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The incidence and prevalence of diabetes mellitus are
each increasing rapidly in our society. The majority of
patients with diabetes succumb ultimately to heart
disease, much of which stems from atherosclerotic
disease and hypertension. However, cardiomyopathy
can develop independent of elevated blood pressure or
coronary artery disease, a process termed diabetic
cardiomyopathy. This disorder is a complex diabetes-
associated process characterized by significant changes
in the physiology, structure, and mechanical function of
the heart. Here, we review recently derived insights
into mechanisms and molecular events involved in the

pathogenesis of diabetic cardiomyopathy.

Introduction

Heart disease is rampant in the developed world, and the
epidemic is spreading rapidly around the globe [1]. Numerous
events contribute to the rise in heart disease, but the increasing
prevalence of diabetes is an important contributor. Diabetes
mellitus currently affects more than 180 million people around
the world, a statistic which has doubled since 2000; the num-
ber of affected individuals is anticipated to rise to 300 million
by 2025 [2]. In the US, one in three children over the age of 2
years is overweight, and one in six adolescents is obese. Dia-
betes and insulin resistance are powerful predictors of cardio-
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vascular morbidity and mortality and are independent risk
factors for death in patients with established heart failure (HF)
[3].

Patients with diabetes often develop atherosclerosis and
hypertension, both of which are major contributors to the
development of heart disease. However, cardiomyopathy can
also develop in the absence of established risk factors [4].
Indeed, over 4 decades ago Rubler et al. coined the phrase
‘diabetic cardiomyopathy’ to describe this form of disease [5].
Since then, this term has not emerged in the mainstream of
clinical jargon, as it is often difficult to exclude contributions
beyond diabetes alone in patients presenting with heart fail-
ure. Nevertheless, it is clear that this process, which some-
times emerges in isolation, is widespread and synergizes with
the numerous diabetic co-morbidities. Characteristic struc-
tural, morphological, and functional abnormalities seen in
diabetic cardiomyopathy are summarized in Box 1.

Several molecular mechanisms have been proposed to con-
tribute to the pathogenesis of diabetic cardiomyopathy [7-11].
However, evidence for a direct, causal link between insulin
resistance, a hallmark of diabetes, and ventricular dysfunction
has not been established. Here, we discuss evidence implicat-
ing a variety of molecular targets in the pathogenesis of this
disorder.

The natural history of diabetic cardiomyopathy has been
divided into two phases (Table 1) [10]. The first phase has
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Box |. Hallmark features of diabetic cardiomyopathy

Structural and morphological:

e Near-normal end-diastolic volume.

e Elevated left ventricular mass relative to chamber volume.
e Elevated wall thickness to chamber radius.

e Myocardial hypertrophy.

o Myocardial fibrosis.

o Intramyocyte lipid accumulation.

Functional

e Abnormal diastolic function (observed in 75% of asymptomatic
diabetic patients) [6].

o Compromised left ventricular systolic function.

o Reduced ventricular elasticity.

o Clinical heart failure.

been suggested to represent short-term, physiological adap-
tation to the metabolic alterations of diabetes; the second
phase involves degenerative changes which the myocardium
is unable to repair and that ultimately culminate in irrever-
sible pathological remodeling.

Molecular mechanisms

Diabetes mellitus is a complex disease characterized by hyper-
glycemia stemming from absolute or relative insulin defi-
ciency. In many instances, it is associated with insulin
resistance. The disease itself arises from a variety of causes
[12], including dysregulated glucose sensing or insulin secre-
tion (maturity-onset diabetes of the young), autoimmune-
mediated B-cell destruction (type 1 diabetes, T1IDM), or
insufficient compensatory insulin secretion in the setting
of peripheral insulin resistance (type 2 diabetes, T2DM,
which accounts for 90% of diabetes).

The concept of diabetic cardiomyopathy is based on the
notion that the disease, diabetes mellitus, itself is the key
factor eliciting changes at the molecular and cellular levels of
the myocyte, culminating in structural and functional
abnormalities in the heart [5]. The etiology of diabetic car-
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diomyopathy is multifactorial and incompletely character-
ized (Fig. 1).

The hormone insulin is central to the control of inter-
mediary metabolism, orchestrating substrate utilization for
storage or oxidation in all cells [13]. As a result, insulin has
profound effects on both carbohydrate and lipid metabolism
throughout the body, as well as significant influences on
protein metabolism. Consequently, derangements in insulin
signaling have widespread and devastating effects in numer-
ous tissues, including the cardiovascular system. Insulin is
the main hormone for the regulation of blood glucose and,
generally, normoglycemia is maintained by a precisely tuned
balance between insulin action and insulin secretion. Impor-
tantly, the normal pancreatic B-cell can adapt to changes in
requirements for circulating insulin; when the downstream
actions of insulin are hampered (e.g. insulin resistance), the
pancreas compensates by up-regulating B-cell function
(hyperinsulinemia). Relative insulin resistance occurs when
the biological actions of insulin are inadequate for both
glucose disposal in peripheral tissues and for suppression
of hepatic glucose production [14].

Hyperglycemia and glucotoxicity

Hyperglycemia, a consequence of decreased glucose clear-
ance and augmented hepatic gluconeogenesis, plays a central
role in the pathogenesis of diabetic cardiomyopathy. In
patients with T2DM, endogenous glucose production is accel-
erated [15]. As this increase occurs in the presence of hyper-
insulinemia, at least in the early and intermediate stages of
disease, it is apparent that hepatic insulin resistance is a
driving force of hyperglycemia.

Chronic hyperglycemia leads to glucotoxicity, which con-
tributes to cardiac injury through multiple mechanisms,
including direct and indirect effects of glucose on cardio-
myocytes, cardiac fibroblasts, and endothelial cells. Chronic
hyperglycemia promotes the over-production of reactive
oxygen species (ROS) through the electron transport chain
which can induce apoptosis [16] and activate poly (ADP-
ribose) polymerase-1 (PARP). This enzyme mediates the direct

Table |I. Natural history of diabetic cardiomyopathy.

Phase Molecular and cellular events

Alterations in structure and morphology

Myocardial performance

Early Metabolic disturbances: hyperglycemia, Insignificant changes in myocardial structure: Impaired diastolic compliance
increased circulating free fatty acids, normal LV dimensions, wall thickness, and mass with normal systolic function, or
insulin resistanceAltered Ca*" no obvious functional changes
homeostasisEndothelial dysfunction

Middle Cardiomyocyte injury, apoptosis, Minor changes in structure: slightly increased heart mass, Significant changes in diastolic
necrosisActivation of cardiac fibroblasts wall thickness or sizeCardiomyocyte and systolic function
leading to myocardial fibrosis hypertrophylnsignificant myocardial vascular changes

Late Hypertension Coronary artery Significant changes in structure: increased heart size, Abnormal diastolic and

diseaseMicroangiopathy Cardiac
autonomic neuropathy

wall thickness and mass Myocardial microvascular disease

systolic function
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Forkhead box O group transcription factors; NO, nitric oxide.

Diabetic cardiomyopathy

Triggers, mediators, and consequences involved in the pathogenesis of diabetic cardiomyopathy. RAAS, renin—angiotensin—aldosterone system;
PKC, protein kinase C; ROS, reactive oxygen species; AGE, advanced glycation end products; PPARq, peroxisome proliferator-activated receptor-a; FoxO,
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ribosylation and inhibition of glyceraldehyde phosphate
dehydrogenase (GAPDH), diverting glucose from the glyco-
lytic pathway toward alternative biochemical cascades that
participate in hyperglycemia-induced cellular injury. These
include increases in advanced glycation end products (AGEs)
and the activation of the hexosamine pathway, the polyol
pathway, and protein kinase C [16,17]. Hyperglycemia-
induced apoptosis is stimulated by ROS [18], PARP [19], AGEs
[20] and aldose reductase [21]. Hyperglycemia also contri-
butes to altered cardiac structure and function through post-
translational modification of extracellular matrix compo-
nents (e.g. collagens) and altered expression and function
of both the ryanodine receptor (RyR) and sarco(endo)plasmic
reticulum Ca®*-ATPase (SERCA), which in aggregate contri-
bute to decreased systolic and diastolic function [16].

Hyperlipidemia and lipotoxicity

Enhanced lipid synthesis in hepatocytes and increased lipo-
lysisin adipocytes together lead to increases in circulating FAs
and triglycerides (TGs) in patients with diabetes. Also, insulin
stimulates FA transport into cardiomyocytes [22]. Thus, ele-
vated circulating lipids and hyperinsulinemia together
increase FA delivery to cardiac cells which rapidly adapt by
promoting FA utilization. However, if FA delivery overtakes
the oxidative capacity of the cell, FAs accumulate intracellu-

larly with lipotoxicity the result [23]. Several major mechan-
isms contribute to cardiac lipotoxicity:

e ROS generation: High rates of FA oxidation increase mito-
chondrial membrane potential, leading to the production
of ROS, which under normal, physiological conditions are
removed by molecular antioxidants and antioxidant
enzymes. However cardiomyocyte damage and death by
apoptosis ensue if ROS generation exceeding degradation
leads to ROS accumulation (oxidative stress) [24].
Ceramide production: Accumulation of intracellular lipids
can contribute directly to cell death under conditions in
which FAs are not metabolized [25,26]. Reaction of palmi-
tyol-CoA with serine leads to the generation of ceramide, a
sphingolipid which can trigger apoptosis through inhibi-
tion of the mitochondrial respiratory chain [27].

Insulin resistance: Diacylglycerol, ceramide, and fatty acyl
CoA can each activate a negative regulatory signaling path-
way involving the atypical protein kinase C-6 and IkB
kinase (IKK). Both kinases, in turn, stimulate serine phos-
phorylation of the IRS (insulin receptor substrate), impair-
ing insulin signaling [28].

Impaired contractility: Intracellular FA accumulation can
trigger opening of the K-ATP channel leading to action
potential shortening. This, in turn, diminishes the duty
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cycle of the L-type Ca®* channel, leading to reduced sarco-
plasmic reticular Ca®* stores and depressed contractility [29].

Thus, high FA uptake and metabolism not only stimulate
accumulation of FA intermediates but also increases oxygen
demand, provoke mitochondrial uncoupling and ROS genera-
tion, decrease ATP synthesis, induce mitochondrial dysfunc-
tion, and trigger apoptosis. Together, these events participate
importantly in the pathogenesis of diabetic cardiomyopathy.

Hyperinsulinemia, insulin resistance, and altered
substrate metabolism

Early clinical studies reported an association between sys-
temic hyperinsulinemia and development of cardiac hyper-
trophy [30,31]. Potential mechanistic explanations include
cross-talk between insulin-dependent signaling and pro-
growth pathways in the heart. For example, the signaling
cascade activated by insulin shares common elements with
the neurohormonal growth agonists IGF-1 and angiotensin II
(Ang II) [32]. These pathways, in turn, activate both the ERK
and PI3K/PKB/Akt/mTOR cascades, each of which is involved
in regulating cell growth and protein synthesis. Activation of
the latter pathway (PI3K/PKB/Akt/mTOR) is associated with
the development of physiological hypertrophy, whereas ERK
signaling, along with the PKC and calcineurin/NFAT path-
ways, mediates pathological hypertrophy [32]. Also, activa-
tion of the sympathetic nervous system (SNS) and the renin-
angiotensin system (RAS) have each been reported in dia-
betes, leading to enhanced stimulation of both adrenergic
and AT1 receptors [10,33]. Chronic hyperinsulinemia may
augment myocardial Akt-1 indirectly through increased SNS
activation [34] or by triggering the Ang II pathway [35].

In a normal heart, approximately two-thirds of the energy
required for cardiac contractility is derived from FA oxida-
tion, with the remainder being derived from glucose and
lactate metabolism. By contrast, in conditions of insulin
resistance or diabetes, myocardial glucose use is significantly
reduced, and a greater proportion of substrate utilization
shifts to B-oxidation of FA [36]. Associated with the reduction
in glucose use by diabetic myocardium is depletion of the
glucose transporter proteins, GLUT-1 and -4. Indeed, altered
myocardial substrate metabolism favoring FAs over glucose as
energy source has been identified as a metabolic target of
relevance. The diabetic heart relies on FA oxidation and is
unable to switch to glucose, despite its lower oxygen con-
sumption requirement. As a consequence, cardiac efficiency,
the ratio of cardiac work to myocardial oxygen consumption,
decreases; diminished cardiac efficiency has been reported in
humans and experimental animals with diabetes [7-9,11].

Insulin resistance is defined as diminished insulin-depen-
dent stimulation of myocardial glucose uptake [7-9,11].
Underlying mechanisms include accumulation of FAs which
impairs insulin-mediated glucose uptake through inhibition
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of IRS and Akt. As noted above, the serine protein kinases
PKC-6 and IKK, which elicit serine phosphorylation of IRS, are
activated [37]. Phosphorylation and activation of PI3K and
Akt are reduced with significant consequences on the meta-
bolic effects of insulin in the heart [38].

Abnormalities in intracellular Ca** homeostasis
Precise control of intracellular Ca®>* homeostasis is central to
the regulation of myocardial function and growth [39]. Dur-
ing each heartbeat, Ca>* enters the cardiomyocyte through L-
type channels. The resulting increase in intracellular Ca**
triggers further Ca®* release from the SR through the RyR,
raising Ca®" levels around the sarcomere. Binding of Ca®* to
troponin C in the contractile apparatus, in turn, initiates
actin-myosin cross-bridging and myocardial contraction.
Ca?* reuptake into the SR by SERCA and consequent decline
in cytoplasmic Ca>* allow for cardiac relaxation [39]. Oxida-
tive stress, accumulation of long-chain acetylcarnitines, and
abnormal membrane lipid content also contribute to
abnormalities of Ca** handling in diabetic cardiomyopathy
[9]. Alterations in the function or expression of SERCA, Na-K-
ATPase Na*/Ca** exchanger, and RyR have each been
observed in diabetic animals [40-43], and cardiac over-
expression of SERCA improves Ca?* homeostasis and con-
traction in diabetic mice [44].

Mitochondrial dysfunction and oxidative stress
Mechanisms whereby mitochondrial dysfunction contri-
butes to diabetic cardiomyopathy are poorly understood.
However, existing evidence suggests that hyperglycemia-
induced mitochondrial ROS is a significant contributor [7-
9,11]. Mitochondrial oxidative metabolism is the major
source of ATP production in the heart. Acetyl-CoA generated
from either FA oxidation or glycolysis is metabolized in the
tricarboxylic acid cycle for the production of NADH and
FADH2. These electron carriers transfer electrons to the
mitochondrial electron transport chain, where ATP and
ROS are generated. Increased ROS generation in the setting
of high FA oxidation induces pathological accumulation of
ROS and consequent oxidative stress and cell damage [7-
9,11]. In addition, some studies suggest that hyperglycemia
promotes the production of mitochondria-derived ROS and
Racl-mediated increases in NADPH [45], each promoting
accelerated apoptosis. The activation of NADPH oxidase by
Racl can induce myocardial remodeling and dysfunction in
diabetic mice [46], suggesting that these two molecules are
relevant therapeutic targets. Inhibition of ROS by over-
expression of antioxidant enzymes protects against mito-
chondrial dysfunction and cardiomyopathy [47].

Dysregulation of renin-angiotensin system
Involvement of the renin-angiotensin system (RAS) in the
pathogenesis of diabetes-associated HF is becoming increas-
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ingly recognized. For example, angiotensin II (Ang II) has
diverse and widespread actions that affect cardiac function
[48]. Ang II also exerts actions on other insulin-sensitive
tissues, such as liver, skeletal muscle, and adipose tissue,
where it has effects on the insulin receptor (IR), IRS proteins,
and the downstream effectors PI3K, Akt, and GLUT4 [49].
Underlying molecular mechanisms have not been elucidated
definitively, but phosphorylation of both the IR and IRS-1
proteins contributing to desensitization of insulin action is
well established [49]. Ang II also has direct effects on cardi-
omyocytes and cardiac fibroblasts through AT1 receptors,
promoting cardiac hypertrophy and fibrosis [50]. Both hyper-
glycemia and diabetes induce cardiac dysfunction which can
be prevented by pharmacological inhibition of the RAS [33].
Up-regulation of the RAS has also been described in diabetes
and is associated with the development of cardiac hypertro-
phy and fibrosis [51,52]. In addition, cardiomyocytes and
endothelial cells in the hearts of individuals with diabetes
and end-stage HF manifest evidence of oxidative stress, apop-
tosis, and necrosis that correlate with RAS activation [53,54].

Adipokines

Historically, adipose tissue has been viewed largely as a
repository for surplus lipid, available for mobilization in
times of metabolic need. It is now known that adipocytes
synthesize and secrete several cytokines (adipokines) that
play significant roles in type II diabetes and insulin resistance
and interact with most organs in the body. Studies to date
have focused on the effects of adipokines in promoting or
retarding progression from metabolic syndrome to overt
T2DM. However, the effects of long-term exposure to circu-
lating adipokines in diabetes warrant further exploration.

e Leptin: The hormone leptin is largely involved in regulating
food intake, via actions in the central nervous system, and
energy metabolism in peripheral tissues. However, despite
extensive investigation into the role of leptin in diabetic
cardiomyopathy, controversy persists [S5]. For one, leptin
has been thought to exert largely detrimental effects on the
heart, including negative inotropy (mediated by endogen-
ously produced nitric oxide), pro-hypertrophy (via an auto-
crine response to endothelin-1 and Ang Il stimulation), and
decreased cardiac efficiency (mediated by increased FA
oxidation and TG hydrolysis) [9]. Now, there is growing
evidence to suggest that leptin protects the heart from
lipotoxicity and the relatively hypoxic milieu associated
with diabetic cardiomyopathy. Administration of exogen-
ous leptin reverses both LV dysfunction and hypertrophy
and is associated with improved mortality in leptin-defi-
cient-ob/ob mice following 4 weeks of coronary ligation
[56]. Although elevated plasma leptin levels are generally
predictors of poor outcome in patients with coronary artery
disease and HF, leptin may protect against ischemia/reper-
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fusion injury, possibly via ERK1/2 and PI3K-dependent
mechanisms [57]. A possible explanation for these apparent
contradictions is the complex interplay between the effects
of provoking a central, sympathetic response and the per-
ipheral actions of leptin. Unraveling these multifactorial
actions will require both cardiac-specific inactivation of
leptin receptors and studies of the central nervous system
effects of leptin.

o Adiponectin: Adiponectin is an adipose-tissue-derived hor-
mone that circulates at high levels (5-10 pg/mL). In both
humans and rodents, plasma adiponectin levels correlate
positively with insulin sensitivity and inversely with hyper-
tension, hyperlipidemia, and insulin resistance [58]. Adi-
ponectin
suppresses glucose production in liver, which together
antagonize the metabolic syndrome and maintain whole
body energy homeostasis [59]. Depressed levels of circulat-
ing adiponectin correlated with elevated risk of myocardial
infarction, CAD, and HF [60].

Very recently, mechanisms underlying the actions of
adiponectin on the cardiovascular system have been
uncovered. Shibata ef al. reported that adiponectin elicits
anti-hypertrophic effects during cardiac remodeling; adi-
ponectin-deficient animals manifest elevated left ventricu-
lar hypertrophy after thoracic aortic constriction (TAC)
surgery [61]. Conversely, adenoviral reconstitution of cir-
culating levels of adiponectin rescues cardiac hypertrophy
and dysfunction after TAC through activation of AMPK
[61]. In another study, this same group reported that
adiponectin mitigates ischemia/reperfusion injury to the
myocardium through activation of AMPK and cyclooxy-
genase 2 [62]. Interestingly, adiponectin has been detected
in cardiomyocytes, raising the possibilities of both auto-
crine and paracrine effects within the myocardium [63].
Also recently, it has been shown that adiponectin treat-
ment can increase intracellular calcium levels in muscle
through adiponectin receptor 1 [64]; however, the function
of adiponectin on cardiomyocyte calcium homeostasis
remains to be elucidated.

stimulates beta oxidation in muscle and

e Resistin: This 12 kDa hormone circulates as a high order
complex in plasma [65]. Ample evidence from animal
studies points to a significant proinflammatory action of
resistin to promote insulin resistance in various tissues [66].
Epidemiological studies have revealed a positive correla-
tion between circulating resistin levels and risk of devel-
oping HF [67]. Recent studies suggest that resistin can
modulate glucose metabolism, insulin signaling, and con-
tractile performance in the diabetic heart. Resistin has been
reported to impair glucose transport in isolated murine
cardiomyocytes and to be up-regulated by cyclic stretch
and aorta-caval shunting in rodent models, suggesting that
resistin impacts cardiac function [9]. Adenoviral transduc-
tion of resistin in neonatal rat cardiomyocytes triggers
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robust hypertrophy with increased expression of hyper-
trophic genes [68]. Resistin is also associated with activa-
tion of the ERK1/2-p38 MAPK pathways and with increased
serine-636 phosphorylation of IRS-1 [68]. Adenoviral
induction of resistin in adult myocytes reduces contracti-
lity, possibly via a reduction in Ca* transients [68]. It is
likely, therefore, that high levels of resistin as observed in
diabetes contribute to the impairment of cardiac function,
possibly through alterations in cardiac metabolism and the
induction of myocardial insulin resistance.

FoxO transcription factors

FoxO (Forkhead box-containing protein, O subfamily) pro-
teins are emerging as important targets of insulin and other
growth factor action in the myocardium [69,70]. Originally

identified by their involvement in chromosomal transloca-
tions associated with leukemias and rhabdomyosarcomas
[69,70], abundant evidence now suggests that three members
of the FoxO subfamily, FoxO1, FoxO3, and FoxO4, are crucial
to maintain of cardiac function and cardiac stress-respon-
siveness. The direct metabolic effects of FoxO signaling are
not yet entirely clear, and actions of FoxO in non-myocyte
cellular elements of the heart are largely unknown.

With respect to cardiac function, FoxO factors participate
in remodeling [71,72], autophagy [73], apoptosis [74],
responses to oxidative stress [75], regulation of metabolism
[76], and cell cycle control [77] (Fig. 2). Through a variety of
transcriptional targets, FoxO factors facilitate the response to
changes in the environment via regulation of metabolic
enzymes and energy-dependent proteins. Work in Caenor-
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Figure 2. FoxO transcription factors in cardiac insulin signaling. In normal cardiomyocytes, insulin triggers the PI3K-Akt signaling pathway, resulting in
increased Akt phosphorylation. Phosphorylated Akt moves into the nucleus, phosphorylates and inactivates FoxO by promoting nuclear exclusion. At the
same time, FoxO activation triggers production of atrogin- |, which degrades calcineurin, releasing Akt from calcineurin-dependent dephosphorylation. This
calcineurin/PP2A-dependent mechanism promotes hyperphosphorylation of endogenous Akt and consequent diminished insulin sensitivity and impaired
glucose metabolism. Activation of FoxO factors also up-regulates various target genes involved in myocyte remodeling, autophagy, apoptosis, ROS
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habditis elegans has demonstrated a link between hormonal
inputs, Akt signaling, and FoxO [75,78]. Whereas the tradi-
tional notion is that FoxO-dependent transcriptional activity
is inhibited by PI3K-Akt signaling, a more complex feedback
regulatory network has been reported by our group, position-
ing FoxO proteins as central elements in the control of insulin
signaling [79]. Forced expression of FoxO in primary cardi-
omyocytes triggers Akt phosphorylation via a calcineurin/
PP2A-dependent mechanism, culminating in reduced insulin
sensitivity and impaired glucose metabolism (Fig. 2). At pre-
sent, we are testing the physiological relevance of this novel
pathway as a potential avenue for the treatment of metabolic
syndrome and insulin-resistance-induced diabetic cardio-
myopathy.

Potential therapeutic options

Therapy specific for diabetic cardiomyopathy does not exist,
but there is reason to believe that such may emerge in the
future. The central role of myocyte insulin resistance in the
pathogenesis of cardiomyopathy suggests that this signaling
cascade is a logical starting point for targeted treatment. For
one, lifestyle changes, including diet and exercise, can reduce
the incidence of T2DM and improve cardiovascular health
[80]. Additionally, drugs that enhance glycemic control, like
the anti-diabetic drug metformin, which activates AMPK,
may confer cardiovascular benefit. AMPK plays a central role
in the heart regulating metabolism and energy homeostasis
[81]. By contrast, AMPK activation can be cardioprotective
during conditions of ischemic stress. Incretin pathway mod-
ulators, such as GLP-1 agonists, have been suggested to be
cardioprotective [82], but whether these effects extend to
treatment of diabetic cardiomyopathy is not known. Mod-
ulators of free fatty acid metabolism (e.g. perhexiline, trime-
tazidine, ranolazine, and amiodarone), some originally
identified as anti-anginal drugs, have also been suggested
to be of potential benefit and may reduce lipotoxicity [83].
Resveratrol, an activator of the NAD-dependent protein dea-
cetylase Sirtl, lowers blood glucose and increases insulin
sensitivity [84], and Sirtl regulates the activity of FoxO
transcription factors [85]. Additionally, Sirtl modulates the
activity of PGC-1a (peroxisome proliferator-activated recep-
tor gamma coactivator-1 alpha) which is involved in, among
other things, mitochondrial biogenesis and function [85].
More potent activators of Sirt1 are currently being developed.
Finally, cell-based therapy and genetic correction (vector-
based gene transfer) of abnormalities in cardiac excitation—
contraction coupling and insulin signaling are emerging as
potential strategies in the treatment of HF [9].

Conclusions

The pathogenesis of diabetic cardiomyopathy is at once
intricate, multifactorial, and clinically important. The multi-
ple, interlacing events occurring in patients with diabetes

culminate in an environment which, coupled with insulin
resistance, leads to diabetic cardiomyopathy. In recent years,
novel insights into mechanisms that increase vulnerability of
the diabetic heart to failure have emerged. Functional con-
sequences, including diastolic dysfunction, systolic dysfunc-
tion, fibrosis, and ultimately clinical heart failure, correlate
with glycemic control. These organ-level functional altera-
tions are preceded by a complex array of molecular and
cellular changes, many of which are present in asymptomatic
diabetic individuals and experimental models of diabetes.

Constant and unremitting metabolic stress on the heart
leads over time to progressive deterioration of myocardial
structure and function. This suggests that therapeutic inter-
ventions early in the disease, targeting specific metabolic and
structural derangements, may be required. This is especially
relevant as rigid control of hyperglycemia, however central to
treatment, has not fulfilled hopes of meaningful morbidity
and mortality benefit. Recent and ongoing research into
mechanisms of metabolic control, insulin resistance, and
diabetes-associated derangements portend novel therapies
designed to benefit the rapidly expanding cohort of patients
with diabetes.

Source of funding

This work was supported by grants from the NIH (HL-075173,
JAH; HL-080144, JAH; HL-090842, JAH), AHA (0640084N,
JAH), ADA (7-08-MN-21-ADA, JAH), the AHA-Jon Holden
DeHaan Foundation (0970518N, JAH), and the Fondo Nacio-
nal de Desarrollo Cientifico y Tecnologico: FONDECYT
1080436 and FONDAP 15010006 (SL).

References
1 Lloyd-Jones, D. et al. Executive summary: heart disease and stroke statistics
— 2010 update: a report from the American Heart Association. Circulation
121, 948-954.
2 King, H. et al. (1998) Global burden of diabetes, 1995-2025: prevalence,
numerical estimates, and projections. Diabetes Care 21, 1414-1431
3 Kannel, W.B. et al. (1974) Role of diabetes in congestive heart failure: the
Framingham study. Am. J. Cardiol. 34, 29-34
4 Sarwar, N. et al. (2010) Diabetes mellitus, fasting blood glucose
concentration, and risk of vascular disease: a collaborative meta-analysis of
102 prospective studies. Lancet 375, 2215-2222
5 Rubler, S. et al. (1972) New type of cardiomyopathy associated with
diabetic glomerulosclerosis. Am. ]J. Cardiol. 30, 595-602
6 Boyer, J.K. et al. (2004) Prevalence of ventricular diastolic dysfunction in
asymptomatic, normotensive patients with diabetes mellitus. Am. J.
Cardiol. 93, 870-875
7 An, D. and Rodrigues, B. (2006) Role of changes in cardiac metabolism in
development of diabetic cardiomyopathy. Am. J. Physiol. Heart Circ.
Physiol. 291, H1489-H1506
8 Boudina, S. and Abel, E.D. (2010) Diabetic cardiomyopathy, causes and
effects. Rev. Endocr. Metab. Disord. 11, 31-39
9 Dobrin, J.S. and Lebeche, D. (2010) Diabetic cardiomyopathy: signaling
defects and therapeutic approaches. Expert Rev. Cardiovasc. Ther. 8,
373-391
10 Fang, Z.Y. et al. (2004) Diabetic cardiomyopathy: evidence, mechanisms,
and therapeutic implications. Endocr. Rev. 25, 543-567
11 Hayat, S.A. et al. (2004) Diabetic cardiomyopathy: mechanisms, diagnosis
and treatment. Clin. Sci. (Lond) 107, 539-557

www.drugdiscoverytoday.com el4l



Drug Discovery Today: Disease Mechanisms | Cardiology - Mechanisms underlying heart failure

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

el42

Stumvoll, M. et al. (2005) Type 2 diabetes: principles of pathogenesis and
therapy. Lancet 365, 1333-1346

White, M.F. (2003) Insulin signaling in health and disease. Science 302,
1710-1711

Weyer, C. etal. (1999) The natural history of insulin secretory dysfunction
and insulin resistance in the pathogenesis of type 2 diabetes mellitus. J.
Clin. Invest. 104, 787-794

Meyer, C. et al. (1998) Abnormal renal and hepatic glucose metabolism in
type 2 diabetes mellitus. J. Clin. Invest. 102, 619-624

Poornima, I.G. et al. (2006) Diabetic cardiomyopathy: the search for a
unifying hypothesis. Circ. Res. 98, 596-605

Brownlee, M. (2001) Biochemistry and molecular cell biology of diabetic
complications. Nature 414, 813-820

Cai, L. et al. (2002) Hyperglycemia-induced apoptosis in mouse
myocardium: mitochondrial cytochrome C-mediated caspase-3 activation
pathway. Diabetes 51, 1938-1948

Eliasson, M.]J. et al. (1997) Poly(ADP-ribose) polymerase gene disruption
renders mice resistant to cerebral ischemia. Nat. Med. 3, 1089-1095
Montagnani, M. (2008) Diabetic cardiomyopathy: how much does it
depend on AGE? Br. J. Pharmacol. 154, 725-726

Galvez, A.S. et al. (2003) Aldose reductase induced by hyperosmotic stress
mediates cardiomyocyte apoptosis: differential effects of sorbitol and
mannitol. J. Biol. Chem. 278, 38484-38494

Luiken, J.J. et al. (2002) Insulin stimulates long-chain fatty acid utilization
by rat cardiac myocytes through cellular redistribution of FAT/CD36.
Diabetes 51, 3113-3119

Wende, A.R. and Abel, E.D. Lipotoxicity in the heart. Biochim. Biophys.
Acta 1801, 311-319

Khullar, M. et al. (2010) Oxidative stress: a key contributor to diabetic
cardiomyopathy. Can. J. Physiol. Pharmacol. 88, 233-240

Leichman, J.G. et al. (2006) The metabolic syndrome and the heart — a
considered opinion. Clin. Res. Cardiol. 95 (Suppl. 1), pi1l34-pil41
Lopaschuk, G.D. (2002) Metabolic abnormalities in the diabetic heart.
Heart Fail Rev. 7, 149-159

Park, T.S. et al. (2008) Ceramide is a cardiotoxin in lipotoxic
cardiomyopathy. J. Lipid Res. 49, 2101-2112

Zhang, L.Y. et al. (2010) Role of fatty acid uptake and fatty acid beta-
oxidation in mediating insulin resistance in heart and skeletal muscle.
Biochim. Biophys. Acta — Mol. Cell Biol. Lipids 1801, 1-22

Liu, G.X. et al. (2001) Long-chain acyl-coenzyme A esters and fatty acids
directly link metabolism to K-ATP channels in the heart. Circ. Res. 88, 918-
924

Iacobellis, G. et al. (2003) Relationship of insulin sensitivity and left
ventricular mass in uncomplicated obesity. Obes. Res. 11, 518-524
Tlercil, A. et al. (2002) Associations of insulin levels with left ventricular
structure and function in American Indians — The Strong Heart Study.
Diabetes 51, 1543-1547

Heineke, J. and Molkentin, J.D. (2006) Regulation of cardiac
hypertrophy by intracellular signalling pathways. Nat. Rev. Mol. Cell
Biol. 7, 589-600

Privratsky, J.R. et al. (2003) AT1 blockade prevents glucose-induced cardiac
dysfunction in ventricular myocytes: role of the AT1 receptor and NADPH
oxidase. Hypertension 42, 206-212

Morisco, C. et al. (2005) Akt mediates the cross-talk between beta-
adrenergic and insulin receptors in neonatal cardiomyocytes. Circ. Res. 96,
180-188

Samuelsson, A.M. et al. (2006) Hyperinsulinemia: effect on cardiac mass/
function, angiotensin II receptor expression, and insulin signaling
pathways. Am. J. Physiol. Heart Circ. Physiol. 291, H787-H796

Rodrigues, B. et al. (1998) Metabolic disturbances in diabetic
cardiomyopathy. Mol. Cell Biochem. 180, 53-57

Ueno, M. et al. (2005) Regulation of insulin signalling by
hyperinsulinaemia: role of IRS-1/2 serine phosphorylation and the mTOR/
p70 S6K pathway. Diabetologia 48, 506-518

Abel, E.D. (2004) Insulin signaling in heart muscle: lessons from
genetically engineered mouse models. Curr. Hypertens. Rep. 6, 416-423
Berridge, M.J. et al. (2003) Calcium signalling: dynamics, homeostasis and
remodelling. Nat. Rev. Mol. Cell Biol. 4, 517-529

www.drugdiscoverytoday.com

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

Vol. 7, No. 2 2010

Belke, D.D. et al. (2004) Decreased sarcoplasmic reticulum activity

and contractility in diabetic db/db mouse heart. Diabetes 53,

3201-3208

Golfman, L. et al. (1998) Cardiac sarcolemmal Na(+)-Ca2+ exchange and
Na(+)-K+ ATPase activities and gene expression in alloxan-induced
diabetes in rats. Mol. Cell Biochem. 188, 91-101

Hattori, Y. et al. (2000) Diminished function and expression of the cardiac
Na+-Ca2+ exchanger in diabetic rats: implication in Ca2+ overload. J.
Physiol. 527 (Pt 1), 85-94

Pereira, L. et al. (2006) Mechanisms of [Ca2+]i transient decrease in
cardiomyopathy of db/db type 2 diabetic mice. Diabetes 55, 608-615
Trost, S.U. et al. (2002) Overexpression of the sarcoplasmic reticulum
Ca(2+)-ATPase improves myocardial contractility in diabetic
cardiomyopathy. Diabetes 51, 1166-1171

Shen, E. et al. (2009) Racl is required for cardiomyocyte apoptosis during
hyperglycemia. Diabetes 58, 2386-2395

Li, J. et al. (2010) Deficiency of Racl blocks NADPH oxidase activation,
inhibits endoplasmic reticulum stress and reduces myocardial remodeling
in type-I diabetic mice. Diabetes

Boudina, S. and Abel, E.D. (2007) Diabetic cardiomyopathy revisited.
Circulation 115, 3213-3223

Fyhrquist, F. and Saijonmaa, O. (2008) Renin-angiotensin system
revisited. J. Intern. Med. 264, 224-236

Olivares-Reyes, J.A. et al. (2009) Angiotensin II and the development of
insulin resistance: implications for diabetes. Mol. Cell Endocrinol. 302,
128-139

Dostal, D.E. (2000) The cardiac renin-angiotensin system: novel
signaling mechanisms related to cardiac growth and function. Regul. Pept.
91, 1-11

Modesti, A. et al. (2005) Hyperglycemia activates JAK2 signaling pathway
in human failing myocytes via angiotensin II-mediated oxidative stress.
Diabetes 54, 394-401

Neumann, S. et al. (2002) Aldosterone and p-glucose stimulate the
proliferation of human cardiac myofibroblasts in vitro. Hypertension 39, 756~
760

Dhalla, N.S. et al. (1998) Subcellular remodeling and heart dysfunction in
chronic diabetes. Cardiovasc. Res. 40, 239-247

Frustaci, A. et al. (2000) Myocardial cell death in human diabetes. Circ. Res.
87, 1123-1132

Yang, R. and Barouch, L.A. (2007) Leptin signaling and obesity:
cardiovascular consequences. Circ. Res. 101, 545-559

McGatfin, K.R. et al. (2008) Leptin signalling reduces the severity of cardiac
dysfunction and remodelling after chronic ischaemic injury. Cardiovasc.
Res. 77, 54-63

Smith, C.C. et al. (2006) Leptin, the obesity-associated hormone, exhibits
direct cardioprotective effects. Br. J. Pharmacol. 149, 5-13

Scherer, P.E. (2006) Adipose tissue: from lipid storage compartment to
endocrine organ. Diabetes 55, 1537-1545

Kadowaki, T. et al. (2006) Adiponectin and adiponectin receptors in
insulin resistance, diabetes, and the metabolic syndrome. J. Clin. Invest.
116, 1784-1792

Wang, Z.V. and Scherer, P.E. (2008) Adiponectin, cardiovascular function,
and hypertension. Hypertension 51, 8-14

Shibata, R. et al. (2004) Adiponectin-mediated modulation of
hypertrophic signals in the heart. Nat. Med. 10, 1384-1389

Shibata, R. etal. (2005) Adiponectin protects against myocardial ischemia—
reperfusion injury through AMPK- and COX-2-dependent mechanisms.
Nat. Med. 11, 1096-1103

Ding, G. et al. (2007) Adiponectin and its receptors are expressed in
adult ventricular cardiomyocytes and upregulated by activation of
peroxisome proliferator-activated receptor gamma. J. Mol. Cell Cardiol. 43,
73-84

Iwabu, M. et al. (2010) Adiponectin and AdipoR1 regulate PGC-1alpha and
mitochondria by Ca(2+) and AMPK/SIRT1. Nature 464, 1313-1319

Patel, S.D. et al. (2004) Disulfide-dependent multimeric assembly of
resistin family hormones. Science 304, 1154-1158

Lazar, M.A. (2007) Resistin- and obesity-associated metabolic diseases.
Horm. Metab. Res. 39, 710-716



Vol. 7, No. 2 2010

67

68

69

70

71

72

73

74

75

76

Frankel, D.S. et al. (2009) Resistin, adiponectin, and risk of heart failure the
Framingham offspring study. J. Am. Coll. Cardiol. 53, 754-762

Kim, M. et al. (2008) Role of resistin in cardiac contractility and
hypertrophy. J. Mol. Cell. Cardiol. 45, 270-280

Ferdous, A. et al. (2010) FoxO, autophagy, and cardiac remodeling. /.
Cardiovasc. Transl. Res. 3, 355-364

Ronnebaum, S.M. and Patterson, C. (2010) The FoxO family in cardiac
function and dysfunction. Annu. Rev. Physiol. 72, 81-94

Skurk, C. ef al. (2005) The FOXO3a transcription factor regulates cardiac
myocyte size downstream of AKT signaling. J. Biol. Chem. 280, 20814-
20823

Ni, Y.G. et al. (2006) Foxo transcription factors blunt cardiac hypertrophy
by inhibiting calcineurin signaling. Circulation 114, 1159-1168
Sengupta, A. et al. (2009) FoxO transcription factors promote autophagy in
cardiomyocytes. J. Biol. Chem. 284, 28319-28331

Stahl, M. et al. (2002) The forkhead transcription factor FoxO regulates
transcription of p27Kip1l and Bim in response to IL-2. J. Immunol. 168,
5024-5031

Kops, G.J. et al. (2002) Forkhead transcription factor FOXO3a protects
quiescent cells from oxidative stress. Nature 419, 316-321

Puigserver, P. et al. (2003) Insulin-regulated hepatic gluconeogenesis
through FOXO1-PGC-1alpha interaction. Nature 423, 550-555

77

78

79

80

81

82

83

84

85

Drug Discovery Today: Disease Mechanisms | Cardiology - Mechanisms underlying heart failure

Medema, R.H. et al. (2000) AFX-like Forkhead transcription factors
mediate cell-cycle regulation by Ras and PKB through p27kip1. Nature 404,
782-787

0Ogg, S. et al. (1997) The Fork head transcription factor DAF-16 transduces
insulin-like metabolic and longevity signals in C. elegans. Nature 389, 994—
999

Ni, Y.G. et al. (2007) FoxO transcription factors activate Akt and attenuate
insulin signaling in heart by inhibiting protein phosphatases. Proc. Natl.
Acad. Sci. U. S. A. 104, 20517-20522

Knowler, W.C. et al. (2009) 10-year follow-up of diabetes incidence and
weight loss in the Diabetes Prevention Program Outcomes Study. Lancet
374, 1677-1686

Kim, A.S. et al. (2009) AMP-activated protein kinase: a core signalling
pathway in the heart. Acta Physiol. (Oxf) 196, 37-53

Fonseca, V.A. et al. (2010) Confronting the type 2 diabetes epidemic: the
emerging role of incretin-based therapies. Am. J. Med. 123, S2-S10
Horowitz, ].D. et al. (2010) Modulation of myocardial metabolism: an
emerging therapeutic principle. Curr. Opin. Cardiol. 25, 329-334
Sharma, S. et al. (2010) Antidiabetic activity of resveratrol, a known SIRT1
activator in a genetic model for type-2 diabetes. Phytother. Res.

Finkel, T. et al. (2009) Recent progress in the biology and physiology of
sirtuins. Nature 460, 587-591

el43

www.drugdiscoverytoday.com



	Diabetic cardiomyopathy: mechanisms and therapeutic targets
	Introduction
	Molecular mechanisms
	Hyperglycemia and glucotoxicity
	Hyperlipidemia and lipotoxicity

	Hyperinsulinemia, insulin resistance, and altered substrate metabolism
	Abnormalities in intracellular Ca2+ homeostasis
	Mitochondrial dysfunction and oxidative stress
	Dysregulation of renin-angiotensin system
	Adipokines
	FoxO transcription factors
	Potential therapeutic options
	Conclusions
	Source of funding
	References


