacylglycerol formation (diacylglycerol acyl
transferase transgenic) or increase FA oxidation [82] or increase
lipid export (ApoB transgenics) or decrease lipid uptake (CD36
or LPL knockout), in addition to anti-steatotic therapy with
thiazolidinediones, leptin or alpha lipoic acid can normalise
lipid-induced cardiac dysfunction [83—85]. These observations
suggest that increased utilisation or increased sequestration of
lipids may reduce the availability of potentially toxic lipid
intermediates. An important underlying mechanism for
lipotoxic damage may be increased rates of apoptotic cell death,
which may be due to increased ceramide biosynthesis, in-
creased ROS production, remodelling of the mitochondrial
membrane phospholipid composition, including a decrease in
cardiolipin content, and increases in the saturated lipid content
of the ER resulting in ER stress [86—89]. A recent study by
Michel et al also implicates small nucleolar RNAs (snoRNAs)
in the lipotoxic response of Chinese hamster ovary cells to
palmitate-induced apoptosis [90]. Finally, increased ceramide
levels can also activate inflammatory signalling pathways and
increase reactive nitrogen species [83].

Mitochondrial dysfunction Mitochondrial dysfunction has
been implicated in the pathogenesis of diabetes and its compli-
cations in literally all diabetes-affected tissues. The most com-
pelling evidence for mitochondrial dysfunction in human dia-
betic hearts was recently provided by Anderson and colleagues,
who observed impaired mitochondrial respiratory capacity,
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evidence of increased mitochondrial oxidative stress, and in-
creased sensitivity to calcium-induced opening of the mito-
chondrial permeability transition pore in atrial tissue of patients
with type 2 diabetes [91, 92]. Substantial evidence of mitochon-
drial dysfunction in diabetic hearts already existed 30 years ago
when Kuo and colleagues demonstrated reduced state 3 respi-
ration of mitochondria isolated from hearts of obese and Type 2
diabetic db/db mice [93]. Impairment in state 3 respiration,
mitochondrial oxidative stress and abnormal mitochondrial
ultrastructure have been observed in various rodent models with
different degrees of obesity, insulin resistance and insulin-
dependent and non-insulin-dependent diabetes (for detailed
review, see [12]). Mechanisms underlying the impairment in
oxidative capacity and mitochondrial morphology include ox-
idative damage, transcriptional and translational alterations of
oxidative phosphorylation (OXPHOS) subunit expression, im-
paired mitochondrial calcium handling and changes in cardiac
insulin signalling (for detailed review see [63, 94]). Mitochon-
drial dysfunction in diabetic hearts also includes FA-
induced mitochondrial uncoupling, which is described above
(see ‘Increased fatty acid utilisation’).

Altered myocardial insulin signalling Rodents in models of
type 2 diabetes exhibit insulin resistance in multiple tissues,
including the heart [68, 74]. However, it is important to note
that whereas impaired insulin-mediated glucose uptake is
nearly universally observed, activation of proximal insulin
signalling pathways may persist in humans and rodents with
diet-induced obesity and type 2 diabetes [73, 95]. Indeed,
excessive myocardial insulin signalling might contribute to
LV dysfunction in pressure overload cardiac hypertrophy [96]
and prevent ischaemic preconditioning [97]. Conversely,
prolonged high-fat feeding impairs downstream myocardial
insulin signalling to Akt and FOXO1, which may also inde-
pendently contribute to cardiac dysfunction [98]. Using mice
with a cardiomyocyte-restricted deletion of the insulin recep-
tor (CIRKO mice), we reported that complete absence of
myocardial insulin signalling impairs cardiac contractility,
mitochondrial respiratory capacity and expression of
OXPHOS genes [99]. In addition, mitochondrial levels of
proteins involved in FA oxidation and the tricarboxylic acid
cycle were decreased, and remodelling of the OXPHOS sub-
unit composition occurs at the protein level. Importantly,
CIRKO mice exhibit FA-induced ROS-mediated mitochon-
drial uncoupling, as observed in models of type 2 diabetes,
and the presence of mitochondrial defects caused by cardiac
insulin resistance may contribute to impaired cardiac efficien-
cy following induction of diabetes [99, 100].

Oxidative stress Oxidative stress is widely accepted to play an
important role in the development and progression of diabetes
and its complications. ROS can directly damage proteins or
phospholipids by oxidation, or secondarily, by oxidising lipids
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to reactive lipid peroxides, or by generating reactive nitrogen
species from nitric oxide. DNA is another major site of ROS-
induced damage and mitochondrial DNA has been proposed
to be particularly susceptible to oxidative damage [101].
Evidence of increased oxidative stress in human diabetic
hearts has been provided by Anderson et al who demonstrated
increased mitochondrial H,O, emission and increased levels
of 4-hydroxynonenal-modified proteins and 3-nitrotyrosine-
modified proteins [91]. In animal models of diabetes, several
independent groups reported increased mitochondrial protein
tyrosine nitration, increased levels of lipid peroxidation prod-
ucts, decreased levels of reduced glutathione and induction of
the antioxidant defence system [59, 75, 102, 103]. More causal
evidence for a role of ROS in the pathogenesis of diabetic
cardiomyopathy comes from studies by Epstein and colleagues,
who demonstrated that transgenic overexpression of catalase or
manganese superoxide dismutase in diabetic mice at least par-
tially restored impaired mitochondrial function and cardiomyo-
cyte contractility [59, 104]. Interestingly, although short-term
incubation of cardiomyocytes from non-diabetic control ani-
mals under high glucose conditions did not increase ROS
production, similar treatment of cardiomyocytes isolated from
the OVE26 mouse model of type 1 diabetes induced ROS
overproduction. A mitochondrial source for these ROS was
confirmed by overexpression of catalase or by inhibition of
OXPHOS complex I or II. Thus diabetes-induced changes in
mitochondria increase their propensity to overproduce super-
oxide, which is exacerbated in a hyperglycaemic environment.
Further evidence for a mitochondrial source of ROS in diabetic
hearts comes from Abel’s group who directly demonstrated
increased production of mitochondrial superoxide in diabetic
dbl/db mouse hearts [75]. Interestingly, some models of type 1
diabetes do not exhibit increased mitochondrial superoxide
generation in the heart, including the Akita mouse model and
STZ-induced diabetes, suggesting that mitochondria might not
be the major or sole source of ROS across multiple diabetes
models, or that certain mechanisms are distinct between animal
models of type 1 and type 2 diabetes [67, 105]. Others have also
shown increased myocardial NADPH oxidase-derived ROS
production in STZ-induced diabetes, ob/ob mice and obese
Zucker fa/fa rats; this is consistent with the model that oxidative
stress in diabetic hearts results both from mitochondrial and
extramitochondrial sources [35, 42, 106, 107].

Autophagy An interesting novel, but as yet relatively under-
investigated, candidate mechanism that may potentially con-
tribute to the pathophysiology of diabetic cardiomyopathy is
autophagy. Autophagy is a physiological process by which
long-lived proteins, ribosomes, lipids and even entire cellular
organelles are engulfed by double-membrane structures,
which are subsequently targeted to lysosomes for degradation
[108]. A low level of constitutive autophagy is important in
the heart for maintaining normal cellular function and protein

and organellar quality control [109]. Defects in this process
lead to cardiac dysfunction and heart failure, particularly when
cellular stress is increased [109]. Autophagy is implicated in
various cardiac disease states, including ischaemia—reperfu-
sion, chronic ischaemia, cardiac hypertrophy and heart failure
[110-112]. Autophagy induction can ameliorate disease path-
ogenesis or contribute to the progression of disease as a
function of the context or magnitude of induction [34, 113].
For example, activation of autophagy is protective during
ischaemia, when energy depletion occurs [112], whereas it
may be maladaptive in the load-stressed heart and during post-
ischaemic reperfusion [111, 112].

Little information is available regarding a role for autophagy
in the pathophysiology of diabetic cardiomyopathy. However,
recent findings have provided compelling evidence that insulin
signalling is an important regulator of myocardial autophagy
[114, 115]. Feeding mice a 60% fructose diet for 12 weeks to
induce type 2 diabetes caused myocardial insulin resistance,
which was associated with accumulation of autophagosomes as
demonstrated by increased levels of the autophagic markers
LC3B (microtubule-associated protein 1A/1B-light chain 3)
and p62 (nucleoporin p62) [116]. The concomitant increase in
p62 raises the possibility that turnover of autophagosomes
could be impaired in this model. Phosphatidylinositol
3-kinase (PI3K)/Akt signalling can negatively regulate autoph-
agy by inhibiting the mammalian target of rapamycin (MTOR)
and, accordingly, changes in autophagy were associated with
reduced PI3K/Akt signalling in these insulin-resistant hearts,
raising the possibility that myocardial insulin resistance may
trigger autophagy on the basis of reduced PI3K/Akt signalling
[117]. These results could imply a detrimental effect of autoph-
agy induction in insulin-resistant hearts. Conversely, autophagy
induction in ischaemic hearts has been proposed to play a
cardioprotective role [112, 118, 119]. How do we reconcile
the potential paradox that autophagy induction, while being
beneficial in ischaemic hearts, could be detrimental in diabetic
hearts? First, it is important to note that it remains to be
determined whether autophagy induction in hearts of models
of obesity and insulin resistance represents a compensatory
adaptation or directly contributes to pathophysiology. There is
an emerging consensus that induction of autophagy can either
antagonise disease pathogenesis or contribute to the progression
of disease depending on the context and amplitude of the
induction [120]. Keeping this in mind, it can be speculated that
acute autophagy induction (e.g. ischaemic heart) might be
beneficial whereas persistent autophagy induction (e.g. diabetic
heart, or as occurs in the failing heart) could be detrimental,
[111, 121]. Thus, the question of whether or not autophagy
induction is beneficial or maladaptive in insulin-resistant hearts
remains to be clarified using appropriate mechanistic models.

Xie et al demonstrated that in models of type 1 diabetes
(STZ model or OVE26 mice) cardiac dysfunction was asso-
ciated with repression of myocardial autophagy. This was
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hypothesised to occur on the basis of impaired activation of
the energy metabolic sensor AMP-activated protein kinase
(AMPK) [122]. AMPK activation inhibits MTOR and can
therefore activate autophagy [112]. Thus, restoration of
AMPK activity by metformin treatment enhanced autophagic
activity and improved cardiac function, suggesting that the
reduction in autophagy may have contributed to the disease
development [123]. Therefore, hearts in type 1 and type 2
diabetes may differ in autophagy activation (decreased vs
increased) and in the mechanisms that regulate autophagy
(PI3K/Akt vs AMPK). More studies are required to elucidate
whether autophagy is beneficial or detrimental in diverse
models of diabetes, whether regulatory mechanisms are iden-
tical or different and whether and how the severity and dura-
tion of diabetes might contribute to the changes in autophagy
observed in diabetic hearts.

MicroRNAs Diabetic cardiomyopathy is associated with
changes in global patterns of gene expression, which are asso-
ciated with microRNAs (miRNAs). These regulators of gene
expression are endogenous, noncoding, single-strand RNAs
with an average length of 22 nucleotides and are encoded by
short inverted repeats within the genome. miRNAs regulate
gene expression by two mechanisms, namely repression
of translation or by promoting degradation of target
mRNAs. Changes in individual miRNA levels have
been demonstrated to play important roles in the path-
ogenesis of a variety of diseases including diabetes.
Recent reports suggested a role for miR-143, miR-181,
miR-103, miR-107 and miR-802 in the regulation of
systemic glucose metabolism and insulin sensitivity,
thereby implicating miRNAs in the pathogenesis of in-
sulin resistance and type 2 diabetes [124—126].

A change in myocardial miRNA content is a plausible
mechanism that could be linked to changes in cardiac func-
tion. Global dysregulation of the miRNA biogenesis machin-
ery in the heart by cardiomyocyte-specific deletion of dicer
leads to rapidly progressive dilated cardiomyopathy and heart
failure [127]. Recent studies have also linked dysregulation of
specific miRNAs to the pathophysiology of diabetic cardio-
myopathy [128, 129]. MicroRNA-1, which accounts for ap-
proximately 40% of the total myocardial miRNA pool, has
been shown to downregulate Pim-1 in STZ-induced Type 1
diabetic mice, and restoration of Pim-1 levels prevented car-
diomyocyte apoptosis, ventricular dilatation and failure [130].
Myocardial expression of miRNA-133 is increased in the
alloxan-induced rabbit model of type 1 diabetes, and
miRNA-133 modulates connective tissue content by regulat-
ing CTGF expression, suggesting its contribution to fibrosis
induction in diabetic hearts [131, 132]. Considering that the
human genome may encode for more than 1,000 miRNAs and
that more than 60% of all mammalian genes may represent
conserved targets of miRNAs, and considering convincing
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data supporting a role for specific miRNAs in the regulation
of systemic metabolism, it appears likely that future studies
will identify novel dysregulation of additional specific
miRNAs that may contribute to the molecular defects that
characterise diabetic cardiomyopathy [133, 134].

Epigenetics Epigenetics refers to inheritable changes in gene
expression patterns that are not associated with altered DNA
sequence. Histone modification, in particular histone acetyla-
tion, is a major epigenetic mechanism that regulates gene
expression. The equilibrium of histone acetylation is largely
maintained through functional interplay between histone
acetyltransferases, which catalyse histone acetylation,
and histone deacetylases (HDACSs), which remove acetyl
groups. Dysregulation of histone acetylation contributes
to the development of a variety of diseases, and HDAC
inhibition is a widely discussed therapeutic option to
potentially treat a multitude of prevalent diseases such
as cancer and neurodegenerative, inflammatory and car-
diovascular disorders [135-137].

HDAC:S can be categorised into four classes depending on
sequence identity and domain organisation. Class Il HDACs
(HDACS, HDACY9) are able to suppress cardiac hypertrophy,
while class | HDACs promote cardiac hypertrophy [138, 139].
In hearts of Type 2 diabetic db/db mice, renal failure induced
by unilateral nephrectomy increased myocardial acetylation of
histone 3 at lysine 23 and 9, which correlated with increased
expression of cardiomyopathy-related genes and cardiac hy-
pertrophy [140]. These observations suggest an interaction
between uraemia and cardiac hypertrophy in type 2 diabetes
via a mechanism mediated by epigenetic modifications of
histone H3 in cardiomyocytes.

Another well-recognised epigenetic regulator is methyla-
tion of nuclear DNA. DNA methylation occurs mainly on
CpG islands in the 5' regulatory regions of many genes. In
many disease processes, such as cancer, CpG islands in gene
promoters acquire abnormal hypermethylation, resulting in
transcriptional silencing. Using cardiomyocytes of STZ-
diabetic rats, Monkemann et al demonstrated that overexpres-
sion of the gene encoding p21 and inhibition of expression of
the gene encoding cyclin D1 in diabetic hearts are
regulated by demethylation and hypermethylation, re-
spectively, of their 5'-flanking regions upon develop-
ment of diabetes [141]. The proteins are involved in
cell cycle regulation and are induced or repressed in
diabetic tissues [142, 143]. Taken together, epigenetic
modifications, which have the potential to influence the
expression of the entire genome, may represent an
under-investigated mechanism, which may potentially con-
tribute to the pathogenesis of diabetic cardiomyopathy.

ER stress A major function of the ER is protein folding and
modification. These processes can be interrupted by various
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factors, such as oxidative stress or perturbed calcium homeo-
stasis, leading to accumulation of unfolded proteins, which
ultimately end in apoptotic cell death. This fate can be
prevented by a quality control mechanism termed unfolded
protein response (UPR), which increases the levels of chaper-
ones and related proteins that accomplish protein folding in
the ER. ER stress has been identified to contribute to myocar-
dial apoptosis in animal models of type 1 and type 2 diabetes,
as demonstrated by induction of UPR signalling proteins and
ER stress-related apoptotic signalling proteins such as
glucose-regulated protein (GRP)78, GRP94, cleaved acti-
vating transcription factor 6 (ATF6), phosphorylated
elF2x, C/EBP homologous protein (CHOP) and caspase
12 [144-146]. Several studies suggest that ER stress may
be mediated by increased oxidative stress in diabetic
cardiomyopathy [36, 145, 147]. Of interest, while GLP-1
agonism may affect the diverse mechanisms that are im-
plicated in the pathophysiology of diabetic cardiomyopa-
thy, ER stress was recently noted to be attenuated by this
treatment [148, 149].

Multiple molecular mechanisms act in concert to impair
cardiac function and promote cardiomyocyte injury in
diabetes:

o Altered signal transduction (insulin signalling, renin—
angiotensin signalling)

* Altered metabolism and mitochondrial dysfunction

* Post-translational modifications of structural and signal-
ling proteins

* Altered cell homeostatic processes such as apoptosis and
autophagy and ER stress

» Changes in gene regulation (activation of transcription
factors, microRNAs and epigenetic mechanisms)

Conclusions

A large body of evidence supports the existence of a diabetic
cardiomyopathy, which will increase in prevalence in parallel
with the obesity epidemic. The increased vulnerability of indi-
viduals with diabetes to cardiovascular complications and heart
failure underscores the importance of developing novel thera-
peutic approaches. Many potential mechanisms have been
proposed and studied, and some interventions have demon-
strated beneficial effects on the associated pathological features
of diabetic cardiomyopathy in preclinical models. Some mech-
anisms, such as autophagy, microRNAs and epigenetic mech-
anisms, remain relatively under-investigated and require

further study. Thus an important need remains to further delin-
eate the basic mechanisms of diabetic cardiomyopathy and to
translate promising therapies in preclinical models to humans.
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