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Top i ca l Rev iew

AMPK alterations in cardiac physiology and pathology:
enemy or ally?

Jason R. B. Dyck and Gary D. Lopaschuk
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AMP-activated protein kinase (AMPK) has emerged as a key regulator of energy metabolism in

the heart. The high energy demands of the heart are primarily met by the metabolism of both

fatty acids and glucose, both processes being regulated by AMPK. During myocardial ischaemia a

rapid activation of AMPK occurs, resulting in an activation of both glucose uptake and glycolysis,

as well as an increase in fatty acid oxidation. This activation of AMPK has the potential to

increase energy production and to inhibit apoptosis, thereby protecting the heart during the

ischaemic stress. However, at clinically relevant high levels of fatty acids, ischaemic-induced

activation of AMPK also stimulates fatty acid oxidation during and following ischaemia. This

can contribute to ischaemic injury secondary to an inhibition of glucose oxidation, which results

in a decrease in cardiac efficiency. In a number of other non-cardiac tissues, AMPK has been

shown to have pro-apoptotic effects. As a result, the question of whether AMPK activation

benefits or harms the ischaemic heart remains controversial. The role of AMPK in cardiac

hypertrophy is also controversial. Activation of AMPK inhibits protein synthesis, and may be

an adaptive response to pathological cardiac hypertrophy. However, none of mouse models

of AMPK deficiency (excluding those that may involve the γ2 subunit mutations) demonstrate

increased cardiac mass, suggesting that AMPK is not essential for restriction of cardiac growth. In

addition to the potential effects of AMPK on myofibrillar hypertrophy associated with pressure

overload, there is also controversy with respect to the cardiac hypertrophy associated with

the γ2 subunit mutations. In the cardiac hypertrophy associated with glycogen overload, both

activating and inactivating mutations of AMPK in mice are associated with a marked cardiac

hypertrophy. This review will address the issue of whether AMPK activation acts as an enemy or

ally to the ischaemic and hypertrophied heart. Resolving this issue has important implications

as to whether therapeutic approaches to protect the ischaemic heart should be developed which

either activate or inhibit AMPK.
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Introduction

5′-AMP-activated protein kinase (AMPK) has emerged as a
key kinase controlling many cellular processes, particularly
pathways involved cellular energy status (Hardie & Carling,
1997). AMPK is activated during metabolic stress, and not
only activates a number of energy producing metabolic
pathways, but also inhibits energy consuming pathways
(Hardie & Carling, 1997). This has resulted in AMPK being
coined a ‘fuel gauge’ in the cell, a ‘low fuel warning system’
or a ‘master switch’ for cellular energy levels (Hardie &
Carling, 1997). This role of AMPK as a fuel gauge is
particularly relevant in the heart, which has a very high

energy demand, and over a 24 h period produces and
consumes more energy (in the form of ATP) than any other
organ. There are very little energy reserves in the heart, and
if ATP production ceased the heart’s ATP supply would be
completely exhausted within seconds. Therefore, it stands
to reason that AMPK should have a very important role
as a ‘fuel gauge’ in the heart. This is indeed the case, and
as will be discussed, AMPK activation can increase both
glucose and fatty acid metabolism in times of increased
metabolic demand.

The role of AMPK as a fuel gauge is particularly
important in the setting of cardiac ischaemia or hypoxia.
Ischaemic heart disease is a major problem in western
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society, being the major cause of death and disability.
We originally demonstrated that cardiac AMPK is rapidly
activated during ischaemia (Kudo et al. 1995, 1996), an
observation now confirmed by numerous laboratories
(Beauloye et al. 2001b, 2002; Russell et al. 2004; Baron
et al. 2005; Li et al. 2005; Shibata et al. 2005; Sakamoto et al.
2006). This activation of AMPK results in a stimulation of
glucose uptake, glycolysis and fatty acid oxidation (Kudo
et al. 1996; Russell et al. 1999, 2004; Beauloye et al.
2002; Hopkins et al. 2003). These metabolic effects can
be both beneficial and harmful during ischaemia and
during reperfusion following ischaemia. Ischaemia can
also induce apoptosis in the heart. While pro-apoptotic
effects of AMPK have been demonstrated (Capano &
Crompton, 2006), cardiac studies overwhelming suggest
an anti-apoptotic effect of AMPK (Hickson-Bick et al.
2000; Russell et al. 2004; Shibata et al. 2005). Therefore,
the complex relationship between AMPK action,
myocardial ischaemia and apoptosis remains to be
completely elucidated.

In addition to its actions on cardiac energy metabolism,
AMPK also has important actions on the cardiac
hypertrophic process (MacRae et al. 1995; Gollob et al.
2001a; Tian et al. 2001; McLeod & Proud, 2002; Arad
et al. 2003; Gollob, 2003; Horman et al. 2003; Patel et al.
2003; Browne et al. 2004; Browne & Proud, 2004; Chan
et al. 2004; Shibata et al. 2004; Davies et al. 2005). AMPK
activation inhibits cardiac protein synthesis and the cardiac
hypertrophic process (MacRae et al. 1995; McLeod &
Proud, 2002; Gollob, 2003; Horman et al. 2003; Browne
et al. 2004; Browne & Proud, 2004; Chan et al. 2004;
Shibata et al. 2004). On the other hand both activating
and inactivating AMPK mutations have been shown to
contribute to cardiac hypertrophy (Gollob et al. 2001a;
Arad et al. 2003; Patel et al. 2003; Davies et al. 2005).

Despite the explosion of interest in AMPK’s action
on the heart, many questions remain to be answered.
Controversy also exists as to the potential beneficial versus
harmful effects of AMPK in the setting of ischaemia,
apoptosis and cardiac hypertrophy. This review will
address these complex issues.

The regulation of cardiac AMPK by AMP and AMPKKs

Cellular control of AMPK has been widely studied, and
the role of 5′-AMP and upstream phosphorylation of the
α subunit of AMPK by AMPK kinases (AMPKKs) has been
widely reported (Hardie & Carling, 1997). Similar control
mechanisms exist in the heart, and the rapid activation
of AMPK in times of stress appears to involve both
increases in [AMP] and activation of upstream AMPKKs.
Elucidating the role of AMP in the control of AMPK has
been hampered by the complexity of accurately measuring
cytoplasmic [AMP], since total cellular AMP content
does not reflect cytoplasmic [AMP]. However, studies by

Frederich & Balschi (2002) have carefully examined the
relationship between AMPK and AMP, using a 31P-NMR
approach in which cytoplasmic [AMP] concentrations can
be calculated. These authors showed that cardiac AMPK
is activated by AMP concentrations in the low micro-
molar range. This correlation of low AMP concentrations
with increased AMPK activity suggests that [AMP] could
activate AMPK in the absence of ischaemia (such as in
response to increased workload). However, [ATP] in the
4 mm range increases the concentrations of AMP necessary
to activate AMPK by 10- to 20-fold. Since aerobic [ATP]
is in the 7 mm range, the issue of whether [AMP] is an
important regulator of AMPK activation in the absence of
ischaemia or hypoxia remains unresolved.

Similar to other organ systems, AMPK phosphorylation
is a key mechanism controlling AMPK activation in the
heart. Phosphorylation of Thr172 in the activation loop
of the α1 and α2 subunit by upstream AMPK kinases
(AMPKKs) is a key mechanism by which cardiac AMPK
is activated during times of metabolic stress (Hardie &
Carling, 1997). To date, two AMPKKs have been identified
in the heart, the tumour suppressor kinase LKB1 and a
calmodulin-dependent protein kinase kinase (CamKK).
While LKB1 is highly expressed in heart (Sakamoto
et al. 2006), CamKK is expressed only at low levels
(Anderson et al. 1998). To date the role of either of these
AMPKKs in the control of AMPK phosphorylation and
activation has not been clearly defined. However, progress
is being made. For example, we (Altarejos et al. 2005) and
others (Baron et al. 2005) have shown that an increase
in AMPK phosphorylation during myocardial ischaemia
is accompanied by a stimulation of AMPKK activity.
However, we (Altarejos et al. 2005) and others (Sakamoto
et al. 2004) found that this activation of AMPKK is not
associated with an activation of LKB1. This suggests that
either CamKK is involved in AMPK phosphorylation
during ischaemia, there is the presence of additional, as
yet unidentified AMPKKs in the heart, or that LKB1 is
constitutively active and metabolic stress can make AMPK
a better substrate for LKB1. Indeed, recent evidence in end-
othelial cells suggests that PKC-ζ phosphorylates LKB1 at
Ser428, resulting in an increased association of LKB1 with
AMPK and consequent AMPK Thr172 phosphorylation by
LKB1 (Xie et al. 2006). Whether a similar pathway exists
in the heart has yet to be determined.

Hormonal regulation of AMPK also involves the
phosphorylation control of AMPK. Adiponectin has been
shown to result in a phosphorylation and activation of
cardiac AMPK (Shibata et al. 2004), although this is
not a consistent finding (Onay-Besikci et al. 2004). In
contrast, insulin inhibits cardiac AMPK activity (Gamble
& Lopaschuk, 1997), as well as AMPK phosphorylation
(Beauloye et al. 2001b; Kovacic et al. 2003). Exactly how
insulin inhibits AMPK is not clear, although it appears to
be directly mediated by Akt (Kovacic et al. 2003; Soltys et al.
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2006) via a hierarchical mechanism whereby Ser485/Ser491

phosphorylation of AMPK α1/α2 by Akt reduces LKB1
phosphorylation of Thr172 of AMPK (Horman et al. 2005;
Soltys et al. 2006). Confusing this issue is the observation
that AMPK can inhibit cardiac insulin signalling as
well, possibly via activation of an atypical protein
kinase C (Longnus et al. 2005). Further characterization
of the upstream AMPKKs in the heart should help
clarify the relationship between hormonal control of
AMPK and the phosphorylation and activation of
AMPK.

Control of energy metabolism in the heart by AMPK

One of the key roles of AMPK in the heart is the
regulation of energy metabolism. In the normal, healthy
heart, the large amounts of ATP necessary to sustain
contractile function and basal metabolism are generated
primarily by mitochondrial oxidative metabolism, with
a small amount derived from glycolysis. While the heart
is an omnivore and can use many different energy sub-
strates (fatty acids, glucose, lactate, ketones, amino acids),
mitochondrial ATP is primarily produced by the oxidation
of fatty acids and of pyruvate (derived from either
glycolysis or lactate). In the normal heart approximately
10–40% of the ATP is produced via pyruvate oxidation,
while the remaining 60–90% of the ATP is derived from
the oxidation of fatty acids. The rate of flux through
these different pathways is affected by arterial substrate
concentration, hormones, coronary flow, inotropic state
and nutritional status (Saddik et al. 1993). These effects
are mediated by various enzymes and substrate/product
relationships. In addition, AMPK also appears to play an
important role in regulating both fatty acid and glucose
metabolism.

The rate at which fatty acids are taken up and oxidized
by the heart is dependent on their plasma concentration,
their transport into the cell, as well as the control of their
intracellular utilization. There are a number of membrane
transporters and enzymes involved in the transfer of
substrates from the cytosol into the mitochondrial matrix.
At the sarcolemmal membrane of the working heart,
fatty acid translocase (FAT/CD36) has been shown to
account for as much as 50% of the fatty acid taken
up into the cell and subsequently used for oxidation
(Kuang et al. 2004). A key site of control for the
transport of fatty acids into the mitochondria is the
enzyme carnitine palmitoyl transferase 1 (CPT-1), which
is located on the outer mitochondrial membrane. This
enzyme is inhibited by malonyl CoA, the levels of which
are indirectly regulated by AMPK. In the heart, levels of
malonyl CoA are controlled by the dynamic rates of its
synthesis and degradation. Malonyl CoA is synthesized
from acetyl CoA in the heart by acetyl CoA carboxylase

(Thampy, 1989), while degradation of malonyl CoA occurs
by the reverse reaction via decarboxylation back to acetyl
CoA by the enzyme malonyl CoA decarboxylase (Dyck
et al. 1998). Interestingly, both enzymes involved in
the control of cardiac malonyl CoA levels have been
suggested to be under phosphorylation control by AMPK
(Table 1). Phosphorylation of ACC by AMPK has been
well documented (Hopkins et al. 2003) and although
controversial, it has been suggested that MCD is also
a phosphorylation target of AMPK (Saha et al. 2000).
Therefore, AMPK plays a distinct and important role
in regulating both malonyl CoA levels and fatty acid
oxidation in the heart.

Cardiac function is also dependent on the production
of intracellular ATP derived from glucose metabolism.
The initiation of glucose metabolism begins with the
transport of glucose into the cell via the glucose
transporters (GLUT) 1 and 4. While GLUT1 primarily
maintains basal glucose uptake, GLUT4 can be mobilized
from intracellular compartments to the sarcolemma in
response to insulin and/or contractile stimulation, thus
increasing glucose uptake (although GLUT1 has also
been shown to translocate to the plasma membrane
upon insulin stimulation; Fischer et al. 1997). Once
glucose is within the cell, it has a number of fates,
including being stored as glycogen or undergoing
glycolytic metabolism. An important enzyme at the
interface between carbohydrate oxidation and fatty acid
metabolism is pyruvate dehydrogenase (PDH), which
decarboxylates pyruvate to acetyl CoA. PDH activity
is influenced not only by glycolysis, but also via an
inhibitory effect exerted through fatty acid oxidation.
In situations where the circulating free fatty acid levels
are high, the oxidation of glucose and pyruvate, and
the activity of PDH are decreased, due in part to
an activation of pyruvate dehydrogenase kinase (PDK).
Conversely, lowering plasma free fatty acid levels, or
directly inhibiting fatty acid oxidation, decreases PDK,
increases PDH, increases pyruvate oxidation and increases
cardiac efficiency (cardiac work/O2 consumed) (Saddik
et al. 1993; Hopkins et al. 2003).

When the energy demand of the heart is being
met, the myocyte has the capacity to store glucose
in the form of glycogen. This process is regulated
by the enzyme glycogen synthase. However, when the
demand for glucose increases, the myocyte begins to
mobilize its glycogen stores by breaking down glycogen
to glucose 1-phosphate (which is further metabolized
to glucose 6-phosphate). This process is regulated by
the enzyme glycogen phosphorylase. Both glycogen
phosphorylase and glycogen synthase are regulated by
complex mechanisms that involve allosteric regulation by
metabolites, phosphorylation/dephosphorylation control,
and/or feedback inhibition by either of the products
(glycogen or glucose 1-phosphate).
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Table 1. Cardiac targets of AMPK

Target Direct/indirect Effect Metabolic action References

Glucose metabolism
Glucose transporters Indirect Increased SL localization Increased glucose uptake Russell et al. (2004)
Phosphofructokinase-2 Direct Stimulation Increased glycolysis Marsin et al. (2000)
Glycogen synthase ? Possible inhibition Decreased glycogen synthesis Carling & Hardie (1989);

Wojtaszewski et al. (2002)
Glycogen phosporylase ? Possible stimulation Increased glycogenolysis Carling & Hardie (1989)
p38 MAPK/TAB1 complex Direct Stimulation Increased GLUT4 transport Li et al. (2005)

Fatty acid metabolism
Lipoprotein lipase Direct Increased translocation Increased fatty acid supply An et al. (2005)
CD36 ? Increased SL localization Increased fatty acid uptake Luiken et al. (2003)
Acetyl CoA carboxylase Direct Inhibition Increased fatty acid oxidation Kudo et al. (1995, 1996)
Malonyl CoA decarboxylase ? Possible stimulation Increased fatty acid oxidation Saha et al. (2000);

Habinowski et al. (2001)

Protein synthesis/hypertrophy
eEF2 kinase Direct Stimulation Decreased protein synthesis Browne et al. (2004)
mTOR ? Possible inhibition Decreased protein synthesis Horman et al. (2003);

Cheng et al. (2004)
TSC2 ? Possible stimulation Decreased protein synthesis Inoki et al. (2003)

SL, sarcolemma; CPT 1, carnitine palmitoyltransferase 1; mTOR, mammalian target of rapamycin; GLUT4, glucose transporter; eEF2
kinase, eukaryotic elongation factor-2 kinase; TSC2, tuberous sclerosis complex 2.

Whether being mobilized from glycogen or being
utilized directly from the uptake process, glucose (which
eventually becomes glucose 6-phosphate) can be further
metabolized within the cell to produce ATP. This catabolic
process can be divided into two separate categories,
namely glycolysis and glucose oxidation. Glycolysis is the
initial sequence of reactions involved in the breakdown of
glucose to pyruvate. This process can occur without the
presence of oxygen while still producing ATP. The ATP
produced via this process often contributes less than
10% of the overall ATP in the normally functioning
myocardium. The pyruvate generated from glycolysis is
further metabolized within the mitochondria to produce
the majority of carbohydrate derived ATP (i.e. glucose
oxidation).

A number of enzymes are involved in the regulation of
glucose uptake, glycogen storage, glycogen mobilization
and glucose metabolism. While many of these have
multiple control mechanisms, a number of key enzymes
in the glucose/glycogen metabolic pathways are also under
phosphorylation/dephosphorylation control. AMPK has
emerged as being centrally involved in the regulation of
these enzymes and is thus a major regulator of cardiac
energy metabolism (further discussions on glycolysis and
glycogen metabolism are included below).

Role of AMPK in increased energy supply during
increases in cardiac work

Acute increases in cardiac contractile function require an
immediate increase in energy production, which results
from an increase in both glucose metabolism and fatty acid

oxidation. While AMPK is activated in response to exercise
in skeletal muscle (Vavvas et al. 1997), it remains unclear
whether cardiac AMPK is activated and contributes to
the increase in energy production that occurs in response
to physiological increases in cardiac work. Coven et al.
(2003) showed an increase in both α1 and α2 AMPK
activity in hearts of rats subjected to moderate- and
high-intensity exercise. To further examine the functional
relationship of AMPK in the heart during exercise, Musi
et al. (2005) examined whether acute exercise increases
AMPK in mouse hearts by using transgenic mice in
which a cardiac-specific dominant-negative AMPKα2

subunit was expressed. Acute treadmill exercise resulted
in an increase in AMPKα2 activity in wild-type mice, but
not in the dominant-negative AMPKα2 mice. Regardless,
of this lack of AMPK activation in the transgenic mice,
no abnormalities in ATP levels, glycogen consumption or
cardiac function were observed in these mice. However, the
possibility of chronic adaptive changes in AMPK deficient
mice to parallel exercise-signalling pathways cannot be
ruled-out. In contrast to these exercise studies, Hall et al.
(1996) observed that increasing cardiac work in swine
hearts with dobutamine treatment is not associated with
an increase in AMPK activity. In isolated rat hearts,
stimulation of contractile function with adrenaline was
also not associated with an increase in AMPK activity
(Goodwin & Taegtmeyer, 1999). Furthermore, the increase
in glycolysis observed in isolated rat hearts during increases
in cardiac work is also not accompanied by an increase in
AMPK activity (Beauloye et al. 2002). As a result, it remains
unclear to what extent, if any, AMPK activation has in
work-induced increases in energy production in the heart.
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AMPK activation during ischaemia–reperfusion

Cardiac energy metabolism during ischaemia–
reperfusion. Myocardial ischaemia is a major health
problem in our society, and results in a decrease in
mitochondrial oxidative metabolism, and a decrease in
ATP production. During mild ischaemia (such as seen
in angina pectoris), energy supply from mitochondrial
glucose and fatty acid oxidation cannot keep up with
energy demand, and glycolysis accelerates in an attempt
to compensate for a decrease in mitochondrial ATP
supply. During severe ischaemia (such as seen during a
myocardial infarct or during cardiac surgery), oxidative
metabolism dramatically decreases, and the major source
of ATP production is via glycolysis. However, under
these conditions glycolysis becomes uncoupled from
glucose oxidation, resulting in the accumulation of
deleterious by-products of glycolysis (lactate and protons)
within the cardiac cells. This can lead to the re-direction
of ATP away from myocardial contraction and towards
the clearance of glycolytic by-products. This leads to a
decrease in both cardiac function and efficiency (Dennis
et al. 1991; Liu et al. 1996). Upon reperfusion of the
reversibly injured ischaemic myocardium, contractile
function will recover once energy production has been
restored. The extent of this recovery is dependent on
the type of substrate metabolized by the heart during
reperfusion. However, fatty acid oxidation can be
dramatically accelerated during reperfusion, with over
95% of acetyl CoA-derived ATP originating from fatty
acids (see Kantor et al. 1999 for review). These high rates
of fatty acid oxidation following ischaemia are due both
to an increase in circulating fatty acid levels that occurs
during ischaemia (see Kantor et al. 1999 for review),
and to direct alterations in the subcellular control of
fatty acid oxidation. High rates of fatty acid oxidation
can dramatically inhibit glucose oxidation rates via the
Randle cycle (Randle et al. 1965), since fatty acid-derived
acetyl CoA decreases the production of glucose-derived
acetyl CoA via inhibition of the pyruvate dehydrogenase
complex. This results in a continued low rate of glucose
oxidation, an uncoupling from glycolysis, and a continued
decrease in cardiac efficiency during the critical period of
reperfusion.

AMPK activation during myocardial ischaemia–
reperfusion. While it is not clear to what extent AMPK
becomes activated in the heart during physiological
increases in cardiac work, a rapid and dramatic activation
of AMPK during ischaemia has been well established. We
first demonstrated that AMPK activation occurs during
myocardial ischaemia (Kudo et al. 1995, 1996), a finding
now reproduced by numerous laboratories (Saddik et al.
1993; Kudo et al. 1995, 1996; Russell et al. 1999; Marsin
et al. 2000). This activation of AMPK presumably occurs

as an approach to restore myocyte ATP levels, primarily
turning on ATP generating pathways. It is now clear that
AMPK activation can increase both glucose and fatty acid
metabolism in the ischaemic heart.

AMPK increases cardiac glucose utilization by a number
of different mechanisms. AMPK activation promotes
the translocation of GLUT4 to the sarcolemma of the
myocyte, which promotes glucose uptake (Russell et al.
2004; Li et al. 2005). This may involve the inter-
action of AMPK with the scaffolding protein TAB1,
inducing p38 MAPK autophosphorylation and activation
(Li et al. 2005). AMPK also phosphorylates and activates
phosphofructokinase 2 (Marsin et al. 2000), which
produces fructose 2,6-bisphosphate, a potent stimulator
of glycolysis. Since AMPK has an important role in
promoting glucose uptake and glycolysis (Young et al.
1996; Merrill et al. 1997; Marsin et al. 2000), the activation
of AMPK during ischaemia may benefit the heart by
increasing glucose utilization (and subsequently anaerobic
ATP synthesis).

A second major metabolic consequence of AMPK
activation during and following ischaemia is a stimulation
of fatty acid oxidation (Kudo et al. 1995, 1996; Makinde
et al. 1997). While overall oxidative rates during ischaemia
are limited by oxygen supply to the muscle, during and
following ischaemia, AMPK activation can lower cardiac
malonyl CoA levels, secondary to phosphorylation and
inhibition of ACC (Kudo et al. 1995, 1996). Unfortunately,
in the presence of an ischaemic-induced limitation
of overall oxidative metabolism, the AMPK-dependent
acceleration of fatty acid oxidation occurs at the expense of
glucose oxidation, and has the potential to be detrimental
in the setting of ischaemia–reperfusion (Kudo et al. 1996).
During reperfusion, a continued activation of AMPK also
contributes to fatty acid oxidation providing the major
part of the ATP production during the critical period of
reperfusion, again at the expense of glucose oxidation. As
will be discussed, the effects of AMPK on cardiac fatty
acid oxidation have the potential to be an ‘enemy’ to the
ischaemic heart; at the same time it acts as an ‘ally’ by
stimulating glucose uptake, glycogenolysis and glycolysis.

The role of AMP and upstream AMPKKs in ischaemic-
induced activation of AMPK. During severe ischaemia,
5′-AMP levels can rise dramatically in the heart. A
subsequent activation of AMPK by 5′-AMP probably
contributes to the effects of AMPK on both glucose
metabolism and fatty acid oxidation. However, during
low flow ischaemia AMPK can be phosphorylated and
activated independent of measurable changes in total
cellular AMP content (Beauloye et al. 2001b; Altarejos et al.
2005). Frederich et al. (2005) also showed that hypoxia
can increase cardiac AMPK phosphorylation and activity
independent of cytosolic [AMP]. As a result, although
increases in [AMP] may play a role in ischaemic and
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hypoxia-induced activation of cardiac AMPK, it is clear
that other mechanisms of activation also occur.

The ischaemic- or hypoxic-induced activation of AMPK
is accompanied by increase in a rapid phosphorylation
of AMPK (Russell et al. 1999; Beauloye et al. 2001a,b;
Altarejos et al. 2005; Baron et al. 2005). This implicates an
ischaemic-induced activation of AMPK by an upstream
AMPKK. In support of this, our group (Altarejos et al.
2005; Soltys et al. 2006) and Baron et al. (2005) showed
that AMPKK activity is increased in the ischaemic heart.
However, we (Altarejos et al. 2005) and others (Sakamoto
et al. 2006) have also shown that this activation of AMPKK
is not associated with an activation of LKB1. This suggests
the presence of yet unidentified additional AMPKKs in the
heart.

Despite the fact that LKB1 is not activated during
ischaemia, a role for LKB1 in ischaemic-induced
phosphorylation and activation of AMPK cannot be ruled
out. Like other tissues, it is possible that an increase in
[AMP] could make AMPK a better substrate for LKB1. In
support of this, in mice hearts deficient in LKB1 there is a
decreased phosphorylation and activation of the AMPKα2

during ischaemia, despite the absence of a change in
LKB1 activity. Of interest is that the ischaemic-induced
activation of AMPKα1 remains unchanged (Sakamoto
et al. 2006). This suggests that LKB1 does contribute
to the ischaemic-induced activation of AMPK, but that
additional AMPKKs are also involved in this. Alternatively,
the α1 isoform of AMPK may be expressed at higher levels
than the α2 isoform in endothelial cells within the heart
and it is the endothelial cell-specific α1 isoform that is not
affected by cardiomyocyte-specific loss of LKB1.

Is AMPK activation beneficial or harmful during and
following ischaemia? The question of whether AMPK
activation is an ally or enemy to the ischaemic heart
remains to be completely elucidated. Early studies in
our laboratory implicated ischaemic-induced activation
of AMPK as being detrimental to the ischaemic heart,
primarily as the result of a stimulation of fatty acid
oxidation and the subsequent inhibition of glucose
oxidation (Fig. 1). These high fatty acid oxidation rates
can contribute to a decrease in cardiac function and

Figure 1. Proposed pathways by which activation of AMPK can benefit or harm the ischaemic–
reperfused heart
A, in the aerobic heart AMPK activation can activate or inhibit a number of processes that increase fatty acid
oxidation and glycolysis. Ischaemia results in a rapid activation of AMPK in the heart. This results in a stimulation of
glucose uptake, glycogenolysis and glycolysis. B, this can provide a potentially beneficial source of energy for the
heart during an ischaemic-induced decrease in mitochondrial oxidative metabolism. AMPK activation also increases
fatty acid oxidation, which unfortunately results in a parallel decrease in glucose oxidation rates. In the presence
of low levels of fatty acids, this inhibition of glucose oxidation is minimal. C, in the presence of the high levels
of fatty acids (which is seen in most clinical scenarios of ischaemia and reperfusion) a large decrease in glucose
oxidation can increase proton production, due to an uncoupling of glycolysis from glucose oxidation. This can
decrease cardiac efficiency and potentially contribute to ischaemic injury. Red symbols indicate inhibition, green
symbols indicate activation, and grey symbols indicate possible direct or indirect targets of regulation.

cardiac efficiency during the critical period of reperfusion.
However, the majority of studies examining AMPK
activation in the ischaemic heart suggest that AMPK
activation is an adaptive response that allows the heart to
generate ATP and thereby protect cardiac tissues in the
presence of oxygen deprivation (Beauloye et al. 2001b;
Baron et al. 2005; Sakamoto et al. 2006). Unfortunately,
very few of these studies have actually examined what effect
AMPK activation has directly on cardiac function.

A study by Russell et al. (2004) did examine what effect
ischaemia had on cardiac function and apoptosis in an
AMPKα2 kinase-dead (KD) transgenic mouse (K45Rα2).
When isolated hearts perfused with low levels of fatty acids
(0.4 mm oleate) were subjected to a low flow ischaemia,
AMPKα1 and α2 activity, glucose uptake and lactate
production were all increased in wild-type mice, but not
in AMPKα2 KD mice. Hearts from AMPKα2 KD mice
showed worse function during and following ischaemia,
an increase in creatine kinase and lactate dehydrogenase
release and an increase in caspase-3 and TUNEL positive
cells, suggesting that AMPK activation was necessary
to allow hearts to withstand an ischaemic insult. Of
interest is that while fatty acid oxidation rapidly recovered
during reperfusion of ischaemic hearts, both rates of fatty
acid oxidation and glucose oxidation were not different
between wild-type and AMPKα2 KD mice. Additional
indirect support for a beneficial effect of AMPK activation
during ischaemia was also observed by Shibata et al. (2005).
Production of an in vivo infarct in adiponectin knock-out
mice had increased infarcts, decreased phosphorylation
of AMPK at Thr172 and increased TNFα and apoptosis.
Administration of an adenovirus expressing adiponectin
to mice resulted in decreased infarct size, increased
phosphorylation of AMPK at Thr172, and decreased
TNFα and apoptosis in the adiponectin deficient mice.
This also suggests a beneficial effect of AMPK in the
setting of ischaemia. However, these studies could not
directly link alterations in AMPK to alterations in infarct
size, and the protective effects of adiponectin were also
proposed to act via other pathways, such as induction of
cyclooxygenase-2-dependent synthesis of prostaglandin E2

(PGE2).
Brief periods of ischaemia prior to a prolonged period

of ischaemia (called ‘ischaemic preconditioning’) can
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provide significant protection to the heart. Recently,
activation of AMPK has been shown to occur in the
setting of ischaemic preconditioning. Similar to what
was previously observed in liver (Peralta et al. 2001),
ischaemic preconditioning activates AMPK in the heart
(Nishino et al. 2004; Depre et al. 2006). This activation
of AMPK is associated with an up-regulation of GLUT4
expression, which occurs in a protein kinase C-dependent
manner (Nishino et al. 2004). The activation of H11
kinase that occurs in preconditioned hearts is also
associated with an activation of AMPK and promotes the
translocation of AMPK to the nucleus (presumably
resulting in an increase in transcription of metabolic
enzymes such as GLUT4). This activation of AMPK and
increase in glucose uptake in ischaemic preconditioning
has the potential to benefit the heart. However, it has yet to
be directly determined whether this activation of AMPK is
associated with cardioprotection in the setting of ischaemic
preconditioning.

Surprisingly, despite an extensive literature that has
characterized the effects of ischaemia on AMPK activity
and the effect AMPK activation has on energy metabolism
in the ischaemic heart, almost none of these studies
have directly linked alterations in AMPK activity with
alterations in cardiac function. With the exception of the
Russell et al. (2004), no study has linked a modification
of AMPK activity with an alteration in cardiac function.
As a result, it is difficult to state with clarity whether
AMPK acts as an ally or an enemy in the ischaemic heart.
AMPK activation during ischaemia has the potential to
increase energy supply to the heart by increasing glucose
uptake and glycolysis. However, it also has the potential to
increase fatty acid oxidation, which by inhibiting glucose
oxidation can increase proton production and decrease
cardiac efficiency. It is interesting to note that the study
of Russell et al. (2004) implying a beneficial effect of
AMPK activation during ischaemia was performed in the
presence of low concentrations of fatty acids, a condition in
which glucose oxidation rates are very high. Indeed, in their
study, measured glucose oxidation rates were abnormally
high, which may have minimized any adverse effect of
AMPK on fatty acid oxidation stimulation. It should be
pointed out that in humans, during most clinically relevant
situations of myocardial ischaemia, the heart is exposed to
high levels of fatty acids, which can exceed 1 mm (Oliver
et al. 1968; Mueller & Ayres, 1978; Lopaschuk et al. 1994).
Determining the role of AMPK in the ischaemic heart is
hampered by the lack of data using agonists or antagonists
of AMPK in the ischaemic heart. The use of AICriboside in
intact hearts as an approach to activate AMPK has proved
problematic, while we have found that antagonists such as
Compound C have been toxic to the heart even at doses that
do not alter AMPK activity (unpublished observations).
Even with the potential development of better AMPK
agonists or antagonists, any short-term experiments

in vitro need to be complemented by long-term
experiments in intact animals to address whether AMPK
deficiency enhances or inhibits myocardial ischaemic
injury and necrosis. It is also important to recognize
that none of the published in vitro heart studies can
accurately recreate plasma concentrations of saturated
and unsaturated FFAs and of triglycerides observed in
vivo. More studies using in vivo ischaemia–reperfusion
models would help to more clearly define whether AMPK
deficiency is detrimental or protective to the heart. As a
result, we believe the jury is still out as to whether AMPK
is an ally or enemy to the ischaemic heart.

The role of AMPK in cardiac myocyte apoptosis

Apoptotic cell death is accelerated in many forms of
heart disease, including ischaemic heart disease and
heart failure. The role of AMPK in apoptosis is not
clear, with both anti-apoptotic and pro-apoptotic actions
being reported. In a number of cell types, including
vascular smooth muscle cells, pancreatic cells and various
cancerous cells, AMPK activation has been shown to
be pro-apoptotic (Meisse et al. 2002; Kefas et al. 2003;
Igata et al. 2005). This pro-apoptotic effect of AMPK has
been attributed to inhibition of cell cycle progression,
activation of the JNK pathway and caspase-3 activation,
and up-regulation of the pro-apoptotic p53 protein (Igata
et al. 2005). A recent study by Capano & Crompton
(2006) in neonatal cardiomyocytes showed that AMPK
can mediate the pro-apoptotic translocation of Bax to
mitochondria, and that Bax translocation is an early step
in ischaemia that occurs via AMPK activation of p38
MAPK. However, in the heart the majority of studies
have suggested that AMPK activation is antiapoptotic.
For, instance, AMPK activation is anti-apoptotic
during palmitate-mediated apoptosis in neonatal cardiac
myocytes (Hickson-Bick et al. 2000). Russell et al. (2004)
investigated the role of AMPK during low flow ischaemia
and postischaemic reperfusion. Using AMPKα2 KD
transgenic mice, they found an increased left ventricular
(LV) dysfunction, necrosis and apoptotic activity following
ischaemia and reperfusion, concluding that the AMPK
activation is cardioprotective and anti-apoptotic in the
ischaemic heart (Russell et al. 2004). Adiponectin deficient
mice subjected to ischaemia and reperfusion also exhibit
higher levels of myocardial apoptosis (Shibata et al.
2005). In these mice, adiponectin supplementation
inhibited apoptosis secondary to activation AMPK. These
authors also demonstrated that neonatal rat ventricular
myocytes treated with adiponectin were also resistant
to hypoxia-induced apoptosis. This protection from
apoptosis was inhibited when the cells were pretreated
with a dominant negative mutant of AMPK, implicating
AMPK as an important mediator of the anti-apoptotic
effects of adiponectin. The reason for the conflicting results
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between intact heart studies and isolated myocytes is not
clear. It is possible that the higher energy demand in
the intact heart may explain these differences. Energy
starvation (such as during ischaemia) is an important
trigger of apoptosis. It is possible that the energy generating
actions of AMPK in the intact heart may provide an
anti-apoptotic action that can overcome the potential
effects of AMPK activation on pro-apoptotic pathways
such as p53 activation or mitochondrial Bax translocation.
These possibilities remain to be investigated.

AMPK and cardiac hypertrophy

Cardiac (ventricular) hypertrophy is associated with
increased cardiac myocyte cell volume, enhanced
protein synthesis, changes in gene transcription and
translation, and increased myofibrillar assembly (Sugden
& Clerk, 1998). Cardiac hypertrophy often occurs in
response to increased haemodynamic load arising from a
variety of conditions including exercise, hypertension and
valvular heart disease (for review see Lorell & Carabello,
2000). Initially, these morphological changes are adaptive
responses that allow the heart to maintain cardiac output.
A number of intracellular signalling pathways have been
implicated in the complex regulation of hypertrophy and
there appears to be a variety of molecular mechanisms
that can cause hypertrophy (for review see Frey & Olson,
2003). Although the exact mechanism(s) have not yet been
resolved, one signalling pathway that has emerged as being
involved in the regulation of cardiac myocyte cell growth is
the AMPK pathway. This section will address the potential
effects of AMPK on myofibrillar hypertrophy associated
with pressure overload, which is distinct from the cardiac
hypertrophy associated with the γ 2 subunit mutations
(discussed later).

The earliest observations by Tian et al. (2001) have
shown that the activity of both AMPKα1 and AMPKα2

are elevated in hypertrophic hearts subjected to chronic
pressure overload. This increase in AMPK activity was
associated with enhanced glucose uptake in the hyper-
trophic hearts. While fatty acid oxidation rates was not
measured in these hearts, there were the characteristic
decreases in the expression of CPT1 and MCAD, which
is suggestive of a reduction in the fatty acid oxidative
capacity of the hypertrophic heart. Although the authors
do not suggest that AMPK activation is a cause of cardiac
hypertrophy, the data from that study appear to implicate
AMPK activation as a cause of cardiac hypertrophy (Tian
et al. 2001). However, we have shown that during the
development of Akt1-induced hypertrophy in neonatal rat
cardiac myocytes AMPK is actually inactivated, which may
be permissive for cardiac growth (Chan et al. 2004). In
agreement with our study, adiponectin has been shown to
attenuate hypertrophic growth via activation of AMPK and
an AMPK-dependent signalling mechanism (Shibata et al.

2004). Further support of AMPK as a negative regulator
of cardiac growth has been provided by Liao et al. (2005)
who show that AMPK signalling is decreased in hearts
from adiponectin deficient mice and that this decrease in
AMPK activity exacerbates hypertrophic growth and heart
failure following transverse aortic constriction. Although
the reasons for these seemingly diametrically opposed
roles for AMPK in the development of cardiac hyper-
trophy are not known, the increase in AMPK activity in
pressure overload-induced hypertrophy was only shown
to occur at a much later stage in the hypertrophic process
(Tian et al. 2001), when energy status of the heart may
necessitate AMPK activation. Indeed, the AMP/ATP ratio
was increased more than 4-fold in the hypertrophic hearts
as opposed to the control hearts, suggesting a metabolic
stress (Tian et al. 2001). It is possible that AMPK activation
may play dual roles in the development of cardiac
hypertrophy. That is, pharmacological activation of AMPK
in the early phase of cardiac hypertrophy may be able
to prevent hypertrophic growth, while AMPK activation
during pathological hypertrophy may be an adaptive
response to the metabolic stress (Fig. 2).

While the adaptive phase of AMPK activation during
cardiac hypertrophy may be simply due to the decreased
energy supply and/or energy reserve leading to increased
AMP/ATP ratios, the putative preventative role of AMPK
may be more complex. Due to the increase in cell
size associated with cardiac hypertrophy, a necessary
mediator of hypertrophy is protein synthesis (for review
see Hannan et al. 2003). Recently, we have shown that

Figure 2. The involvement of AMPK in the development of
cardiac hypertrophy
Following the precipitating event, a number of mechanisms (including
reduced myocardial perfusion) can promote cardiac myocyte growth.
Hypertrophic growth can be adaptive (physiological hypertrophy) but
can also become maladaptive (pathological hypertrophy). AMPK
appears to have a dual role in the hypertrophic process, where in the
early stages inhibition of AMPK may be necessary for cardiac growth
(or if not directly involved in the pathway, pharmacological activation
of AMPK in the early phase of cardiac hypertrophy may be able to
prevent hypertrophic growth), while in the later stages AMPK
activation may become essential for maintaining adequate ATP supply.
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pharmacological activation of AMPK inhibits protein
synthesis associated with cardiac hypertrophy (Chan
et al. 2004). In addition, activation of Akt results in
the phosphorylation and inhibition of cardiac AMPK
(Kovacic et al. 2003). As activation of Akt1 can also
cause cardiac hypertrophy (Shioi et al. 2002; Shiojima
et al. 2002; Latronico et al. 2004), we have suggested
that a contributing factor to Akt1-induced hyper-
trophy is the inhibition of AMPK (Chan et al. 2004).
Furthermore, we have shown that pharmacological
activation of AMPK inhibits Akt1-induced hypertrophic
growth via two independent signalling pathways that
are known to mediate protein synthesis in the heart
(the mTOR–p70S6 kinase–ribosomal protein S6 and the
eEF2 kinase–eEF2 pathways) (Chan et al. 2004). These
data are consistent with earlier reports demonstrating
that these same signalling pathways are regulated by
AMPK and may regulate protein synthesis in the cardiac
myocyte (McLeod & Proud, 2002; Horman et al. 2003;
Browne et al. 2004; Browne & Proud, 2004). While
pharmacological activation of AMPK appears to be
able to inhibit hypertrophic growth, there is no direct
empirical evidence demonstrating that AMPK is an
intrinsic component of hypertrophic signalling cascades.
Indeed, none of the mouse models that involve decreased
AMPK activity (excluding those that may involve the
γ 2 subunit mutations) demonstrate increased cardiac
mass (Viollet et al. 2003; Xing et al. 2003; Jorgensen
et al. 2004; Russell et al. 2004; Musi et al. 2005;
Sakamoto et al. 2006), suggesting that AMPK is not
essential for restriction of cardiac growth. However, one
of the mutations in the γ 2 subunit of AMPK has been
suggested to render the enzyme inactive (possibly by
excessive glycogen accumulation) and this decrease in
AMPK activity may contribute to hypertrophic growth
(Davies et al. 2005). This finding is consistent with
AMPK activity being necessary for restricting cardiac
growth. Although the precise involvement of AMPK
in cardiac hypertrophy is currently unknown, many
studies support the concept that during times of energy
depletion, AMPK is activated and protein synthesis
may be inhibited in order to conserve cellular energy
status.

In addition to regulating protein synthesis, AMPK
activation may inhibit cardiac hypertrophy via alternative
signalling mechanisms. For example, adiponectin has
been proposed to mediate both agonist-stimulated and
aortic constriction-induced hypertrophy by activating
AMPK and inhibiting ERK activation (Shibata et al.
2004). Since activation of ERK is only one component
of the Gq-dependent mechanism involved in the control
of hypertrophic growth (for review see Dorn & Force,
2005), it is likely that other signalling pathways may also
be influenced by the adiponectin–AMPK signalling axis.
Regardless of the precise regulatory signalling pathways

controlled by AMPK during hypertrophy, the concept that
AMPK may link adipokine signalling and the regulation
of the hypertrophic cardiomyopathies associated with
diabetes/obesity is an exciting avenue of research that is
deserving of future investigation.

As mentioned, a number of changes in intracellular
signalling pathways occur in response to increased
haemodynamic load and/or agonist-stimulation causing
cardiac hypertrophy. During the development of myo-
cardial hypertrophy many of these changes are adaptive
and beneficial to cardiac function. However, as hyper-
trophy progresses, many changes can become maladaptive
and can contribute to the worsening of contractile
performance leading to heart failure. How AMPK fits
into this entire process is not clear. AMPK activation can
inhibit protein synthesis associated with cardiac hyper-
trophy and may be able to prevent the development of
pathological hypertrophy. However, this concept has not
been proven in animal models of cardiac hypertrophy.
Nevertheless, since AMPK is activated during metabolic
stress it is logical to suggest that the inhibition of protein
synthesis by AMPK occurs during times of depleted energy
supply. This is particularly important given that protein
synthesis consumes a high proportion of the cell’s energy.
Thus pharmacological activators of AMPK may prove to be
beneficial in an effort to reduce and/or slow the progression
of pathological cardiac hypertrophy (Fig. 2). The same
pharmacological activators of AMPK may also be used
in preventing or attenuating some hypertrophic cardio-
myopathies associated with diabetes and obesity. Indeed,
mimicking the AMPK-activating effects of adiponectin in
patients with reduced adiponectin levels may prove to be
one mechanism by which diabetic hypertrophic cardio-
myopathies can be prevented in the human population.

In addition to controlling the growth process in hyper-
trophy, AMPK most likely plays a major role in the control
of cardiac energy metabolism. During the development
of pressure or volume overload-induced hypertrophy,
significant alterations in cardiac energy metabolism have
been reported (see Sambandam et al. 2002 for review).
For example, there is a reduction in overall oxidative
metabolism (glucose and fatty acid oxidation), and an
increase in glycolysis (Allard et al. 1994b; Wambolt
et al. 1999; Allard et al. 2000; Longnus et al. 2001).
These changes presumably occur as a direct result of
a mild ischaemia associated with reduced myocardial
perfusion related to increased myocyte cell size (for
review see Lehman & Kelly, 2002). In the early stages
of pressure or volume overload-induced hypertrophy,
the residual oxidative metabolism is still dominated by
fatty acid oxidation (Allard et al. 1994b). However, as
hypertrophic growth continues and myocardial perfusion
worsens (Fig. 2), gene expression of enzymes involved
in fatty acid utilization are down-regulated, while genes
involved in glucose uptake and the glycolytic pathway are
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up-regulated (for reviews see Taegtmeyer, 2000; Lehman
& Kelly, 2002). This switch to a more fetal metabolism
is presumed to occur as an adaptive response to reduced
oxygen availability (i.e. reducing the oxidation of fatty
acids increases oxygen efficiency). Although these changes
in gene expression are correlated with a worsening of
myocardial perfusion, it is very likely that many other, as
yet unidentified, factors also play major roles in this switch
to a more fetal metabolism. Whatever the mechanism,
prolonged inhibition of the heart’s major source of
energy (i.e. fatty acids) may eventually produce an
energetically compromised heart that results in diminished
functional capacity and the eventual progression to heart
failure.

In chronic pressure overload-induced cardiac hyper-
trophy, it has been shown that AMPK activity increases
(Tian et al. 2001), suggesting that AMPK activation is
either (1) a cause of cardiac hypertrophy, (2) a necessary
compensatory consequence of pressure-overload, or
(3) a maladaptive alteration in the hypertrophic process.
This increase in AMPK activity has been suggested to be
a major contributor to enhanced glucose uptake in the
hypertrophic heart (Tian et al. 2001), which may be a
beneficial metabolic adaptation for an energy starved heart
(Fig. 2). In this situation, AMPK activation would appear
to be an ally to the hypertrophic heart. In contrast to this,
it is possible that increased AMPK activity in the hyper-
trophic heart may actually become an ‘enemy’ to cardiac
function by accelerating fatty acid oxidation rates such that
they become the major oxidative substrate in the heart at
the expense of glucose oxidation. This would uncouple
glycolysis from glucose oxidation, resulting in increased
proton production. This increase in proton production is
detrimental to the ischaemia–reperfused myocardium (as
discussed in the ischaemia–reperfusion section). This may
explain why the hypertrophied hearts are more susceptible
to ischaemia–reperfusion injury (Anderson et al. 1990;
Gaasch et al. 1990; Allard et al. 1994a; Schonekess et al.
1996). With these possibilities in mind, it is currently
unknown if AMPK activation is beneficial or detrimental
to cardiac function in the already hypertrophic heart. In
addition, the role of AMPK in the hypertrophic process
may be variable depending on the severity of hypertrophy
and/or where in the hypertrophic continuum (including
heart failure) the heart resides (Fig. 2).

The role of abnormal AMPK activity, glycogen storage
and hypertrophic cardiomyopathies associated with
Wolff–Parkinson–White syndrome

AMPK consists of a catalytic subunit (α) and two
regulatory subunits (β and γ ) (Stapleton et al. 1994;
Dyck et al. 1996; Gao et al. 1996; Woods et al. 1996).
Each of these subunits has at least two highly homo-

logous isoforms (α1, α2; β1, β2; γ 1, γ 2, γ 3), suggesting
that 12 various subunit combinations can exists. Recent
molecular characterization of AMPK indicates that the β

isoform is a scaffolding protein, which binds both the α

and γ subunits (Thornton et al. 1998). The γ subunit
of AMPK has been identified as the protein that
binds AMP (Cheung et al. 2000) thus allowing the α

subunit to undergo phosphorylation by upstream AMPK
kinases. In many tissues and/or cells the most predominant
holoenzyme contains the α1/β1/γ 1 subunits, although
heart also significantly expresses the α2/β2/γ 2 subunits
(Stapleton et al. 1996; Thornton et al. 1998; Cheung et al.
2000). Although no specific tissue expression of most of
the isoforms exists, the γ 3 isoform seems to be primarily
expressed in skeletal muscle (Thornton et al. 1998). The
roles of all these isoforms have not yet been fully elucidated,
but it is becoming increasingly apparent that the γ

subunits can be major regulators of the holoenzyme
activity (Cheung et al. 2000; Lang et al. 2000; Milan et al.
2000; Blair et al. 2001; Franz et al. 2001; Gollob et al. 2001b;
Hamilton et al. 2001; Daniel & Carling, 2002; Gollob, 2003;
Hudson et al. 2003; Oliveira et al. 2003; Adams et al. 2004;
Mahlapuu et al. 2004).

The putative AMP binding site(s) on AMPK have
been proposed to be located within the four tandem
cystathionine β-synthase (CBS) motifs found within the
γ subunit (now termed the Bateman domains). Mutations
within these regions have gained considerable attention of
late because of their resulting phenotypes. For instance,
a non-conserved mutation at amino acid 200 of the γ 3

subunit of AMPK (resulting in an arginine to a glutamine
mutation) in the Hampshire pig results in elevated skeletal
muscle glycogen levels (the γ 3 gene is named PRKAG3 and
the mutation is designated PRKAG3 R200Q). This increase
in skeletal muscle glycogen levels is highly suggestive that
the PRKAG3 R200Q mutation is involved in alterations
in AMPK activity and subsequent glucose metabolism.
Although the exact mechanism by which this mutation
causes excessive glycogen deposition is still not clear, it is
likely that there is a mismatch between glucose uptake and
glucose utilization. Similar mutations in the γ 2 subunit
have been found and the effect these mutations have on
AMPK activity and glucose utilization in the heart is just
now being defined (Fig. 3).

A variety of mutations in the γ 2 gene of AMPK
(PRKAG2) have been shown to produce a glycogen
storage cardiomyopathy characterized by ventricular pre-
excitation (Wolff–Parkinson–White (WPW) syndrome),
progressive conduction system disease (Blair et al. 2001;
Gollob et al. 2001a,b; Arad et al. 2002; Vaughan
et al. 2003), and in specialized cases, cardiac hyper-
trophy (MacRae et al. 1995; Gollob, 2003). The
disease phenotype associated with patients with these
mutations has been termed the PRKAG2 cardiac
syndrome (Gollob, 2003). It is believed that conduction
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system abnormalities observed in the PRKAG2 cardiac
syndrome originate from glycogen-filled myocytes causing
pre-excitation muscular bypass tracts (Gollob et al.
2001b; Arad et al. 2002). These tracts independently
connect the atrial and ventricular chambers and bypass
the normal atrio-ventricular node. This bypass tract is
used as a retrograde limb of the re-entrant circuit, thus
resulting in a macro-re-entrant arrhythmia. However,
this rapid anterograde bypass tract conduction that
causes pre-excitation and ventricular fusion is not
arrhythmogenic per se, nor is it associated with tachycardia.
Although a number of mutations in the human PRKAG2
gene have been identified (Oliveira et al. 2003), two of the
best-characterized mutations are the missense mutations
that occur independently in the DNA coding for amino
acid 488 and for amino acid 302 of the γ 2 subunit (Gollob
et al. 2001a; Arad et al. 2003; Patel et al. 2003). These
mutations result in an asparagine and an arginine being
converted to an isoleucine and a glutamine, respectively
(termed PRKAG2 N488I and PRKAG2 R302Q mutations).

In transgenic mouse models, over-expression of the
γ 2 N488I mutation results in dramatic left ventricular
hypertrophy (Arad et al. 2003). This hypertrophic growth
is associated with significant accumulation (30-fold) of
glycogen within the cardiac myocyte of the transgenic
mice and has been attributed to an increase in AMPK
activity (Arad et al. 2003). Using 31P-NMR spectroscopy
of isolated mouse hearts and subsequent HPLC analysis
it was reported that free and total AMP/ATP ratios were
not different in wild-type and transgenic mice expressing
the γ 2 N488I mutation (Zou et al. 2005). Despite
this, AMPKα2 activity was significantly increased in the
transgenic mice expressing the γ 2 N488I mutation at
saturating AMP concentrations, but overall was less
responsive to AMP (Zou et al. 2005). The importance

Figure 3. The PRKAG2 cardiac syndrome
Mutations in the γ 2 subunit of AMPK (the PRKAG2
gene) appear to cause both activating and inhibiting
forms of cardiac AMPK. Various changes in the control
of glucose utilization and storage ensue that result in a
glycogen storage cardiomyopathy that is associated
with the development of Wolff–Parkinson–White
Syndrome and cardiac hypertrophy.

of increased basal AMPKα2 activity in this pathway
is consistent with another transgenic model where a
dominant-negative mutant of AMPK can attenuate the
disease phenotype associated with the γ 2 N488I mutation
(Ahmad et al. 2005). Overall, it appears that the γ 2 N488I
mutation causes a higher basal activity of cardiac AMPKα2,
which is likely to be due to increased phosphorylation at
Thr172 (Zou et al. 2005). In addition, this mutation in the
γ 2 subunit appears to render the holoenzyme insensitive
to increased AMP concentrations (Zou et al. 2005).

Another transgenic mouse has been constructed that
expresses the γ 2 R302Q mutation (Sidhu et al. 2005).
Similar to the PRKAG2 N488I mice, these mice also
have increased cardiac glycogen levels, develop WPW
syndrome, and display profound cardiac hypertrophy. In
contrast to the γ 2 N488I mutation, hearts from trans-
genic mice over-expressing the γ 2 R302Q mutation have
decreased AMPK activity (Sidhu et al. 2005). Since the
γ 2 N488I mutant and the γ 2 R302Q mutant expressing
mice have a very similar phenotype, it is difficult
to reconcile how this remarkably similar phenotype
occurs with opposite actions of AMPK. However, it
is possible that dysregulation of AMPK activity (either
activating or inhibiting) contributes to the development
of WPW syndrome (Fig. 3). That is, perturbations in
AMPK signalling must alter glucose uptake, glucose
storage as glycogen and glucose utilization, and together
these mismatches may contribute to the development
of the conduction abnormalities associated with WPW
syndrome, secondary to glycogen accumulation (Lang
et al. 2000; Blair et al. 2001; Gollob et al. 2001a,b;
Arad et al. 2002, 2003; Gollob, 2003; Light et al. 2003;
Oliveira et al. 2003; Patel et al. 2003; Vaughan et al.
2003). In addition, it is possible that glycogen also feeds
back and alters AMPK activity via a mechanism that is
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dependent on the γ 2 mutations (Fig. 3). Indeed, a third
transgenic mouse line harbouring the R531G mutation
in the γ 2 subunit of AMPK also develops a progressive
cardiac phenotype consistent with that observed with
the γ 2 N488I and γ 2 R302Q mutations (Davies et al.
2005). In this mouse, cardiac hypertrophy and glycogen
accumulation developed by 4 weeks of age but was absent
at 1 week of age (Davies et al. 2005). At 1 week of age, the
transgenic mice expressing the γ 2 R531G mutation had
similar AMPK activities as wild-type mice but displayed
reduced AMPK activity by 4 weeks of age, suggesting
that AMPK activity is inhibited as a result of glycogen
accumulation. Taken together, these transgenic mouse
models suggest that the pathogenesis of WPW syndrome
relating to mutations in the PRKAG2 gene is not a
simple loss or gain of function mutation of AMPK
and may be more complex than first proposed. Indeed,
although profound glycogen accumulation may be one
mechanism by which the conduction system abnormalities
arise in patients with PRKAG2 mutations, there is also
the possibility that various ion channels are regulated by
AMPK, thus contributing to the observed arrhythmogenic
activity in patients with some PRKAG2 mutations (Light
et al. 2003). These possibilities also need to be explored.

Although there is still controversy as to whether some
of the mutations in the γ 2 subunit of AMPK are activating
or inactivating mutations of AMPK, it is clear that
two of the best-characterized mutations in the human
PRKAG2 gene (γ 2 R302Q and γ 2 N488I) are associated
with the PRKAG2 cardiac syndrome (Gollob, 2003).
The PRKAG2 cardiac syndrome is defined by ventricular
pre-excitation, progressive conduction system disease, and
cardiac hypertrophy (Gollob, 2003), all of which may
occur directly or indirectly as a result of altered glucose
homeostasis within the cardiac myocyte. Evidence for
the γ 2 N488I mutation acting as an AMPK-activating
mutation is growing, which suggests in this case that
inappropriate activation of AMPK and/or diminished
responsiveness to intracellular AMP concentrations can
have profound morphological consequences in the heart.
These data suggest that activation of AMPK may have
dire consequences in the heart and may contribute to the
development of the PRKAG2 cardiac syndrome. However,
it must be considered that global activation of cardiac
AMPK may not, in and of itself, be involved the PRKAG2
cardiac syndrome since the effect seems to be confined to
only the AMPK complexes that contain the γ 2 subunit.
Since other γ isoforms also exist in the heart (Stapleton
et al. 1996; Thornton et al. 1998; Cheung et al. 2000), it
is likely that the AMPK holoenzyme containing the γ 2

subunit does not account for 100% of the cardiac AMPK
activity. This suggests the γ 2 subunit-containing AMPK
complex may have specialized roles and/or specific targets
that are necessary mediators of glycogen accumulation
and the resulting ventricular pre-excitation, progressive

conduction system disease, and cardiac hypertrophy.
Clarification of the targets of the γ 2 subunit-containing
AMPK complex are necessary before a clear understanding
of how perturbations in AMPK signalling influence the
development of this disease. Thus, it is too early to predict
how pharmacological activation or inhibition of AMPK
will influence the development of the PRKAG2 cardiac
syndrome.

Summary

AMPK has a very important role in the heart in regulating
energy metabolism and protein synthesis. Whether AMPK
has a role in mediating the increased energy demand
during increases in cardiac work has yet to be fully
established. In contrast, activation of AMPK during
myocardial ischaemia, apoptosis and cardiac hypertrophy
has been clearly established. However, what is less clear is
whether this activation of AMPK acts as an ally or enemy
in response to these cardiac stresses. Better definition of
the role of AMPK in cardiac physiology and pathology has
the potential to develop new therapeutic strategies to treat
both ischaemic heart disease and cardiac hypertrophy.
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