INSULIN RESISTANCE SYNDROME

Insulin Resistance in Dilated
Cardiomyopathy

Ankur Shah, MD, Richard P. Shannon, MD

Cardiovascular Research Institute and Department of Medicine, Allegheny General Hospital,

Pittsburgh, PA

The recognition that insulin resistance is an accompaniment to advanced dilated car-
diomyopathy is a relatively recent revelation, but the consequences may be considerable
for the failing heart. The failing heart develops a dependence on glucose as its preferred
metabolic substrate, given the efficiency of glucose oxidation in the generation of high-
energy phosphates. The increased preference for glucose oxidation requires that glucose
transport and oxidation be highly regulated. Myocardial insulin resistance in advanced
dilated cardiomyopathy limits both glucose uptake and oxidation and impairs the heart’s
ability to generate much needed adenosine triphosphate. We provide evidence of insulin
resistance in dilated cardiomyopathy and explore the relationship to increased sympathetic
nervous system activation, lipolysis, and the subsequent alteration in the insulin signaling
cascade. Together, these data provide a growing rationale for the development of clinical
strategies to overcome insulin resistance in dilated cardiomyopathy.
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effects of the hormone. The term is used classically to refer to impaired
insulin-mediated glucose uptake in skeletal muscle and adipose tissue.
Insulin resistance is being recognized with increasing frequency as a potent
contributor to cardiovascular risk."” This is due to the now well-recognized fact
that insulin resistance presages the development of type 2 diabetes by many years

I nsulin resistance is defined as impaired metabolic, mitogenic, and vascular
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Figure 1. Insulin resistance is central in the pathogenesis of both type 2 diabetes and cardiovascular disorders,
including hypertension and atherosclerosis. Although insulin resistance can lead indirectly to the development of
cardiomyopathy, it is now recognized that cardiomyopathy can lead to the development of insulin resistance at
both a whole body and a myocardial level. Myocardial insulin resistance has important implications for the fail-

ing heart, with its preference for glucose oxidation.

and is central in its pathogenesis. In
addition, the increasing recognition
of the principal role that insulin
resistance plays in the metabolic
syndrome has served to highlight its
importance in the pathogenesis of
cardiovascular disease.’

It is generally considered that
insulin resistance and type 2 dia-
betes predispose to cardiovascular
disease by enhancing atherosclerosis
(Figure 1).'2* Coronary atherosclerosis
in turn contributes to ischemic injury
that leads to ischemic cardiomyopa-
thy over time. Type 2 diabetes,
hyperinsulinemia, glucotoxicity, and
lipotoxicity are thought to directly
impair myocardial contractility and
alter myocardial ultrastructure,
although the evidence of a causative
role is less clear than in the patho-
genesis of atherosclerosis. Myocardial
contractile dysfunction and ventric-
ular remodeling are the hallmarks
of dilated cardiomyopathy and are
typically considered to be remote
consequences of the cumulative
insults of diabetes over many years.!
However, recent clinical evidence
suggests that the development of
myocardial contractile dysfunction

and dilated cardiomyopathy may
trigger insulin resistance at both the
whole body and myocardial levels.
The development of myocardial
insulin resistance in dilated cardio-
myopathy has potential significant
consequences, given the preference
of the failing heart for glucose as its
metabolic substrate. In this article,
we review the evidence that dilated
cardiomyopathy is associated with
the development of whole body and
myocardial insulin resistance and
the consequences for substrate uti-
lization of the failing heart. We also
review alterations in myocardial
insulin signaling as potential targets
for therapeutic intervention. We
establish the role of increased sym-
pathetic nervous system activation
and associated lipolysis in the
pathogenesis of myocardial insulin
resistance. Finally, we discuss the
implications for overcoming insulin
resistance in preventing the progres-
sion of dilated cardiomyopathy to
end-stage heart failure.

Myocardial Substrate
Preference in the Failing Heart
The heart is unique among organ

systems in its continuous need for
high-energy phosphates to maintain
contractile function and thereby
provide oxygenated blood to other
organ systems to meet their metabol-
ic needs.* The continuous require-
ment for high-energy phosphates
imposes a significant metabolic bur-
den on the heart to generate adeno-
sine triphosphate (ATP) from the
complete oxidation of available
metabolic substrates. The heart pos-
sesses a limited ability to store sub-
strate, particularly fatty acids, for
oxidative phosphorylation. Therefore,
the heart has a continuous require-
ment for transporting as well as oxi-
dizing available substrate.

Under normal physiologic cir-
cumstances, the heart possesses the
ability to use numerous substrates
for the generation of high-energy
phosphates, including nonesterified
fatty acids (NEFA), glucose, and lac-
tate.>® The choice of substrate is
based on substrate availability, hor-
monal milieu, oxygen availability,
and metabolic demands. In the nor-
mal adult heart, NEFA are the pre-
ferred metabolic substrate because
of the high yield of ATP when NEFA
are fully oxidized. However, under
circumstances of increased myocar-
dial work or limited oxygen avail-
ability, the heart turns to glucose as
the more efficient fuel for ATP gen-
eration. When the heart is injured
and left ventricular (LV) function is
depressed on a chronic basis, there
is a shift to glucose as the preferred
substrate under basal circumstances.
Work of Taegtmeyer and col-
leagues*’” has now demonstrated
that this shift in substrate prefer-
ence is a highly regulated transcrip-
tional event. Importantly, the
changes in gene transcription
involve down-regulation of trans-
port mechanisms and enzymes
involved in fatty acid oxidation.
This includes decreases in the NEFA

VOL. 4 SUPPL. 6 2003 REVIEWS IN CARDIOVASCULAR MEDICINE ~ S51



Insulin Resistance continued

receptor—peroxisome proliferator
activated receptor-a (PPARa])—and
its co-factor, the retinoic acid receptor
RXR, as well as a series of enzymes,
including carnitine palmitoyltrans-
ferase-1 (CPT-1), which is rate limiting
in the transport of fatty acid coen-
zyme A (CoA) to the inner mitochon-
drial membrane.*** These events
recapitulate the fetal gene profile of

LV dysfunction predisposes to the
development of whole body insulin
resistance in humans.

Amato and colleagues® studied the
extent to which congestive heart fail-
ure (CHF) promoted insulin resistance
as the major pathophysiologic risk
for diabetes mellitus. In 1339 elderly
subjects, the investigators determined
that CHF predicted insulin-depend-

There is a requirement for adequate insulin availability and action to
efficiently transport and oxidize glucose. The requirement becomes more
pressing as the failing heart’s dependence on glucose grows.

the heart, as has been seen with many
other genetic programs following
cardiac injury.” The functional con-
sequence of this genetic reprogram-
ming is an increased reliance of the
failing heart on the transport and
oxidation of glucose.

Myocardial glucose metabolism has
been studied extensively in normal
and diseased myocardium. There is a
requirement for insulin to efficiently
transport glucose across the sarcolem-
mal membrane using a highly spe-
cific transporter, glucose transporter-4
(GLUT-4).* Although an alternative,
non-insulin-dependent mechanism
does exist in the GLUT-1 transporter,
its abundance and significance is
pale in comparison to the GLUT-4
transporter. Insulin is also essential
in activating key rate-limiting steps
in glycolysis (Akt-1-dependent phos-
phorylation of phosphofructokinase).
Thus, there is a requirement for ade-
quate insulin availability and action
to efficiently transport and oxidize
glucose. The requirement becomes
more pressing as the failing heart’s
dependence on glucose grows.

Clinical Evidence in
Congestive Heart Failure

There is a considerable body of liter-
ature that supports the concept that
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ent diabetes mellitus (IDDM) inde-
pendently of age, sex, family history,
body mass index, waist:hip ratio,
blood pressure, and therapy for CHE.
Suskin and associates'! observed glu-
cose abnormalities in 43% of patients
with CHF and correlated these find-
ings with the New York Heart
Association classification of symp-
toms. Paolisso and coworkers'**
demonstrated that insulin-mediated
glucose uptake is an independent
prognostic factor in heart failure.
Several studies demonstrated fasting
hyperinsulinemia and various degrees
of insulin resistance using minimal
modeling of glucose disposition, eu-
glycemic-hyperinsulinemic clamps or
positron emission tomography (PET)
scanning in patients with heart fail-
ure.'*7 However, the mechanisms
and the time course of the develop-
ment of insulin resistance have not
been explored in humans with dilat-
ed cardiomyopathy nor has there
been an attempt to discriminate
whole body insulin resistance from
myocardial insulin resistance in LV
dysfunction. Data in patients with
coronary disease'® and cardiac hyper-
trophy" have suggested that there is
comparable myocardial and whole
body insulin resistance, despite nor-
mal fasting insulin levels. However,
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myocardial glucose disposition and
coronary blood flow were inferred
from positron emission tomography
measurements in these studies with-
out direct assessments of either
transmyocardial glucose measure-
ments or coronary blood flow.
Surprisingly, Jagasia and colleagues®
found no evidence of myocardial
insulin resistance in type 2 diabetics
with coronary artery disease when
transmyocardial glucose measure-
ments and direct measurements
of coronary blood flow were used,
despite significant impairment
in whole body glucose uptake.
Importantly, all patients had nor-
mal LV ejection fractions (> 45%).
Intracoronary infusion of insulin to
patients with type 2 diabetes with
normal LV function revealed intact
myocardial glucose uptake and glu-
cose oxidation, despite significant
impairment of both cellular process-
es in skeletal muscle. In contrast,
coronary vascular responses to intra-
coronary hyperinsulinemia were
impaired in type 2 diabetics com-
pared with nondiabetic subjects.

These data suggest that there is a
discrepancy between myocardial
insulin action and coronary vascu-
lar responses to insulin in type 2
diabetes. The extent to which these
differences are attributable to organ-
specific insulin action or the associ-
ated effects of hyperglycemia is
unknown. Furthermore, vascular
insulin resistance explains the impair-
ment in coronary flow reserve docu-
mented in IDDM in the absence of
epicardial atherosclerosis.*

A major limitation of these stud-
ies has been failure to consider the
role of elevated free fatty acids in
the observed insulin resistance.
Physiologic increases in NEFA can
contribute importantly to insulin
resistance by decreasing insulin-
stimulated glucose uptake and
decreasing glycogen synthase activi-
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ty. The mechanism whereby NEFA
impairs glucose uptake involves
impaired translocation of GLUT-
4.222 Furthermore, there is little data
to determine whether insulin resist-
ance contributes to LV dysfunction
or coronary vascular abnormalities
in dilated cardiomyopathy or whether
ameliorating myocardial insulin
sensitivity improves LV function.
Finally, there are few data on the
cellular signaling abnormalities that
accompany myocardial insulin resist-
ance in these human studies and
whether they differ from those
described in skeletal muscle.

Insulin Signaling Cascade

in the Heart

From a metabolic perspective, the
principal action of insulin is to facil-
itate the translocation of the insulin-
sensitive GLUT-4 transporter from
the cytosol to the plasma membrane.
The steps involved in effecting these
cellular actions of insulin are well
understood in skeletal muscle and
adipose tissue. Much of this work
has been done employing in vitro
cell culture models. A schematic
illustration of the insulin signaling
cascade is illustrated in Figure 2.
Insulin binds to membrane-bound

Glucose

Pyruvate

Glucose —» G-6-P ——> Lactate

Nucleus

Figure 2. The cellular steps in the insulin (I) signaling cascade, underscoring the metabolic actions of insulin as
well as its effects on growth and survival. The serine/threonine kinase Akt-1 is the central mediator of these actions
of insulin. ecNOS, endothelial nitric oxide synthase; G-6-P, glucose-6-phosphate; GLUT-4, glucose transporter-4;
GSK-38, glycogen synthase kinase-38; IR, insulin receptor; IRS-1, insulin receptor substrate-1; NE/EPI, norepi-
nephrine/epinephrine; P, phosphorylation site; PI-3 K, phosphatidylinositol-3 kinase.

to the plasma membrane. Activation
and recruitment of PI-3 kinase is the
rate-limiting step in the cellular
insulin signaling cascade. PI-3 kinase
generates tris phosphatidylinosi-
tides (Ptlnds 3' 4' 5'P) in the lipid
membrane that are essential to the
activation of the central cellular
mediator of insulin action, protein
kinase B, or Akt-1. Akt-1 is a highly
conserved serine/threonine kinase
with pleomorphic cellular actions.**
Akt-1 was first identified as a proto-

Akt-1 acts as a central intracellular mediator of insulin action, governing
glucose homeostasis by facilitating intracellular transport of substrate as
well as its oxidative and nonoxidative metabolism through actions on
glycolytic and glycogen synthesis pathways, respectively.

insulin receptors (IR) that act as
tyrosine kinases to autophosphory-
late regulatory subunits (IR-f3) on
the receptor. The activated tyrosine
kinase also phosphorylates a key
docking protein, insulin receptor
substrate-1 (IRS-1), at key tyrosine
residues. The phosphorylation of
IRS-1 facilitates the recruitment of
phosphatidylinositol-3 (PI-3) kinase

oncogene that conferred immortality
on cancer cell lines. It has been
implicated widely in a number of car-
diovascular pathophysiologic condi-
tions, including myocardial growth
through the inhibition of glycogen
synthase kinase-3f3 (GSK-3f3). GSK-
313 phosphorylates a key nuclear tran-
scription factor (NFAT-3) implicated
in the pathogenesis of myocardial

hypertrophy. Inhibition of GSK-38
by activated Akt-1 allows NFAT-3 to
translocate to the nucleus and acti-
vate a series of growth programs
mediated by the transcription factor
GATA-4. Akt-1 activation also facili-
tates cardiomyocyte survival through
the activation of the anti-apoptotic
pathways involving Bcl-2.* Akt-1
activation also enhances the activity
of nitric oxide synthase isoform
(NOS3), thereby facilitating the pro-
duction of nitric oxide and amelio-
rating endothelial dysfunction.*
However, Akt-1 plays a funda-
mental role in glucose homeostasis
in the heart as well as other insulin-
sensitive tissues.” Akt-1 activation is
essential for the efficient transloca-
tion of the GLUT-4 transporter as
well as the activation of the forkhead
family of nuclear transcription fac-
tors that induce key glucoregulatory
enzymes. Akt-1 phosphorylation and
resultant inhibition of GSK-3
results in the activation of glycogen
synthase, facilitating the nonoxida-
tive metabolism of glucose to glyco-
gen under appropriate circumstances.
Finally, Akt-1 activation results in the
phosphorylation of phosphofructo-
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Figure 3. The role of the sympathetic nervous system as a trigger and nonesterified fatty acids (NEFA) as a medi-
ator of altered insulin signaling in dilated cardiomyopathy. The illustration underscores the central role of NEFA in
altering insulin signaling through three cellular mechanisms: atypical protein kinase C (PKC ®), induction of phos-
phatases (PTEN [phosphatidylinositol phosphate 3’-phosphatase]), and induction of ceramide. These cellular events
constitute potential therapeutic targets for restoring insulin signaling. CPT-1, carnitine palmitoyltransferase-1; FFA,
free fatty acids; iNOS, inducible nitric oxide synthase; IRS-1, insulin receptor substrate-1; LV, left ventricular; NE,
norepinephrine; PDK-1, phosphatidylinositide-dependent kinase-1; TNFo, tumor necrosis factor-c.

kinase-1 at two key regulatory sites,
facilitating the activity of this rate-
limiting enzyme in glycolysis.**
Thus, Akt-1 acts as a central intra-
cellular mediator of insulin action,
governing glucose homeostasis by
facilitating intracellular transport of
substrate as well as its oxidative and
nonoxidative metabolism through
actions on glycolytic and glycogen
synthesis pathways, respectively.
The complete activation of Akt-1
is dependent on the phosphoryla-
tion of two key sites and is governed
by two distinct kinases. Phospha-
tidylinositide-dependent kinase-1
(PDK-1) phosphorylates Akt-1 at a key
threonine residue (Thr 308) located
in the catalytic domain of Akt-1.
Integrin-linked kinase-2 (ILK-2)
phosphorylates Akt-1 at a key serine
residue (Ser 473) located in the reg-
ulatory unit of the kinase.?** These
two kinases are themselves depend-
ent on the generation of tris phos-
phatidylinositides in the plasma
membrane. Failure to generate tris
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phosphatidylinositides through acti-
vation of PI-3 kinase or degradation
by phosphatases impairs the activa-
tion of Akt-1.

Increased Sympathetic
Nervous System Activation:

A Potential Trigger to
Myocardial Insulin Resistance
in Dilated Cardiomyopathy
Figure 3 provides a conceptual
framework by which LV dysfunction

on a moment-to-moment basis,
depending on demand from other
organ systems. It is well established
that LV dysfunction leads to the
activation of the SNS and the release
of norepinephrine from presynaptic
nerve terminals. The acute response
is designed to maintain ventricular
performance and cardiac output at
or near normal. It is accompanied
by increased peripheral sympathetic
activation designed to maintain
organ perfusion through regional
vasoconstriction and diversion of
oxygenated blood to vital organs.
Although this response is essential
in preserving organ perfusion acute-
ly, the tonic activation of the SNS
leads to adverse cardiovascular con-
ditions. These include increased
myocardial oxygen consumption
associated with sympathetically
mediated increases in heart rate and
contractility through f1-adrenergic
receptors and increased ventricular
load imposed by increased peripheral
vasoconstriction mediated by vascu-
lar a1-adrenergic receptors. As such,
chronic activation of the SNS in dilat-
ed cardiomyopathy leads to increased
consumption of high-energy phos-
phates, further imposing on the
already-stressed metabolic circum-
stances of the failing heart. In sup-
port of these chronic adverse effects
of SNS activation is a plethora of

In support of these chronic adverse effects of SNS activation is a plethora
of clinical and experimental evidence that inhibition of the SNS through
the use of adrenergic receptor antagonists improves clinical outcomes and
mortality in patients with dilated cardiomyopathy.

and the resultant dilated cardiomy-
opathy might lead to the develop-
ment of myocardial insulin resistance.
The myocardium is among the most
richly innervated organs by the
sympathetic nervous system (SNS),
given the need to adjust performance
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clinical and experimental evidence
that inhibition of the SNS through
the use of adrenergic receptor antag-
onists improves clinical outcomes
and mortality in patients with dilat-
ed cardiomyopathy.

In addition to the aforemen-
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tioned adverse hemodynamic effects
of chronic SNS activation, cate-
cholamines are known to be potent
counterregulatory hormones to the
action of insulin.”**¥ Among the
effects are the potent actions of
catecholamines, particularly norepi-
nephrine, to induce lipolysis and
increase circulating NEFA.” The
increase in circulating NEFA may

myocardial glucose uptake, the pre-
cise mechanisms of the beneficial
effects remain to be elucidated.

NEFA: A Central Mediator of
Myocardial Insulin Resistance
in Dilated Cardiomyopathy
Despite the lack of general recogni-
tion, there is both clinical and
experimental evidence to suggest

Chronic SNS activation in dilated cardiomyopathy may play an important
pathophysiologic role in triggering insulin resistance by increasing cir-
culating levels of NEFA and altering the balance between glucose and

NEFA oxidation in the failing heart.

play a central role in mediating
myocardial insulin resistance.

In addition, glucagon, a potent
counterregulatory hormone to the
action of insulin, mediates its
myocardial effects through the acti-
vation of f32-adrenergic receptors.
A critical consequence of this action
is to increase plasma glucose levels
by stimulating glycogenolysis dur-
ing periods of hypoglycemia. In
addition, glucagon facilitates NEFA
oxidation by decreasing malonyl
CoA, a potent inhibitor of lipid oxi-
dation. Finally, glucagon decreases
phospho-2, 6 bisphosphate, impair-
ing the activation of phosphofruc-
tokinase and inhibiting glycolysis.
In this regard, it is important to note
that combined SNS antagonism with
carvedilol improves myocardial glu-
cose uptake in patients with dilated
cardiomyopathy.*

Taken together, these data suggest
that chronic SNS activation in dilat-
ed cardiomyopathy may play an
important pathophysiologic role in
triggering insulin resistance by
increasing circulating levels of NEFA
and altering the balance between
glucose and NEFA oxidation in the
failing heart. While blocking the
SNS is associated with increased

that plasma levels of NEFA are
increased in cardiomyopathy. NEFA
are the product of lipolysis, in
which triglycerides are converted to
glycerol and NEFA. Circulating
NEFA can be taken up by nonadi-
pose tissue and oxidized to generate
ATP. However, in cardiomyopathy,
the enzymatic pathways for NEFA
oxidation in the heart are down-reg-
ulated in a series of tightly regulated
transcriptional events that begin
with the PPARa receptor, its corecep-
tor, the retinoic acid receptor, and
cofactor PCG-1.*° In the absence of

of hexokinase, the first committed
step in the glycolytic pathway. The
conversion of fatty acyl CoA to
acetyl CoA alters the mitochondrial
ratio of acetyl CoA/CoA, which
directly inhibits the pyruvate dehy-
drogenase complex and glucose oxi-
dation. Finally, increased B-oxidation
of acetyl CoA leads to increased efflux
of citrate from the mitochondria to
the cytosol, where it inhibits phos-
phofructokinase.

More recently, it has been recog-
nized that NEFA can alter insulin
signaling directly as opposed to
competitively by interfering with
several steps in the insulin-signaling
cascade (Figure 3). Recent evidence
has suggested that NEFA can lead to
activation of atypical protein kinase
(PKC 6).#* In turn, these protein
kinases activate IkB kinase, a serine
kinase that can phosphorylate ser-
ine residues on the docking protein,
IRS-1. Serine phosphorylation of IRS-
1 inhibits the recruitment of PI-3
kinase, mitigating insulin signaling.
An alternative mechanism involves
the induction of the anti-oncogenic
phosphatase and tensin homologue
deleted on chromosome 10 (PTEN)
by NEFA, mediating activation of
PPARy nuclear receptors. PTEN acti-

Increased circulating NEFA appear to be a common feature of cardiomy-
opathy and may contribute importantly to altered glucose homeostasis
and insulin action by both direct and indirect mechanisms.

oxidation, NEFA may be stored in the
form of triacylglycerol in nonadipose
tissues, such as the heart. Stored NEFA
in nonadipose tissue has now been
implicated in mediating lipotoxicity.®

Fatty acid oxidation has long
been implicated in the inhibition of
glucose oxidation through the com-
petitive generation of intermediary
metabolites.® The generation of fatty
acyl CoA directly inhibits the action

vation results in the dephosphoryla-
tion of tris phosphatidylinositide,
impairing Akt-1 activation. A third
mechanism whereby NEFA can
impair insulin signaling involves
the generation of the intracellular
sphingolipid ceramide. Ceramide is
known to induce protein phos-
phatase-2 (PP-2), which is involved
in the deactivation of Akt-1.
Importantly, these mechanisms,
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although attractive, have not been
demonstrated in myocardium.

Nonetheless, increased circulating
NEFA appear to be a common fea-
ture of cardiomyopathy and may
contribute importantly to altered glu-
cose homeostasis and insulin action
by both direct and indirect mecha-
nisms. Whether altering increased
plasma NEFA will restore myocardial
insulin responsiveness remains to
be elucidated.

Overcoming Insulin Resistance
in Dilated Cardiomyopathy

as a Mechanism for

Clinical Improvement

Based on the existing clinical infor-
mation and the theoretical constructs
presented above, it is reasonable to
assume that the failing heart, partic-
ularly the heart with advanced dilated
cardiomyopathy, is poised on the
brink of myocardial energy depri-
vation and might benefit from

enhanced myocardial glucose uptake
and oxidation. The data of Paolisso
and colleagues®'*" demonstrated
evidence of both whole body and
myocardial insulin resistance in
patients with advanced dilated car-
diomyopathy. What remains to
be determined is whether overcom-
ing myocardial insulin resistance

with improved clinical outcomes.
However, the majority of these trials
were conducted in diabetics, and the
administration of insulin required
as much as 2 liters of concomitant
glucose infusion to mitigate hypo-
glycemia.”® These volume require-
ments make conventional insulin
therapy unattractive in heart failure,

Although pharmacologic insulin levels do improve glucose uptake, a more
attractive strateqy would involve insulin-sensitizing agents, such as the

thiazolidinediones.

and enhancing myocardial glucose
uptake and oxidation will improve
clinical and hemodynamic outcomes
in heart failure. There is an exten-
sive literature, both clinical and
experimental, demonstrating that
intensive insulin treatment in the
setting of myocardial infarction®*
and cardiac surgery* is associated

in which such an infusion would be
contraindicated. Furthermore, insulin
resistance in dilated cardiomyopa-
thy is associated with high fasting
insulin levels. Although pharmaco-
logic insulin levels do improve glu-
cose uptake, a more attractive strate-
gy would involve insulin-sensitizing
agents, such as the thiazolidine-

Main Points

e The development of myocardial insulin resistance in dilated cardiomyopathy has potential significant consequences,
given the preference of the failing heart for glucose as its metabolic substrate.

e The heart is unique among organ systems in its continuous need for high-energy phosphates to maintain contractile
function and thereby provide oxygenated blood to other organ systems to meet their metabolic needs.

¢ There is a considerable body of literature that supports the concept that left ventricular dysfunction predisposes to
the development of whole body insulin resistance in humans.

e From a metabolic perspective, the principal action of insulin is to facilitate the translocation of the insulin-sensitive
GLUT-4 transporter from the cytosol to the plasma membrane.

e Akt-1 acts as a central intracellular mediator of insulin action, governing glucose homeostasis by facilitating intra-
cellular transport of substrate as well as its oxidative and nonoxidative metabolism through actions on glycolytic and
glycogen synthesis pathways, respectively.

e Combined sympathetic nervous system (SNS) antagonism with carvedilol improves myocardial glucose uptake in
patients with dilated cardiomyopathy. Chronic SNS activation in dilated cardiomyopathy may play an important
pathophysiologic role in triggering insulin resistance by increasing circulating levels of nonesterified fatty acids
(NEFA) and altering the balance between glucose and NEFA oxidation in the failing heart.

e It is reasonable to assume that the failing heart, particularly the heart with advanced dilated cardiomyopathy, is
poised on the brink of myocardial energy deprivation and might benefit from enhanced myocardial glucose uptake
and oxidation.

e Recent clinical evidence suggests that the development of myocardial contractile dysfunction and dilated cardiomy-
opathy may trigger insulin resistance at both the whole body and myocardial levels.
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diones (TZDs). At present, concerns
about peripheral edema have limited
the use of TZDs in patients with heart
failure, although the mechanisms of
this phenomenon have not been
elucidated. An attractive alternative
might involve the derivatives of
the proglucagon family, the glucagon-
like peptides, which possess insulino-
tropic, insulinomimetic, and glucago-
nostatic properties. Importantly, these
naturally occurring incretins are
largely devoid of hypoglycemic risks,
as their insulinotropic properties are
attenuated when plasma glucose
falls below 70 mg/dL. The short
duration of action requires continu-
ous subcutaneous infusion, which
constitutes a potential drawback to
chronic treatment. Nonetheless, with
our emerging understanding of the
role of insulin resistance and the ever-
increasing recognition of its poten-
tial deleterious consequences on the
failing heart, additional experimen-
tal and clinical trials are warranted
to determine whether myocardial
insulin resistance will emerge as a
new and important therapeutic target
in heart failure. ]
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