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EPIDEMIOLOGY—The importance
of diabetes as a cause of mortality and
morbidity is well known. The number of
patients increases alongside aging of the
population, raising the prevalence of obe-
sity and a sedentary lifestyle. As a disease
that is strongly associated with both
micro- and macrovascular complications,
diabetes results in organ and tissue dam-
age. Cardiovascular disease (CVD) causes
up to 70% of all deaths in people with
diabetes. The epidemic of diabeteswill thus
be followed by an epidemic of diabetes-
related vascular diseases. Almost two of
three patients who present with symptom-
atic chronic heart disease have abnormal
glucose homeostasis. Although the mortal-
ity from coronary artery disease (CAD) in
patients without diabetes has declined over
the past 20 years, the mortality in men
with type 2 diabetes has not changed
significantly. Moreover, diabetes is an in-
dependent risk factor for heart failure, and
there are a substantial number of patients
with diabetes and heart failure. The main
macrovascular complications, for which
diabetes has been a well-established risk
factor throughout the cardiovascular sys-
tem, are CAD, peripheral vascular disease,
increased intima-media thickness, and
stroke. Ischemic heart disease and stroke
account for the highest proportion of co-
morbid diseases associated with diabetes.

The joint guidelines of the European
Society of Cardiology and the European
Association of Diabetes take into account
the close reciprocal relationship between
diagnostics and therapeutics in cardiol-
ogy and diabetology.

Patients with diabetes and CVD have
an unfavorable prognosis (1). Mortality
rates due to heart disease are two to four
times higher among people with diabetes
compared with those without diabetes af-
ter correction for traditional risk factors
for CVD such as age, obesity, smoking,
dyslipidemia, and hypertension. It ap-
pears, however, that the presence of
even one of these risk factors leads to
poorer outcomes among people with di-
abetes compared with those without di-
abetes. People with diabetes have an up
to fivefold-higher risk for a first myocar-
dial infarction (MI) and a twofold-greater
risk for a recurrent MI than people who
previously had an MI but do not suffer
from diabetes. Patients with diabetes
with prior MI have the worst prognosis
(2). Furthermore, people with diabetes
have a poorer long-term prognosis after
MI, including an increased risk for con-
gestive heart failure and death. People
with diabetes are two to four times more
likely to develop stroke than people with-
out diabetes.

Diabetes accounted for a significant
percentage of patients with a diagnosis of
heart failure in numerous epidemiologic
studies such as The Framingham Study,
UK Prospective Diabetes Study (UKPDS),
Cardiovascular Health Study, and Euro
Heart Failure Surveys. Data from UKPDS
regarding the adjusted rate of heart failure
demonstrate a rise from 2.3 events per
100 person-years in people with HbA1c

levels,6% to 11.9 events per 100 person-
years in those presenting with HbA1c

levels .10% (3). An increase in HbA1c

of 1% correlates to an increment of 8% in
heart failure (3,4). Diabetes is a powerful
predictor of cardiovascular morbidity and
mortality and is an independent risk fac-
tor for death in patients with established
heart failure. In addition, the prevalence
of heart failure in elderly diabetic patients
was up to 30% (5). Diabetic women
are more likely to develop heart failure
than men if compared with age-matched
control subjects (5.1-fold vs. 2.1-fold in-
crease) (6). The reason for this difference is
not yet fully understood, but may be in
part due to a worse comorbid risk factor
profile, and the permissive effect upon
outcome, particularly in diabetic women
(7).

The combination of hyperglycemia,
insulin resistance, dyslipidemia, hyper-
tension, and chronic inflammation in-
jures the vascular endothelium, resulting
in microvascular damage (alterations in
capillary density and vascular permeabil-
ity), macrovasculopathy, and CVD. Most
importantly, more than 70% of people
with diabetes have high blood pressure or
are being treated with medications for
hypertension. Because prediabetic sub-
jects often present with multiple CVD risk
factors such as insulin resistance, obesity,
central obesity, elevated blood pressure,
elevated total triglycerides, and low HDL
cholesterol, the onset of cardiovascular
damage is not closely related to hypergly-
cemia alone, but has to be seen in the
concert of metabolic derangement (8).
The cardiac risk in diabetic patients is
not only with respect to type 1 or type 2
diabetic patients, but also to several patho-
physiological mechanisms and features
such as CAD, heart failure, and autonomic
neuropathy.

HISTORY AND DIAGNOSIS—
Despite decades of basic and clinical in-
vestigations, diabetic cardiomyopathy as a
clinical entity remains elusive. A diagnostic
method for the identification of diabetic
cardiomyopathy is still not available. Since
the first report in 1972 by Rubler et al. (9)
who analyzed autopsy data from four pa-
tients with diabetic renal microangio-
pathy and dilated left ventricles in the
absence of other common causes, evidence
and acceptance of diabetic cardiomyopa-
thy as a clinical entity has been rising.
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Looking decades back, it was in 1881 that
Leyden (10) commented that heart failure
was a “frequent and noteworthy compli-
cation of diabetes” and Mayer (11) stated
that “heart disease in diabetes can be
traced to an abnormality in metabolism.”

Diabetic cardiomyopathy describes
diabetes-associated changes in the struc-
ture and function of the myocardium that
are not directly linked to other confound-
ing factors such as CAD or hypertension.
As a multifactorial disease entity, it is
clinically characterized by an initial in-
crease in left ventricular stiffness and
subclinical diastolic dysfunction. How-
ever, this may advance to compromised
left ventricular systolic function with loss
of contractile function and progress into
an overt congestive heart failure. Diabetic
cardiomyopathy is known to be associ-
ated with changes in cardiac structure
such as myocardial hypertrophy, fibrosis,
and fat deposition. In many patients,
particularly those with type 2 diabetes,
the diabetes-associated clinical findings
are amplified by the existence of these
comorbidities, augmenting the develop-
ment of left ventricular hypertrophy,
increasing the susceptibility of the heart
to ischemic injury, and increasing the
overall likelihood of developing heart
failure.

The use of appropriate diagnostic
strategies, which may help correctly iden-
tify the disease at early asymptomatic
stages and lead to the implementation of
suitable corrective therapies, is impera-
tive. Diabetes-associated vascular altera-
tions include anatomic, structural, and
functional changes leading to organ dys-
function (12). Early changes in cardiac
function are typically manifested as ab-
normal diastolic function that consecu-
tively progresses to loss of contractile
function. In its progression, diabetic car-
diomyopathy may advance to compro-
mised left ventricular systolic function
that with time leads to loss of contractile
function and results in an overt conges-
tive heart failure (13). Echocardiography-
based methods currently stand as the
preferred diagnostic approach for diabetic
cardiomyopathy. Newer echocardio-
graphic methods such as tissue-Doppler
imaging have been developed for early
and very discrete detection of cardiac dys-
function before manifest symptoms are
present (14). Diastolic dysfunction pre-
cedes the development of systolic dysfunc-
tion. The use of flow and tissue-Doppler
techniques suggests a prevalence of dia-
stolic dysfunction as high as 40–75% in

individuals with type 1 and type 2 diabetes
without overt CAD (15).

In addition to conventional techni-
ques, magnetic resonance imaging and
spectroscopy along with contrast agents
are now leading new approaches in the
diagnosis of myocardial fibrosis and car-
diac and hepatic metabolic changes. The
measurements of metabolic flux via pos-
itron emission tomography are useful to
demonstrate local metabolic maladaption
of the myocardium. By assessing the myo-
cardial function through the evaluation of
myocardial substrate metabolism in
asymptomatic men with well-controlled
uncomplicated type 2 diabetes and veri-
fied absence of cardiac ischemia, Rijzewijk
et al. (16) were able to demonstrate that
the left ventricular diastolic function was
impaired and that the myocardial sub-
strate metabolism was altered in patients
compared with age-matched healthy con-
trol subjects.

CARDIAC METABOLISM IN
GENERAL—Metabolic and morpho-
logic defects concern myocardial energy
metabolism, reduced flow reserve, forma-
tion of advanced glycation end products
(AGEs) and structural alterations that im-
pair cardiac function (17). The flexibility in
myocardial substrate metabolism for en-
ergy production is fundamental to cardiac
health. The loss in variability leads to fix-
ation on special substrates. Predominance
in fatty acid metabolism is characteristic of
diabetic heart disease and is associated
with pressure-overload left ventricular hy-
pertrophy. Myocardial metabolic remod-
eling is central to the pathogenesis of a
variety of cardiac disease processes, such
as left ventricular hypertrophy. It is the
process in which the heart loses its ability
to use different substrates, becoming de-
pendent primarily on the metabolism of a
single substrate for energy production
(18). The most important result of car-
diac metabolism in diabetes is the
switch from carbohydrates and fatty
acids as a source of energy to an exces-
sive use of fatty acids. In animal models
of diabetes, cardiac dysfunction coexists
with increased myocardial nonesterified
fatty acid use, triglyceride accumula-
tion, and subsequent increased produc-
tion of toxic intermediates, which, in the
presence of hyperglycemia, contribute to
increased formation of reactive oxygen
species (ROS), mitochondrial uncoupling,
decreased adenosine triphosphate (ATP)
synthesis, mitochondrial dysfunction,
and finally apoptosis. These deleterious

processes are commonly referred to as lipo-
toxicity (19).

ROLE OF HYPERGLYCEMIA—

Chronic hyperglycemia plays a major role
in the initiation of diabetic vascular compli-
cations throughmanymetabolic and struc-
tural derangements. Four main hypotheses
andpathomechanismshave been proposed
to explain how hyperglycemia and the in-
hibition of glyceraldehyde-3-phosphate
dehydrogenase by superoxides can cause
all of the diabetes complications (20).

c Increased polyol pathway flux
c Increased hexosamine pathway flux and
modification of proteins

c Increased formation of AGEs
c Increased protein kinase C (PKC) iso-
form expression

Increased levels of the upstream gly-
colytic metabolite glyceraldehyde-3-
phosphate activate the AGE pathway by
forming the major intracellular AGE pre-
cursormethylglyoxal from glyceraldehyde-
3-phosphate. The classic PKC pathway
is activated, too, since the activator of
PKC, diacylglycerol, is formed from
glyceraldehyde-3-phosphate. Further up-
stream in glycolysis, levels of the glycolytic
metabolite fructose-6-phosphate increase,
leading to a pronounced flux through the
hexosamine pathway, resulting in the con-
version of fructose-6-phosphate to uridine
diphosphate N-acetylglucosamine by the
enzyme glutamine:fructose-6-phosphate
amidotransferase. Finally, inhibition of
glyceraldehyde-3-phosphate dehydroge-
nase increases intracellular levels of glu-
cose, which is converted to fructose
during the polyol pathway. According to
this hypothesis, all these pathogenic
mechanisms are linked by a single, unify-
ing, hyperglycemia-induced process: the
overproduction of superoxide by the
mitochondrial electron transport chain
resulting in oxidative stress, which is re-
garded as the pathomechanism under-
lying insulin resistance, CVD, diabetes,
and diabetes complications (20).

Besides the direct effects of glucose on
the cells, oxidative stress and nonenzy-
matic glycation are of major concern.
AGEs are elevated in serum and tissues
of diabetic patients and affect the struc-
tural components of the extracellular
matrix such as collagen (21). Hyperglyce-
mia and the associated increase in AGEs
results in structural changes by the in-
crease of arterial stiffness and increased
amounts of ROS, which contribute to
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cellular dysfunction and apoptosis (22).
In addition to the intracardiac deposition
of triglycerides and glycogen granules,
which indicate the metabolic derange-
ment in diabetic heart failure, irregularly
distributed capillaries and perivascular
plaques of collagen are frequent. Myo-
cytolysis and deterioration as well asmyo-
filament fragmentation are common
structural findings. Areas of focal necrosis
and contraction can be found regularly.
All these observations indicate severe
morphological and structural alterations
occurring in the diabetic heart (19,23).

In addition, mitochondria are se-
verely damaged and increased in diame-
ter, and the number of apoptotic cells was
clearly increased in the hearts of type 2
diabetic patients (cardiomyocytes, fibro-
blasts, endothelial cells) (24). As none of
these lesions seem to be specific for diabe-
tes, concomitant hypertension may play a
central role. This fact underlines the favor-
able effect of antihypertensive therapy in
people with diabetes.

Mechanisms leading to increased di-
astolic stiffness of the diabetic heart are
different in heart failure with reduced and
normal left ventricular ejection fraction
(LVEF). In cases of reduced LVEF, fibrosis
occurs and AGEs are detectable, whereas
in hearts with normal LVEF, cardiomyocyte
resting tension is more relevant (23,24).
Diabetic heart failure patients without
symptoms of CAD showed higher dia-
stolic left ventricular stiffness indepen-
dently of LVEF. Myocardial collagen
volume fraction as well as myocardial
AGE deposition was increased in pa-
tients with diabetes and reduced LVEF
(24).

In addition to the above described
mechanisms, hyperglycemia inhibits the
production of nitric oxide (NO), leads to
elevated levels of free fatty acids (FFAs),
lipid deposition in the form of lipid drop-
lets, and stimulates the production of
endothelin-1, which has direct vasocon-
strictive effects on the endothelium as
well as indirect fluid volume effects by
stimulation of water and salt retention
and the activation of the renin-angiotensin
system (25). Impaired endothelial func-
tion characterized by the loss of vasodila-
tive action through inhibition of NO is
related to the presence of hyperglycemia.
The endothelial NO synthase (eNOS) is
inhibited and the production of ROS is
increased, which in turn leads to further
inhibition of eNOS. Upon insulin resis-
tance, the vascular endothelium loses its
ability to produce NO-activated tissue

plasminogen activator (26). These circum-
stances rather account for the effects on
the microvasculature, whereas, regarding
themacrovasculature, effects on adhesion,
inflammation, and blood pressure are of
relevance.

The formation of AGEs inhibits
NO production, too, and further impairs
the vasodilatory response in diabetes.
Hyperglycemia-stimulated PKC pathway
effects on NO and ROS generation and
diabetes-associated impaired fibrinolytic
capacity may contribute to a prothrom-
botic state. Platelet hyperactivity is an-
other factor involved in the development
and progression of macrovascular disease
in diabetes, which contributes to the risk
for atherosclerosis progression and con-
secutive thrombus formation. The in-
creased risk of atherosclerotic and
atherothrombotic events in patients with
diabetes accounts for most of the CVDs.
It is obvious that atherosclerosis of the
epicardial arteries and heart failure are
independently linked with insulin resis-
tance and the metabolism, suggesting a
causal link between these comorbidities.

OTHER FACTORS—Impaired insulin
action (insulin resistance) is characterized
by compensatory hyperinsulinemia,
which is the major metabolic dysfunction
associated with the early stages of type 2
diabetes. Elevated plasma insulin levels
can lead to numerous metabolic and
pathological derangements in various tis-
sues, including the heart (27).

Inflammation represents another di-
abetes-related mechanism for macrovas-
cular disease. Inflammatory cells (e.g.,
monocytes and T cells) enter damaged
endothelial cells and migrate into the
intima media, ingesting oxidized LDL
and—as a consequence—forming foam
cells. Foam cells are main components
of atherosclerotic fatty streaks and repre-
sent an earlymarker ofmacrovascular dis-
ease. In people with diabetes, the levels of
adhesion molecules are elevated, facilitat-
ing the process of foam cell formation.
Furthermore, diabetes is associated with
smooth muscle cell dysfunction, which
may be associated with similar mecha-
nisms for endothelial cell dysfunction, in-
cluding activation of the PKC pathway,
deposition of AGEs, as well as activa-
tion of their receptor RAGE and over-
production of growth factors. In the
development of atherosclerosis, activated
smooth muscle cells in the medial layer of
arteries migrate to the atherosclerotic fatty
streaks in the intimal layer and produce an

extensive extracellular matrix. This leads
to a solidifying of the streaks and recipro-
cally reduces the protective strengthening
function in the medial layer, resulting in
an unstable atherosclerotic plaque being
prone to rupture. These hyperglycemia-
stimulated events act in conjunction over
time to produce atherosclerosis and throm-
bosis (28).

ENERGETIC ASPECTS OF THE
FAILING HEART—The daily turnover
rate of ATP of more than 6 kg exacerbates
the available energy pool of the heart.
The energy yield of the healthy heart is
around 25% of the energy from substrates,
mainly fatty acids and— to a lesser extent—
glucose and lactate. Thus, the metabolic
disarrangement comprising disturbances
in cellular uptake of energy components
as well as generation of metabolites found
in insulin resistance mainly accounts for
the cardiac energy starvation (29). Cardiac
energy metabolism comprises three com-
ponents. Besides the use of substrates de-
rived from glucose and FFAs via the Krebs
cycle, the oxidative phosphorylation for
the generation of ATP and finally the use
of ATP are main parts of cardiac energy
cycle. Myocardial energy and lipid metabo-
lism are essential for heart structure and
function. Energy surplus as well as energy
starvation may lead to disarrangement in
myocardial tissue. Seventy percent of car-
diac ATP are derived from fatty acid oxi-
dation; glucose and lactate account for
30% of the energy (30). Glucose is the pre-
ferred substrate under hypoxic conditions
like ischemia and increased workload,
because the glycolytic ATP production
through conversion of glucose to lactate
is independent from oxygen. The healthy
heart is able to switch rapidly between dif-
ferent energy sources to accommodate to
different physiological and pathological
conditions involving altered extracellular
hormones, substrate availability, and en-
ergy demand (31). The concept of energy
starvation as a main reason for myocar-
dial failing was discussed long ago and de-
tected by reduced amounts of creatine
phosphate content (rev. in 29). Creatine
is produced by the liver and kidneys
and transported to the heart where it is
taken up by a specific plasma-membrane
creatine transporter. Creatine kinase cata-
lyzes the phosphorylation of about two-
thirds of the total creatine pool in the heart
to phosphocreatine, whereas the other
one-third remains as free creatine (32).
The creatine kinase system acts as an en-
ergy buffer, when high energy demands
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exceed the energy supply. In this case the
phosphocreatine level decreases, which
keeps ATP at a normal level but increases
the free ADP level (33). The augmented
level of free ADP inhibits the function of
many intracellular enzymes, causing fail-
ure of the muscle contraction mechanism
that relay on intracellular signaling.
Thus, a metabolic derangement in the
cardiac myocyte can occur when phos-
phocreatine levels fall and free ADP levels
rise, even if ATP levels remain un-
changed. Obviously, the level of phos-
phocreatine correlate to the stage of the
disease (16).

In cases where ATP demand exceeds
ATP synthesis, phosphocreatine levels de-
cline first and ATP decreases only when
phosphocreatine is substantially depleted
because the creatine kinase reaction equi-
librium favors ATP synthesis over phos-
phocreatine. In chronic heart failure, the
total creatine level falls leading to a further
reduction of the phosphocreatine-to-ATP
ratio (34). Myocardial phosphocreatine-
to-ATP ratios are reduced in heart failure,
and they are in correlation with New York
Heart Association classes and with systolic
and diastolic function (rev. in 29). Thus,
the phosphocreatine-to-ATP ratio may
be a strong predictor of both total mortal-
ity and mortality in CVD (35).

SUBSTRATE METABOLISM: A
LOOK AT THE DETAILS—Cardiac
glucose uptake depends on the trans-
membrane glucose gradient and the con-
tent of sarcolemmal glucose transporter
GLUT1 and GLUT4. GLUT1 is primarily
located in the membrane and GLUT4 is
localized predominantly intracellularly
and is translocated to the membrane by
insulin stimulation (36).

Upon binding of insulin to the cell
surface receptor, the intracellular tyrosine
kinase domain is activated. Besides the
insulin receptor, insulin receptor sub-
strates are phoshorylated (37). As a
consequence, lipid kinase phosphatidyl-
inositol 3‘-kinase (PI3K) is activated. After
binding to PI3K, Akt is phosphorylated
and activated. The activation of the
PI3K/Akt pathway is of importance in
the regulation of fatty acid metabolism
and glucose metabolism, as well as gene
expression and cell survival (37). In addi-
tion to the effect on GLUT4 stimulation,
glucose uptake and promotion of glycol-
ysis through activation of 6-phospho-
fructo-2-kinase, insulin increases the
myocardial blood flow through the Akt
arranged phosphorylation of eNOS (38).

Besides the effects on glucose uptake, in-
sulin promotes the formation of glycogen
by inhibiting the glycogen synthase ki-
nase 3b (39). In aerobic conditions,
,10% of total ATP generated is derived
by glycolysis. Following glycolysis, the
generated pyruvate can be further meta-
bolized by three pathways: carboxyla-
tion to oxalacetate or malate, reduction
to lactate, or decarboxylation to acetyl-
CoA.

The diabetic heart relies on fatty acid
oxidation and is less able to switch to the
use of glucose as a process with lower
oxygen consumption; substrate fixation
is a hallmark of diabetic cardiomyopathy.
The accumulation of FFAs leads to the
phenomenon of lipotoxicity, which in
turn results in impaired b-oxidation,
thereby generating even more FFAs
(40).

The heart relies on a continuous and
well organized supply of energy com-
pounds. Triglyceride-rich lipoproteins
like VLDLs and chylomikrons are the
main source for fatty acids and are hy-
drolyzed by lipoprotein lipase (LPL) (41).
LPL therefore plays a central role in the
regulation of fatty acid delivery, on the
surface of cardiomyocytes LPL increases
lipid uptake and produces cardiomyopa-
thy (42). Our own results indicate that
LPL levels are upregulated in heart fail-
ure, supporting the hypothesis that in
heart failure excessive uptake of fatty
acids leads to the deposition of excessive
fatty acids as lipid droplets and to the
production of ceramides, acyl-CoA, and
carnitines, which account for ROS pro-
duction and apoptosis as well as derange-
ments of the oxidative phosphorylation.
The oxidation of long-chain fatty acids
(LCFAs) is the major source of energy
for the healthy heart. The uptake of
LCFAs is dependent on the energy de-
mand and is regulated by transporting
systems such as fatty acid translocase
(CD36), plasmalemmal fatty acid binding
protein, and fatty acid transport proteins
(FATPs), mainly FATP1 and FATP6 (43).
Overexpression of CD36 or FATP has
been found to dramatically increase fatty
acid metabolism (44,45), suggesting a
central role of these transporters in fatty
acid uptake. Following uptake, LCFAs are
bound to soluble fatty acid binding pro-
teins, which transport LCFAs to the outer
mitochondrial membrane where they are
converted to acyl-CoA to enter the pro-
cess of b-oxidation.

Peroxisome proliferator–activated re-
ceptors (PPARs) are transcription factors

activated by fatty acids. Their target genes
participate in lipid metabolism, and
therefore PPARs are involved in cardiac
lipid metabolism. PPARa is a key regula-
tor of fatty acid metabolism. This ligand-
activated transcription factor is highly
expressed in tissues that derive most of
their energy from fatty acid oxidation, in-
cluding liver, heart, kidney, and skeletal
muscle. Target genes of PPARa participate
in lipid metabolism, for example the genes
of heart type fatty acid binding protein,
LPL, CD36, carnitine-palmitoyltransferase
1, and uncoupling protein-3. Knock-out of
PPARa abolishes fasting-induced overex-
pression of fatty acid metabolic genes and
switches substrate selection from fatty
acids to glucose whereas fatty acid uptake
and oxidation are increased by the overex-
pression of cardiac PPARa (46). As FFAs
activate PPARa, the expression of genes
involved in fatty acid oxidation and uptake
accumulation of fatty acid in the cardio-
myocyte is promoted.

Increased uptake and metabolism of
fatty acids not only leads to accumulation
of fatty acids and triglycerides but also
increases oxygen consumption and gen-
eration of ROS. Augmented fatty acid
uptake through overexpression of LPL
or fatty acid transporters, or by stimulat-
ing PPARa expression or long-chain CoA
synthase results in a cardiac phenotype
resembling diabetic cardiomyopathy
(42,44).

Diabetic alterations of myocardial
metabolism result mainly from malfunc-
tions of acetyl-CoA carboxylase, carnitine-
palmitoyl transferase 1, which imports the
acyl-CoA into the mitochondrium, and
pyruvate dehydrogenase. This induces an
overflow of fatty acid oxidation and in-
hibits glucose oxidation.

The regulation of cardiac energy sub-
strate handling occurs at the level of
substrate uptake at the sarcolemmal
membrane as well as at the level of
mitochondrial oxidation (Randle cycle)
(47). The accumulation of fatty acids im-
pairs insulin-mediated uptake of glucose
through inhibition of insulin receptor
substrate and protein kinase B (Akt)
(48). The amounts of intracellular fatty
acids derivatives like fatty acyl-CoA, di-
acylglycerol, and ceramide increase with
augmenting intracellular fatty acid con-
tent. Although there is an overflow of sub-
strates, the heart resembles an engine
running out of fuel; mainly disturbances
in the key signal pathways account for the
disbalance between energy demand and
cardiac efficiency.
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INSULIN RESISTANCE AND
DIABETES—The concept of myocar-
dial insulin resistance is based on the
fact that even in the absence of CAD a de-
creased in vivo stimulation of myocardial
glucose uptake is detectable. Insulin-
mediated glucose uptake rates were pos-
itively correlated with peripheral muscle
insulin sensitivity. ROS may trigger the
development of insulin resistance (49). A
sustained presence of CD36 in the sarco-
lemmalmembrane has beendetected in the
insulin-resistant heart, which is associated
with higher rates of fatty acid uptake (50).
LCFAs are no longer delivered to the heart
by fuel demand but constitutively. Con-
tractile dysfunction is detected in these
hearts, which can in part be reversed by
antisteatotic therapy (51). At least the in-
duction of apoptosis by FFAs as a mecha-
nism leading to cardiac dysfunction is
discussed (52).

The change in myocardial energy
preferences might be a result of adaption/
maladaption to elevated fatty acid concen-
trations (53,54). Obese diabetic women
demonstrate increased fatty acid use, in-
creased oxygen consumption, and de-
creased cardiac efficiency. In patients
without ischemic heart disease, elevated
levels of cardiac triglycerides and in-
creased expression of PPARa target genes
have been observed. In addition to the
stimulatory effects of PPARa, direct or in-
direct inhibitory effects on genes involved
in glucose uptake, glycolysis, and glucose
oxidation are observed (55).

The normal adaptive response of a
failing heart is the shift from fatty acid
oxidation to a more efficient and less
oxygen-consuming glucose metabolism
mainly by the downregulation of pyruvate
dehydrogenase kinase (56). With de-
creased expression of the PPARa/retinoid

X receptor complex and enzymes critical
to FFA metabolism, namely carnitine-
palmitoyl transferase 1 and medium-
chain acyl-CoA dehydrogenase, FFA
metabolism is decreased (57,58). To fur-
ther maximize efficiency, uncoupling
proteins that generate heat rather than
energy are downregulated in the failing
heart (59).

In the case of insulin resistance, FFA
metabolism is upregulated, resulting in an
increased demand of oxygen, decreased
cardiac efficiency, and lipotoxicity (60).
This dysregulation is already obvious in
patients with obesity and insulin resis-
tance lacking symptoms of heart failure.
Figure 1 summarizes the effects onmetabo-
lism and its derangement on the develop-
ment of diabetic cardiomyopathy.

CONCLUSIONS—The prevalence of
diabetes has increased and will double

Figure 1—Orchestra of contributing factors to the development of diabetic cardiomyopathy concerning fatty acid and glucose metabolism, (adapted
from Boudina and Abel [60]). ACC, acetyl-CoA carboxylase; ACoA, acetyl-CoA; CE, cardiac efficiency; CPT1, carnitine-palmitoyltransferase 1;
FA, fatty acid; MCD, malonyl-CoA decarboxylase; MCoA, malonyl-CoA; PDH, pyruvate dehydrogenase; PDK4, pyruvate dehydrogenase kinase 4;
TG, triglycerides.
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until 2030. This dramatic increase has
serious implications from a cardiovascu-
lar perspective, and thus the aggressive
management of blood pressure, dyslipi-
demia, and blood glucose in diabetes is of
great importance. Although the increase
in cardiovascular mortality and heart
failure is due in part to accelerated ath-
erosclerosis, epidemiological and clinical
data indicate that diabetes increases the
risk for cardiac dysfunction and heart
failure independently of other risk factors
such as CAD and hypertension.

The failing diabetic heart faces com-
plex structural macrovascular derange-
ments such as hypertrophy and loss of
function due to glycation. The metabolic
switch in heart failure is complex and
involves signaling mechanisms, altered
substrate preference and finally structural
alterations. The uptake of fatty acids is
enhanced by debiting glucose use. Lipo-
toxicity accounts for fat accumulation in
the heart muscle as well as the develop-
ment of ROS. AGEs, as a result of high
blood glucose levels, contribute to struc-
tural impairment and reduced cardiac
power by increased arterial stiffness and
collagen modification. Metabolic disor-
ders like insulin resistance or diabetes
accelerate these derangements in heart
failure by several insulin-mediated mech-
anisms that are of relevance for microvas-
cular events as well.
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