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Abstract

Cardiac arrhythmias represent a major cause of mortality in the Western world. Recent research has
advanced our understanding of the cellular and molecular mechanisms of arrhythmogenesis and has
demonstrated that some of the causes of arrhythmias may occur as a result of perturbations in cardiac
energy metabolism. These alterations in cardiac energy metabolism can have direct effects on the
activity of ion channels and exchangers involved in ionic homeostasis, which can subsequently promote
arrhythmogenesis. In addition, a mutation in AMP-activated protein kinase — a kinase that has a major
role in the regulation of cardiac energy metabolism — has been implicated in causing ventricular pre-
excitation and/or progressive conduction system disease, further highlighting the involvement of
metabolism in contributing to cardiac arrhythmogenesis. Pharmacological modulation of specific
metabolic pathways may therefore represent a novel approach for the clinical treatment and

prevention of certain types of arrhythmias.
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Introduction

The correct conduction of electrical signals within
the heart relies on the precise spatial and temporal
control of action potential propagation throughout
the myocardium. It comes as no surprise that any
disruption in this highly orchestrated rhythmic process
can potentially lead to life-threatening electrical
abnormalities or arrhythmias. Indeed, arrhythmias
are one of the major causes of cardiac-related deaths
in the Western world.

Depending on the underlying reason, arrhythmias
may be generated in many different regions of the
heart. The most common type of arrhythmia is atrial
fibrillation, which has an incidence of 6% in people
older than 65 years [1]; other types of arrhythmia
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include congenital long QT syndrome and familial
Wolff-Parkinson-White (WPW) syndrome [2]. It is
now apparent that the underlying trigger for many
types of arrhythmias may not be purely electrical in
nature, but that alterations in cellular metabolism also
contribute to abnormal ionic homeostasis leading to
increased susceptibility of the myocardium to arrhyth-
mogenic events. Thus the attenuation of metabolic
disturbances may offer a novel therapeutic strategy in
several types of arrhythmia, such as those precipitated
by ischemia-reperfusion injury and familial WPW
syndrome, in which metabolism has a causative role.
Because of the relative clinical importance of the
proarrhythmogenic events that are probably gener-
ated in response to the metabolic disturbances that
occur in ischemia-reperfusion and familial WPW
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syndrome, we have focused this review on these
two topics.

Ischemic metabolism and arrhythmogenesis

The most common trigger for fatal arrhythmias is the
underlying pathology of acute coronary syndrome.
Myocardial ischemia has a major role in the patho-
physiology of heart disease and is a major health
concern worldwide. The slowing or cessation of blood
flow to regions of the heart resulting from coronary
artery occlusion induces ischemia and provides the
ideal conditions for the genesis of arrhythmias. It is
now apparent that both ionic and metabolic distur-
bances act in concert to trigger proarrhythmic activity
within the myocardium.

During severe ischemia, oxidative metabolism
effectively ceases and ATP is produced primarily from
glucose via anaerobic glycolysis. Although the benefit
of a continued supply of ATP via glycolysis is essential
to myocardial cell function and survival, the hydroly-
sis of glycolytically derived ATP in the absence of
glucose oxidation results in an accumulation of pro-
tons and lactate that may cause cardiac dysfunction
and/or arrhythmias, either during ischemia or after
reperfusion [3,4]. One reason why this dysfunction
occurs is that the already diminished supply of ATP is
redirected from myocardial contraction towards the
clearance of the glycolytic byproducts. If the ischemic
episode is too severe, then ATP concentrations may
decrease sufficiently to alter ionic homeostasis, lead-
ing to proarrhythmic activity. Indeed, the ST-segment
elevation often observed on the electrocardiogram in
the ischemic heart is believed to result from excess
opening of ATP-sensitive potassium channels [5]. A
limited supply of ATP may also lead to the impaired
clearance of sodium ions via the action of Na™/K*-
ATPase. Furthermore, upon reperfusion, the accumu-
lated protons are removed from the cardiac myocyte
by the Na*-H™ exchanger NHE1, in exchange for
Na™ ions, which further increases the intracellular
Na* concentration. This increase in intracellular Na*
activates the Na*—Ca*" exchanger in the reverse
mode, thus promoting increased accumulation of
Ca”" within the cardiac myocyte. The resultant Ca®*
overload is believed to be a major cause of contractile
dysfunction of cardiac arrhythmias after reperfusion of
an ischemic myocardium [6].

In addition to alterations in the supply of ATP during
ischemia, there are other metabolic signals that can
contribute to arrhythmias. As metabolism is switched
from B-oxidation of fatty acids to glycolytic pro-
duction of ATP during ischemia, an intracellular
build-up of lipid metabolites such as lysophosphati-
dylcholine™ has been shown to increase the persistent
activity of the normally transient voltage-gated

sodium channel [7], which may also contribute to
action potential prolongation and Na™ loading in
myocytes. Furthermore, esterified fatty acids such as
long-chain acyl coenzyme A also accumulate in the
ischemic myocardium, and our recent research (Embo
J 2006, in press) suggests that these metabolites
increase reverse-mode Na*—Ca”* exchange activity,
further exacerbating Ca®" overload, contractile dys-
function, or cardiac arrhythmias.

Reperfusion of reversibly injured myocardial tissue
improves functional recovery, but there are also nega-
tive consequences associated with restoring blood
flow to the ischemic region. For example, reperfusion
of the ischemic myocardium results improved mito-
chondria function and a rapid production of reactive
oxygen species, which further exacerbates existing
ionic imbalances [8]. Therefore the metabolic gener-
ation of reactive oxygen species is also believed to
have a major role in cardiac arrhythmogenesis.

Collectively, the metabolites that are generated
during ischemia and/or reperfusion, or both, will alter
both sodium and calcium homeostasis and contribute
to electrical dysfunction. This resulting heterogeneity
of the action potential duration and dispersion of
refractoriness will lead to an increased potential for
re-entrant-type arrhythmias [9]. Therefore, it is clear
that the alterations in cardiac energy metabolism that
occur during ischemia-reperfusion have a major
impact on many ion channels and exchangers
involved in ionic homeostasis, highlighting the
importance of metabolism in the control of arrhyth-
mogenesis.

Alterations in AMP-activated protein kinase
activity and arrhythmogenesis

In addition to the metabolic disturbances that occur
during ischemia-reperfusion, there are also genetic
mutations that can alter the function of specific
proteins, eventually leading to arrhythmias. A num-
ber of these proteins are ion channels [10,11]; how-
ever, several mutations in one enzyme that has a
major role in the regulation of cardiac energy meta-
bolism have been identified as being a major con-
tributor to ventricular pre-excitation or progressive
conduction system disease, or both. This enzyme is
AMP-activated protein kinase (AMPK)*. The iden-
tification of this key regulator of cardiac energy
metabolism as being centrally involved in a specific
arrhythmia further supports the notion that meta-
bolism plays a major part in the regulation of arrhy-
thmogenesis.

AMPK is a heterotrimeric protein (consisting of an
a—B—vy complex) that regulates both whole-body and
cellular utilization of energy [12]. Early reports showed
that AMPK is activated by metabolic stresses that
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deplete cellular ATP [13] and responds by readjusting
energy production and expenditure in order to re-
establish the supply of ATP. AMPK has a major role
in regulating cardiac energy metabolism [3], but
specific mutations in the vy, gene of AMPK (PRKAG2)*
have recently been shown to alter AMPK activity in
the heart [14—17]. These PRKAG2 mutations also
appear to be directly responsible for a glycogen sto-
rage cardiomyopathy characterized by ventricular
pre- excitation (WPW syndrome), progressive con-
duction system disease [18-22], and, in specialized
cases, cardiac hypertrophy [23,24]. This triad of car-
diac abnormalities has been termed the PRKAG2
cardiac syndrome [23,24].

The exact cause of this ventricular pre-excitation in
patients with the PRKAG2 cardiac syndrome has not
been firmly established, but it has been suggested that
conduction system abnormalities observed in this
disease originate from glycogen-filled myocytes caus-
ing the formation of pre-excitation muscular bypass
tracts between the atrial and ventricular chambers
[18,20]. Such tracts are used as a retrograde limb of
the re-entrant circuit, and appear to result in a macro-
re-entrant arrhythmia. The finding that a mutation in
a major regulator of cardiac energy metabolism
leads to arrhythmias further supports the concept that
alterations in cardiac energy metabolism, indepen-
dent of ischemia-reperfusion, may be sufficient to
signal arrhythmogenic activity.

Although metabolic alterations occurring in re-
sponse to abnormal AMPK activity clearly produce
glycogen-filled myocytes that may act as bypass
tracts, there are also other possible mechanisms by
which alterations in AMPK activity may contribute to
the arrhythmogenic activity. Indeed, we have shown
that the cardiac Na™ channel is also regulated by
activated AMPK [2,25], and suggested that there
may be other ion channels that are regulated by
AMPK, which could contribute to the observed arrhy-
thmogenic activity in patients with some PRKAG2
mutations [25]. Future research will undoubtedly
clarify the targets of the mutated form of AMPK and
help establish the precise mechanism by which the
ventricular pre-excitation and progressive conduction
system disease originate in patients who are afflicted
with the PRKAG2 cardiac syndrome.

Summary

It is becoming clear that alterations in cardiac energy
metabolism can have a major role in the development
of cardiac arrhythmias, but it is currently unknown
whether pharmacological restoration of cardiac meta-
bolism will be an effective approach to the treat-
ment of arrhythmogenesis. Although the approach
of ““metabolic modulation” for the treatment of
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cardiac arrhythmias is in its infancy, there is clear
evidence that modifications to the downstream effec-
tor ion channels, and exchangers, or both, that are
disturbed by metabolic alterations may have clear
benefit for the treatment of certain arrhythmias. For
example, drugs that ameliorate the function of the
Na*—H" and the Na"-Ca”" exchangers are good
candidates for novel antiarrhythmic agents [26,27].
In addition, modulation of AMPK activity in patients
with the PRKAG2 mutations that cause familial WPW
syndrome may help prevent the accumulation of gly-
cogen or prevent the ventricular pre-excitation and
progressive conduction system disease. Together, these
new strategies may one day lead to improved treatment
of patients who develop cardiac arrhythmias that are
related to ischemia-reperfusion or the PRKAG2 cardiac
syndrome. W

* See glossary for definition of these terms.
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