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The incidence and prevalence of heart failure have increased significantly over the past few decades. Available data suggest that patients with
heart failure independent of the aetiology have viable but dysfunctional myocardium that is potentially salvageable. Although a great deal of
research effort has focused on characterizing the molecular basis of heart failure, cardiac metabolism in this disorder remains an understud-
ied discipline. It is known that many aspects of cardiomyocyte energetics are altered in heart failure. These include a shift from fatty acid to
glucose as a preferred substrate and a decline in the levels of ATP. Despite these demonstrated changes, there are currently no approved
drugs that target metabolic enzymes or proteins in heart failure. This is partly due to our limited knowledge of the mechanisms and pathways
that regulate cardiac metabolism. Better characterization of these pathways may potentially lead to new therapies for heart failure. Targeting
myocardial energetics in the viable and potentially salvageable tissue may be particularly effective in the treatment of heart failure. Here, we
will review metabolic changes that occur in fatty acid and glucose metabolism and AMP-activated kinase in heart failure. We propose that

cardiac energetics should be considered as a potential target for therapy in heart failure and more research should be done in this area.

Heart failure (HF) is a complex syndrome with several features,
including abnormal myocardial function and excessive, continuous
neurohormonal activation. HF is costly and deadly; disease preva-
lence is 6—10%, with an annual incidence of 1% in adults over
the age of 65 and costs in excess of US$35 billion. One-year mor-
tality is 20% and 5-year mortality is 50%, a figure worse than that
for many cancers.! Data from an Italian registry of > 6200 unse-
lected outpatients with HF indicate that ischaemic heart disease
is the most common risk factor for HF (40%), followed by
dilated cardiomyopathy, primary valvular disease, and hypertension
(32, 12, and 11%, respectively).” Less commonly, HF may be
caused by viral myocarditis, infiltrative disorders, human immuno-
deficiency virus (HIV) cardiomyopathy, alcohol, cocaine, and
connective tissue disease.

From a mechanistic standpoint, reduced myocardial perform-
ance may be related to anatomic loss of myocardial tissue,
reduced function of viable myocytes, or a combination of both.
However, contractile failure is more often the expression of

adaptive responses of viable myocytes to various forms of non-
lethal damage, and as such is potentially reversible with appropriate
treatment.’ Indeed, viable but dysfunctional myocardium, which
can be identified by imaging techniques and appears to be
present in a significant number of patients independent of their
aetiology, predicts the response to therapy in patients with HF.*
Traditional treatments for HF have mostly focused on haemo-
dynamics and neurohormonal pathways. Thus, targeting specific
proteins and processes in the myocardial cells that are defective
may provide additional benefits in patients with this disorder.
Myocardial energetics refers to the energy that is produced and
utilized by cardiomyocytes to generate the contraction and active
relaxation of the beating heart. The healthy human heart is a highly
efficient pump that propels ~ 5 L/min of blood, totalling > 7000 L/
day and > 2.6 million Liyear.” To perform this work, the myocar-
dium hydrolyses > 6 kg of adenosine triphosphate (ATP) daily,®
which is produced by transferring chemical energy from nutrients
taken up into the myocytes from the bloodstream. From a
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Figure 1 Cardiac metabolism and defects in heart failure. Under normal conditions, cardiomyocytes mostly utilize free fatty acids as their
primary substrate. However, with pressure overload and heart failure, cardiomyocytes switch substrate preference to glucose. There is also
decreased activity of fatty acid B-oxidation, tricarboxylic acid (TCA) cycle enzymes, and complexes involved in the electron transport chain
(ETC) in heart failure. Red arrows show defects in cellular metabolism in heart failure. For more details, please refer to the text.

metabolic standpoint, cardiac muscle can be considered an ‘omniv-
orous’ tissue, since it can oxidize free fatty acids (FFAs) and glucose
simultaneously and in variable ratios according to substrate avail-
ability and disease state.” The workload of the heart requires a
high level of architectural efficiency, which is maintained by con-
stant turnover and rebuilding. In a healthy person, extracellular
and intracellular structural renewal occurs rapidly from a steady
supply of amino acids, lipids, and carbohydrates.® As the myocar-
dium fails, there are significant changes in the heart’s ability to
supply adequate energy for its needs. The early observations that
a decrease in oxidative phosphorylation capacity accompanies HF
have been validated with more modern tools such as *'P-nuclear
magnetic resonance (NMR) spectroscopy, which allows for non-
invasive measurements of cardiac energy reserves. Decreased
cardiac energy reserve in patients suffering from dilated cardiomy-
opathy is associated with significantly increased mortality.” While
these clinical observations do not prove causation, the contribu-
tion of deranged cardiac energetics to the development of HF
has been studied in numerous animal models. Specific metabolic
gene mutations or knockouts result in cardiac hypertrophy and a
decrease in contractile reserve, resulting in overt HF or decreased
ability to respond to cardiac stressors.”® These in vivo models high-
light the consequences of altering cardiac metabolism and their
impact on preserving normal cardiac functional reserve.

Multiple myocardial metabolic abnormalities occur in HF. The
failing myocardium is characterized by altered substrate utilization
(increased dependence on glucose), decreased oxidative phos-
phorylation, decreased high-energy phosphate content, generation
of reactive oxygen species, and mitochondrial dysfunction
(Figure 1)."" These changes are not due to a lack of substrate

availability, since the coronary circulation is able to provide an
excess of substrates, but rather to a change in substrate flux and
modification of the enzymatic repertoire.'” Thus, myocyte struc-
ture remains relatively intact but myocyte function is impaired,
resulting from the metabolic imbalance, which is expressed clinic-
ally by the presence of viable, but dysfunctional, myocardium. Im-
portantly, this can be further exacerbated by the increasing
metabolic demands triggered by the excessive and continuous ac-
tivation of the sympathetic nervous system typical of HF."?
Despite recent progress, our knowledge of myocardial energetic
abnormalities in HF is still limited. Whether and how they differ
according to aetiology, duration, and severity of the disease
remains poorly understood. There is, however, a unique opportun-
ity for therapeutic intervention at the metabolic level in patients
with HF since only a portion of myocytes may be irrevocably
injured at a given time. In the last few years, a number of promising
therapies modulating the metabolic function of the heart have
been tested, and some of them appear to improve the perform-
ance of viable myocardium. In this article, we will review the
main aspects of cardiac metabolism in relation to the pathophysi-
ology of HF, we will highlight the potential targets for pharmaco-
metabolic therapy, and we will report the effects of new
metabolic drugs. We propose that by targeting myocardial ener-
getic pathways, we may be able to prevent the eventual death of
viable myocardial cells in heart failure. This review starts with a de-
scription of animal models of HF, followed by an overview of
glucose and FFA metabolism and the role of AMP-activated
kinase (AMPK) in HF. It should be noted that other metabolic
aspects of the heart, such as mitochondrial function, oxygen con-
sumption, production of reactive oxygen species, hibernation and
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stunning, and micronutrients will not be discussed here, and the
focus will be on the changes that occur in glucose and FFA metab-
olism and AMPK activity in HF.

Animal models of heart failure

Multiple animal models of HF exist. The common pathophysio-
logical basis of all of these models is either pressure overload or
volume overload leading to cardiomyopathy and HF. Pressure-
or volume-overloaded hearts were classically believed to undergo
ventricular remodelling to normalize systolic wall stress."*"® Pres-
sure overload leads to concentric hypertrophy through an increase
in myocyte volume but not length.16 The classic clinical example is
that of aortic stenosis. This concentric hypertrophy initially nor-
malizes wall stress, typically called ‘compensatory hypertrophy’,
according to the law of Laplace. However, it is known that mech-
anical function in the heart with concentric hypertrophy is not
normal; in particular, diastolic dysfunction develops as an early
consequence.17 Further, the capillary network may be inadequate
for supplying these thickened myocytes.'® Volume overload
causes eccentric hypertrophy through an increase in myocyte
length and maintenance of mitochondrial and capillary density. Ec-
centric hypertrophy develops to allow the ventricle to accommo-
date the increased volume; this normalizes systolic wall stress at
the price of increased end-diastolic wall stress.'* Clinically, pure
volume overload is produced by atrioventricular valve regurgita-
tion or intracardiac shunts such as an atrial septal defect.

The classic pressure overload model is thoracic aortic constric-
tion (TAC) whereby the aorta is constricted, resulting in chronic
elevation of left ventricular (LV) end-systolic pressure.'® Animals
subjected to TAC classically display hypertrophy with progression
to overt heart failure. Volume overload is typically produced
experimentally by introduction of an aorto-venous (AV) shunt.
Animals subjected to AV shunt formation develop increased ven-
tricular volume overload and concomitant ventricular dilatation.
The animal model of myocardial infarction represents a mix
between pressure and volume overload.” The infarcted heart is
initially subjected to a volume overload. This sudden volume
overload results in a pressure overload.

These animal models have been useful in delineating underlying
pathways and signalling cascades that regulate HF, as discussed
below. However, there are inherent limitations of animal models.
HF in humans is, in most cases, a process that develops slowly
over many years. Animal models, particularly those with experi-
mentally induced HF such as the TAC or AV shunt models, rely
on rapid development of HF. This rapid induction of HF may not
result in the same underlying molecular pathways that occur in
the much more slowly progressive disease process in humans.
Further, humans with HF frequently have many co-morbid condi-
tions that contribute to their underlying heart disease, which prob-
ably results in significant molecular heterogeneity not present in
animal models. These confounding issues need to be considered
when applying the results of animal models to humans.

While the final common pathway of these models is often the
development of end-stage dilated cardiomyopathy with severe sys-
tolic dysfunction and overt HF, it is important to recognize that the
molecular pathways leading to this phenotype from pressure

overload and volume overload are distinct. Pressure overload car-
diomyopathy is characterized by re-expression of the fetal gene
programme. Numerous molecular pathways stimulate concentric
hypertrophy associated with pressure overload. Some pathways
promote adaptive hypertrophy with maintenance of normal myo-
cardial mechanics, such as the ERK (extracellular signal-regulated
kinase) pathway, while other pathways promote maladaptive
remodelling, such as that induced by myocardial production of
angiotensin 1I'° Recently, comparison between TAC and AV
shunt models demonstrated distinctly different molecular signa-
tures with > 160 differentially expressed transcripts.”® Further
distinct molecular perturbations occur in the progression to end-
stage HF.

Glucose and glycogen metabolism
in heart failure

Fatty acid oxidation is the primary means of energy production
under resting conditions in the normal adult human heart; glycoly-
sis makes only a small contribution towards myocardial ATP pro-
duction.! Regulation of glycolysis is complex and determined by
intracellular glucose concentrations, transcriptional rates and
activity of glycolytic enzymes, and metabolic demands of the myo-
cardium. However, as the heart remodels in response to hyper-
trophy and ischaemia, marked changes in cardiomyocyte glucose
and ATP metabolism occur (Figure 2). Enzymes involved in glyco-
lytic pathways are up-regulated even during early stages of
cardiac dysfunction; however, it is unclear if the shift is mediated
by increased adrenergic signalling, up-regulation of fetal gene pro-
grammes, or hypoxia.”>~** The shift towards glucose metabolism
improves myocardial contractile efficiency by increasing the sto-
chiometric ratio of ATP production to oxygen consumption in
addition to minimizing oxidative losses through mitochondrial
respiratory chain uncoupling associated with FFA metabolism.?
Abnormally high myocardial dependence on FFA metabolism, as
seen during ischaemia or high adrenergic states, increases cardiac
oxygen consumption by 30—50% adjusted for equivalent stroke
work indices.”®?’ Strategies to increase glucose oxidation and
decrease fatty acid metabolism can improve myocardial energy
efficiency by up to 30%.%

At a basic level, glucose metabolism is dependent on intracellu-
lar glucose concentrations, which in turn are regulated by glucose
flux across the sarcolemma. Glucose enters the cell down a con-
centration gradient primarily via two isoforms of the glucose trans-
porter (GLUT) family. GLUT1 transporters are constitutively
expressed, whereas GLUT4 exists in intracellular vesicles and
translocates to the plasma membrane in response to hormonal
stimuli such as insulin and catecholamines or in response to
muscle contraction. GLUT4 transporters are the most abundant
and are responsible for the bulk of basal glucose uptake in the
beating heart, but may increase further in response to hormonal
stimulation or increased workload.””

During myocardial ischaemia and hypertrophy, enhanced
glucose uptake occurs and appears to be both cardioprotective
and adaptive.®® This observation has been validated in animal
models. Deficiencies in glucose transport are detrimental to
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Alterations in myocyte glucose metabolism in heart failure

Potential targets to augment myocyte glucose metabolism
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Figure 2 Insulin resistance in heart failure leads to decreased glucose uptake by cardiomyocytes via decreased translocation of GLUT4 to the
sarcolemma. Fewer GLUT4 transporters result in decreased glucose flux into the myocyte. Strategies to augment glucose metabolism in heart
failure include increasing glucose uptake and oxidation by the cardiomyocyte. Administration of exogenous insulin may increase GLUT4 trans-
porter translocation. In addition, GLP-1 has been shown to increase GLUT1 translocation from intracellular vesicles to the plasma membrane.
Glucose oxidation can be increased by blocking the inhibitory effects of PDK on PDH. Increased PDH activity allows for increased oxidation of
pyruvate into acetyl-CoA which can enter the citric acid cycle to generate ATP. A-CoA, acetyl-CoA; DCA, dichloroacetate; ER, endoplasmic
reticulum; GLP-1, glucagon-like peptide-1; GLUT4, glucose transporter type 4; IR, insulin receptor; MITO, mitochondria; PDH, pyruvate dehyr-

dogenase; PDK, pyruvate dehydrogenase kinase.

myocardial function. Mice with either global and cardiac-specific
deletions of GLUT4 transporters develop myocardial hypertrophy,
have decreased cardiac contractility, and show compensatory
increases in gene expression of enzymes involved in fatty acid oxi-
dation.®" Decreased GLUT4 expression and decreased insulin-
dependent myocardial glucose uptake have also been seen in non-
diabetic patients with cardiac hypertrophy from aortic stenosis.*>

However, GLUT4 levels are not the sole determinant of myo-
cardial glucose uptake. Although the initial shift towards glucose
metabolism at progressively more advanced stages of cardiac dys-
function is physiologically adaptive, the magnitude and impact of
this adaption can be significantly limited by extracardiac factors,
specifically the development of insulin resistance. Whole body
insulin resistance can affect cardiac energy metabolism, even in
structurally normal hearts. Type 2 diabetic patients who have
otherwise normal cardiac function regenerate phosphocreatine
at a significantly lower rate after exercise compared with non-
diabetic controls.>* In patients with cardiomyopathy, the develop-
ment of insulin resistance is probably due to increased sympathetic
signalling leading to liberation of FFAs from adipose tissue into the
bloodstream.>® Thus, in the failing myocardium, decreases in insulin
sensitivity can lead to further reductions in glucose oxidation and
deteriorations in cardiac function by depriving the heart of access
to a more metabolically efficient substrate.

Attempts to augment glucose flux and overcome insulin resist-
ance in order to improve cardiac function have had mixed
results (Figure 2). Glucose—insulin—potassium (GIK) therapy was

an early attempt to potentiate myocardial glucose uptake during
ischaemia.® Insulin and ischaemia increase GLUT4 translocation
via independent but additive mechanisms, with ischaemia acting
via AMPK and insulin via phosphatidylinositol 3-kinase (PI3K).
Thus, exposure to insulin during episodes of ischaemia could, in
theory, further increase myocardial glucose uptake.>® Infusion of
insulin during the perimyocardial infarction period was presumed
to decrease adverse cardiac events and improve mortality by
increasing glucose uptake and metabolism and by increasing pro-
survival signalling mechanisms. However, subsequent clinical trials
of GIK therapy have shown conflicting results.>’*® The lack of
benefit may reflect differences in revascularization or other
aspects of acute coronary care in earlier vs. subsequent studies.
New strategies to enhance glucose uptake by the myocardium
will depend on further understanding of the connections
between GLUT4 translocation and the signalling cascades involved
in ischaemia, insulin resistance, and hypertrophy.

Interestingly, regulation of cardiac glucose transport and metab-
olism is not entirely mediated by insulin. Glucagon-like peptide 1
(GLP-1) is a pancreatic peptide that induces glucose-mediated
release of insulin from pancreatic beta-cells (Figure 2). While its
primary role is thought to be the regulation of beta-cell glucose
sensitivity, recent studies have shown extrapancreatic effects on
myocyte metabolism, including the discovery of GLP-1 receptors
on cardiomyoctes.>” The mechanism of action appears to be inde-
pendent of insulin signalling pathways. Administration of GLP-1 in a
canine pacing-induced cardiomyopathy model resulted in increased
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GLUT1 expression and translocation to the sarcolemma independ-
ent of insulin/Akt-1 signalling.*® Animals treated with GLP-1 had
significant improvement in cardiac function compared with un-
treated animals.*’ Given the commercial availability of the GLP-1
analogues exenatide and liraglutide, currently approved for treat-
ment of type 2 diabetes, clinical trials should be undertaken to
test the efficacy of these compounds for improving systolic func-
tion in patients with HF.

Other strategies to augment glucose metabolism in HF have
shown promising but limited results (Figure 2). Compounds inhibit-
ing pyruvate dehydrogenase kinase (PDK), such as dichloroacetate,
augment glucose and pyruvate metabolism and lead to improved
ejection fraction and stroke volume in patients with moderate sys-
tolic HF.** Compounds inhibiting mitochondrial fatty acid uptake
increase glucose metabolism and have been shown to be beneficial
in small clinical trials.*® Further work is needed to determine if aug-
menting glucose metabolism, through either augmentation of
insulin signalling or inhibition of fatty acid oxidation, in patients
with systolic dysfunction is beneficial or deleterious. Although
glucose oxidation is more metabolically efficient than fatty acid
oxidation, it is unknown whether primary reliance on glucose
will be enough to meet the metabolic demands of the myocardium.

Free fatty acid metabolism
in heart failure

Under physiological conditions, the primary substrates utilized by
the myocardium are FFAs, glucose, and lactate, with amino acids
and ketones playing a lesser role.** In the fasted state, high
plasma FFA levels lead to the preferential uptake and utilization
of FFAs for oxidative metabolism, with concomitant reductions
in glucose oxidation. In contrast, during the fed state, circulating
glucose and insulin levels are high and FFA concentrations are
low, so myocardial FFA uptake declines, the inhibitory effect of
FFAs on glycolysis diminishes, and glucose oxidation increases.

Three interconnected pathways regulate FFA breakdown, ATP
synthesis, and energy transfer from the mitochondria to the con-
tractile apparatus: (i) substrate utilization; (ii) oxidative phosphor-
ylation; and (iii) ATP transfer.***® A notable aspect of FFA
oxidation is its lower thermodynamic yield compared with
glucose, which leads to higher myocardial oxygen consumption
(MVO,) and decreased mechanical efficiency.””*” The inferior
energy efficiency of FFA oxidation is thought to arise from several
factors, such as the lower phosphate/oxygen ratio of FFA meta-
bolism compared with glucose metabolism, which reflects the
number of molecules of ATP produced per atom of oxygen reduced
during oxidative phosphorylation;*® the uncoupling of oxidative
phosphorylation, which leads to diversion of the electrochemical
proton gradient away from ATP production;* and the increase in
futile cycling of FFA intermediates, which leads to the consumption
of ATP for non-contractile purposes and energy waste.*

The onset and progression of HF significantly affect cardiac
energy metabolism. The initial, physiologically adaptive response
of the injured/failing myocardium aims to maximize efficiency and
leads to: (i) a preferential use of glucose metabolism, mediated
by a down-regulation of pyruvate dehydrogease isoforms (PDKs)

(which exerts a negative control on glucose oxidation); (ii) lower
expression of the PPARa/RXR2 complex and of the enzymes car-
nitine palmitoyltransferase-1 (CPT-1) and medium chain acyl-CoA
dehydrogenase, leading to a decline in FFA metabolism; and (iii)
down-regulation of uncoupling proteins.>’ However, with progres-
sion of HF, the compensatory hyperadrenergic state leads to an
elevation of blood FFA levels and to the onset of insulin resist-
ance.®* This condition impairs the normal adaptive metabolic re-
sponse of the myocyte and leads to up-regulation of FFA
metabolism, increased oxygen consumption, and decreased
cardiac efficiency, thereby creating a vicious cycle that may lead
to a secondary metabolic cardiomyopathy.>* Thus, in early HF, util-
ization of FFAs is unchanged or slightly augmented, while utilization
of glucose is increased. With further progression of the disease, a
steady decline in utilization of both FFAs and glucose is invariably
observed, with an increase in myocardial MVO, and impaired
energy delivery to the myofibrils. Whether these changes are
simply a consequence of HF or whether they contribute to con-
tractile dysfunction remains unclear.

A promising approach to metabolic therapies in patients with HF
is to modulate substrate utilization.”* Carnitine palmitoyltransferase-1
is a key regulator of the uptake of fatty-acyl-CoA, the activated
form of FFAs, in the mitochondria.>® Therefore, a reduction in
its activity results in a shift in myocardial energy metabolism
from FFA to glucose utilization. Etomoxir is a hypoglycaemic
drug that exerts its effects by irreversibly inhibiting mitochondrial
CPT-1 and long chain FFA oxidation.® The decline in intracellular
levels of acetyl-CoA and the reduced NADH/NAD ratio that
develops secondary to the reduction in FFA oxidation are asso-
ciated with increased activity of pyruvate dehydrogenase and phos-
phofructokinase, and enhanced glycolysis and glucose oxidation,”’
as well as relief of the inhibitory effects of long-chain acyl-CoA on
the mitochondrial adenine nucleotide carrier, with improved
supply of ATP to the cytosol.®® Furthermore, in the myocyte,
these metabolic changes appear to induce the expression of the
sarcoendoplasmic calcium-ATPase (SERCA), which may lead to
improved calcium (Ca*™) handling.>” Consistent with the in vitro
data, in an initial study etomoxir appeared to improve myocardial

F.%° However, a sub-

function and clinical status in patients with H
sequent trial in patients with moderate HF was stopped prematurely
because the use of this agent was associated with elevation in liver
function tests.®” Perhexiline is a potent inhibitor of CPT-1 and
CPT-2.°% In a small study, HF patients treated with perhexiline
had improved MVO, ., left ventricular ejection fraction (LVEF),
symptoms, resting and peak stress myocardial function, and skeletal
muscle energetics.>® However, further studies are needed to
better characterize its efficacy and safety in HF patients.
Trimetazidine is a partial inhibitor of 3-ketoacyl CoA thiolase,
the terminal enzyme of B-oxidation.®? It has been shown to
improve glucose oxidation,** reduce Ca*" current,® and prevent
Ca”" overload.®® Moreover, in a rat model of isoprenaline-induced
myocardial injury, trimetazidine protected against myocardial
damage by preserving the ATP pool, reducing lipid peroxidation,
inhibiting the catecholamine-mediated increase of intracellular dia-
stolic Ca®" concentration, and preventing reductions in sarcoplas-
mic reticulum Ca*" content, SERCA activity, and L-type Ca>*
channel density in cardiomyocytes.®® Since Ca®" transients may
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impair mitochondrial Ca>™ uptake and the bioenergetic feedback
response, the improvement of Ca** handling by trimetazidine
may positively affect the state of energy starvation in failing
hearts.®” In HF patients, trimetazidine ameliorated symptoms and
increased LVEF, independent of changes in FFA uptake, myocardial
perfusion, oxidative metabolism, and work efficiency.®® Thus,
trimetazidine appears to be a potential treatment for HF.

Ranolazine is similar in structure to trimetazidine.” Even if it
inhibits FFA metabolism at high serum concentrations,”® its
main mechanism of action in the myocyte appears to be
related to inhibition of the late inward sodium (Na®)
channel.”" In the failing myocyte, the mechanisms of inactivation
of this channel are abnormal and lead to Na'-triggered Ca>*"
overload, with subsequent major contractile and electrophysio-
logical disturbances.”” Furthermore, recent evidence indicates
that Na™-mediated Ca*" overload plays an important role in
the mismatch between excitation/contraction coupling and oxida-
tive phosphorylation present in the failing myocardium.®” Con-
sistent with the in vitro evidence, in a dog model of HF, acute
infusion of ranolazine improved LVEF and mechanical efficiency
without increasing MVO,. Also, positive haemodynamic effects
were observed after 3 months of oral treatment with ranolazine,
alone or in combination with metoprolol or enalapril. Addition-
ally, ranolazine exerted beneficial effects on myocardial hyper-
trophy, fibrosis, and capillary density. This animal evidence is
complemented by ex vivo data conducted on isometrically con-
tracting ventricular muscle strips from end-stage failing human
hearts, in which ranolazine reduced the frequency-dependent
increase in diastolic tension without exerting negative inotropic
effects. However, in the TIMI-36 trial, treatment with ranolazine
did not affect the rates of hospitalization for HF in patients with
non ST-elevation acute coronary syndromes.”

Dichloroacetate (DCA) inhibits FFA oxidation, thus increasing
myocardial glucose utilization. Its mechanism of action involves
the inhibition of PDK, which leads to increased activity of the
mitochondrial pyruvate dehydrogenase complex. This, in turn,
promotes conversion of pyruvate to acetyl-CoA, which can
then enter oxidative phosphorylation.”® In ex vivo studies, DCA
enhanced the post-ischaemic recovery of cardiac function and
increased cardiac efficiency by improving coupling between gly-
colysis and glucose oxidation.”* In nine patients with CAD,
DCA increased LV stroke volume and myocardial efficiency.”®
Further animal and human studies are needed to better charac-
terize the therapeutic potential and safety profile of DCA.

A decrease in FFA oxidation with a parallel increase in pyruvate
oxidation may be achieved by increasing myocardial levels of
malonyl-CoA through the inhibition of malonyl-CoA decarboxyl-
ase (MCD), the main enzyme involved in the degradation of
cardiac malonyl-CoA. Animal studies suggest that MCD inhibition
exerts positive effects on cardiac function and cardiac efficiency,
suggesting that this approach could be an effective means to modu-
late myocardial metabolism in HF.”®

A note of caution should be added regarding the use of
metabolic modulators to inhibit the availability of FFA, given
the observation that depletion of FFA with acipimox leads to
decreased myocardial efficiency in patients with idiopathic dilated
cardiomyopathy.”’

Non-pharmacological treatments have also shown potential as
modulators of myocardial metabolism, thus improving myocardial
performance.”’ In particular, 4-weeks of treadmill training in a
post-infarct rabbit model of HF induced an up-regulation of heart-
type fatty acid-binding protein (h-FABP), a mediator of FFA trans-
port across the sarcolemma of the cardiomyocytes.** This protein
appeared to be down-regulated 12 weeks after ligation of the
anterior descending coronary artery in rabbits kept at rest;
however, treadmill training elevated h-FABP expression, suggesting
that exercise may elevate myocardial lipid uptake.

AMP-activated protein kinase

AMP-activated protein kinase (AMPK) is a heterotrimeric enzyme
expressed in nearly all mammalian tissues, including the myocar-
dium. It is a key regulator of the metabolic changes that occur in
myocardial cells, lies at the crossroads of multiple intracellular
metabolic pathways, and responds to a variety of stressors and
signals, ultimately decreasing ATP-consuming pathways (Figure 3).
AMPK is highly sensitive to changes in AMP levels and is thus
affected by changes in enzymes involved in phosphoryl transfers.
The transfer of high-energy phosphates couples mitochondrial
ATP production to cytosolic demand and provides an efficient
mechanism for distributing energy locally to myofibrils.”® Levels
of key phosphoryl transfer enzymes are altered in myocardial dys-
function; specifically, decreases in creatine kinase activity result in
reduced shuttling of high-energy phosphates, which is only
partially offset by the increased activity of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and 3-phosphoglycerate
kinase (PGK). Interestingly, levels of adenylate kinase (AK), which
catalyses the production of AMP and ATP from two molecules
of ADP, are not greatly altered in murine models of HF.”’
However, because of its role in AMP production, AK probably
plays an important role in regulating the activity of AMPK. The
lack of AK up-regulation in states of cardiac dysfunction and the
consequences for AMPK activity are unknown.

AMP-activated protein kinase is found in abundance in myo-
cytes, but its role in normal myocyte function remains incomplete-
ly understood. In the heart, AMPK regulates fatty acid uptake and
oxidative phosphorylation. It inactivates acetyl-CoA carboxylase
(ACQC), thereby reducing the production of malonyl-CoA, a
known inhibitor of CPT-1.5° Therefore, through the inhibition of
ACC, AMPK increases CPT-1-dependent fatty acid oxidation to in-
crease energy production in cardiomyocytes. AMPK also stimulates
glucose uptake by stimulating the translocation of GLUT4 trans-
porters and increases glycolysis by activating phosphofructokinase.
Thus AMPK activation is an important regulator of the cellular
response to low energy states such as hypoxia and exercise.

The roles played by AMPK in cardiovascular diseases are mul-
tiple and varied. Dysregulated AMPK activation has been postu-
lated to contribute to the development of diabetes and the
metabolic syndrome, as downstream targets include key compo-
nents of many metabolic pathways.®"®* AMPK also regulates intra-
cellular pathways that promote normal endothelial function.®®
Further, AMPK plays an important role in the response to
myocardial ischaemia and the development of post-ischaemic LV

dysfunction.®*
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Increase AMP:ATP ratio

Increased AMPK activity

Increased energy production:

Increased glucose uptake
Increased glycolytic flux
Increased fatty acid oxidation
Increased mitochondrial biogenesis

Decreased energy consumption:

Decreased protein synthesis
Decreased glycogen synthesis
Decreased gluconeogenesis
Decreased fatty acid synthesis

Blunting of intracellular metabolic disturbances

Figure 3 Role of AMP-activated protein kinase (AMPK) in cellular energy homeostasis. Not all processes have been demonstrated in

myocardial cells.

Alterations in AMPK function play a role in the development and
progression of HF. The failing heart undergoes numerous metabol-
ic changes, among them a reduction in total cellular ATP levels,
resulting in an increase in the AMP:ATP ratio.® In animal models
of hypertrophy-induced HF, there are notable decreases in high-
energy phosphates, marked increases in the cellular AMP:ATP
ratio, increased GLUT1 expression, and a significant increase in
AMPK activity.®® Ultimately, this serves to increase ATP produc-
tion and decrease ATP consumption. In the failing heart, the altera-
tions induced by AMPK may not be enough to overcome the
chronic underlying metabolic derangements or other pathophysio-
logical abnormalities. However, these adaptive changes induced by
AMPK may slow the progression of cardiac dysfunction.

Genetic studies from rare cardiomyopathies provide further
insight into the importance of AMPK. Mutations in PRKAG2, the
gene encoding the y2 subunit of AMPK, result in a novel form of
glycogen storage disease that mimics hypertrophic cardiomyopathy.
These mutations cause inappropriate myocardial glycogen depos-
ition, ventricular pre-excitation (Wolff—Parkinson—White syn-
drome), and hypertrophy.®” This leads to sudden cardiac death
and progressive HF.2® This condition is due to the reduced or
absent responsiveness of AMPK to AMP, which permits abnormally
elevated AMPK activity that results in excess glycogen
deposition.8”*°

AMP-activated protein kinase is also an emerging therapeutic
target. The only AMPK-modulating drugs presently on the
market act indirectly. The antidiabetic drug metformin has been
associated with reduced cardiovascular death and myocardial in-
farction in diabetics and is known to activate AMPK.”" In mouse
models of ischaemia-induced HF, metformin treatment significantly

improved survival and post-infarct LV systolic function,” an effect
lost in dominant negative AMPK a2-expressing mice. Metformin
also reduces cardiomyocyte apoptosis in cell culture models and
blunted the LV dysfunction associated with tachycardia-mediated
HF in dogs.”® A recent paper suggests that metformin activates
AMPK through inhibition of AMP deaminase.” Thiazolidinediones
and statins have also been shown to activate AMPK indirectly.”®
Drugs that directly act on AMPK are not yet clinically available.
Acadesine (AICAR) is an adenosine analogue that is a direct AMPK
activator. It was initially developed in the 1980s and 1990s as an
agent to reduce peri-operative ischaemia at the time of coronary
artery bypass graft (CABG) surgery.”® It was thought to act by
reducing adenosine uptake in the ischaemic heart. The drug has
a short half-life, must be given intravenously, has the documented
side effect of transient hyperuricaemia, and may be associated with
significant hypoglycaemia and bradycardia. As such, AICAR has yet

to be approved for routine clinical use.”

Summary

Heart failure is characterized by reduced myocardial performance,
mainly due to the loss of myocardial tissue, reduced function of
viable myocytes, or a combination of both. In this disorder, the
heart is in a functionally impaired state characterized by the pres-
ence of viable, but dysfunctional, myocardium. The process that
leads to impaired myocardial function is mediated through
several pathways, including early metabolic derangements and
increased adrenergic tone. These, in turn, may lead to further
changes in metabolic dysregulation and the progression of myocar-
dial dysfunction (Figure 4).
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Figure 4 Progressive metabolic derangements in heart failure. External insults or stimuli such as ischaemia/infarction or the development of
cardiac hypertrophy are associated with early metabolic derangements that serve to increase glucose utilization and contribute to early insulin
resistance. This cardiac dysfunction also leads to increased adrenergic tone, which has delayed effects on fatty acid metabolism and the cellular
AMP:ATP ratio, ultimately compounding the early metabolic derangements and resulting in decreased myocardial energy efficiency and

increased myocardial oxygen consumption. These metabolic derangements are partly blunted by the effects of the key metabolic regulator,
AMP-activated protein kinase (AMPK). However the effects of AMPK cannot fully rectify these problems, and the alteration in substrate util-
ization and global myocardial metabolic dysregulation contribute to progressive myocardial dysfunction and overt heart failure.

Myocardial metabolism is altered in HF, and substrate utilization
switches from mostly fatty acids to glucose. Despite these altera-
tions, there are currently no drugs that directly target cardiac
metabolism for the treatment of HF. Better characterization of
the pathways that regulate energy production and metabolic
function may potentially lead to new therapies for HF. In the last
few years, a number of drugs targeting cardiac metabolism have
been tested, and some of them appear to be promising potential
therapies for HF. More research is needed to better elucidate
the role of these agents in the management of HF.
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