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REVIEW

The role of AMP-activated protein kinase in the

cardiovascular system

Daisuke Nagatal? and Yasunobu Hirata?

It has recently been recognized that adiponectin protects the vasculature and prevents atherosclerotic change through
AMP-activated protein kinase (AMPK) activation, and some of its molecular mechanisms have been clarified. AMPK, which
might be a therapeutic target of metabolic abnormality, is a serine-threonine kinase, heterotrimer protein composed of three
subunits of o, p and y. It is activated by an upper kinase LKB1 and an increase in the AMP/ATP ratio. Some anabolic enzymes
are directly phosphorylated and inhibited, suggesting that AMPK suppresses ATP consumption by negatively regulating the
synthetic pathway. The LKB1-AMPK pathway is pivotal for controlling cellular polarity and mitosis. Furthermore, AMPK has
been associated with cellular autophagy. AMPK activation could induce autophagy and prolong a period leading to cell
apoptosis. Apoptosis under anoxic conditions was decreased when newly constructed, constitutively active mutants of AMPK-«
were overexpressed in vascular endothelial cells. AMPK could inhibit the growth of vascular smooth muscle through MEK-ERK
pathway inhibition. After ischemia reperfusion, dominant-negative AMPK overexpression inhibits cardiac function through the
suppression of glucose uptake and fatty acid p-oxidation in cardiac myocytes. Cardiac hypertrophy with accumulation of
glycogen granules because of gene mutation of y2 associated with the Wolff-Parkinson-White syndrome has been considered
an activated type in most cases. It is necessary to clarify the tissue-specific and stress-specific activation mechanism of AMPK.
Hypertension Research (2010) 33, 22-28; doi:10.1038/hr.2009.187; published online 13 November 2009
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INTRODUCTION

For blood vessels exposed to physical stress, such as blood pressure or
shear stress, and for various bioactive substances to maintain home-
ostasis, it is necessary to reduce stresses and, in such cases, the
vascular endothelium needs to act against arterial sclerosis. In
addition, the control of growth and apoptosis in the neointima of
vascular smooth muscles is important for the development of an
arterial sclerosis lesion.

Conversely, the recent progress in adiposcience with regard to
metabolic syndrome has revealed the cardiovascular protective
function of so-called ‘beneficial’ adipocytokines. A part of the action
mechanism of adiponectin, a representative of adipocytokines,
is recognized to be caused by AMP-activated protein kinase
(AMPK),'2 and a part of its molecular mechanisms has been clarified.
It has also been reported that some diabetes remedies, such as
metformin or thiazolidine derivates, can activate AMPK,>™ suggesting
the possibility that AMPK can become a therapeutic target of meta-
bolic abnormalities.

In this review, the recently clarified action of AMPK is summarized
and its functions in the cardiovascular system are described.

THE STRUCTURE AND REGULATORY MECHANISM OF AMPK
Overview

The AMP-activated protein kinase is a serine-threonine kinase cloned
as a homolog of the Snfl kinase of yeast and is a heterotrimer
protein composed of three subunits, o, § and ve (Figure 1). Generally,
kinase activity is increased by stress, which elevates AMP/ATP in
cases such as hypoxia, low glucose and contractions/exercises of the
skeletal muscle.

Recently, activation mechanisms other than the elevation of the
AMP/ATP ratio (for example, reactive oxygen species (ROS)) have
garnered increasing attention. The factors activating AMPK are listed
in Table 1. In mammals, there are two types of o and B subunits and
three kinds of y subunits. The correspondence with the Snfl kinase
family is shown in Table 2. It has also been revealed that there is a
difference in the distribution of these subunits depending on the tissue
(Figure 1).

o-Subunit
This is the essential part of AMPK with kinase activity. In the case of
humans, al is composed of 550 amino acids and o2 of 552 amino
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Figure 1 The structure of AMP-activated protein kinase (AMPK). This functions as a heterotrimer composed of three types of proteins (o, f and y) in

mammalian cells.

Table 1 Factors to activate AMPK

Type of substance/stress Name
AMP analog AICAR
ATP synthesis inhibition Oligomycin
Creatine analog B-GPA
Respiratory chain inhibitor Antimycin A
Azide
Nitric monoxide
Biguanides Metformin
Thiazolidine derivatives Rosiglitazone
Pioglitazone
Mitochondrial uncoupler Dinitrophenol
UCP1
UcP3
TCA cycle inhibitor Arsenite
Environmental stress Heat Shock

Osmotic pressure

Ischemia/hypoxia active oxygen species
Low glucose

Exercise contraction (skeletal muscle)

Metabolism/oxidation stress

Abbreviations: AICAR, 5-aminoimidazole-4-carboxamide-1-B-o-ribofuranoside; AMPK, AMP-
activated protein kinase; 3-GPA, B-guanadinopropionic acid; UCP, uncoupling protein.
AMPK is activated by various chemical reagents, physiologically active substances and stress.

acids. The kinase domain is on the N-terminus of the o-subunit.
There are B-subunit-binding domains on the C-terminus (Figure 1). If
o Thrl72 in the kinase domain is phosphorylated by an upstream
kinase (AMPK kinase, AMPKK), kinase activity is increased dozens of
times’ (Figures 2 and 3). When it is inactivated adversely, the
phosphorylation domain is dephosphorylated by protein phospha-
tase-2C.8 In the o-subunit, there is an autoinhibitory domain that

inhibits its kinase activation (Figure 2). It is thought that in the
cardiovascular system (in particular, the heart), primarily o2 is ex-
pressed, whereas in the vascular endothelial cell, a1 is more abun-
dantly expressed.

B-Subunit

The B-subunit is considered to have a role in the platform of o and y
binding. o and y bind to kinase interacting sequence (KIS) and
association with Snflp complex (ASC) domains (Figure 1). Further-
more, it has been noted that the N-terminus is myristorylated, which
may determine substrate specificity, but the details are unclear.

v-Subunit

The y-subunit has the configuration of a line of four cystathionine
B-synthase (CBS) domains having avidity with AMP/ATP, and two
CBS domains exist in tandem to form the basic functional unit
(Figure 1), called the Bateman domain.

On the basis of current knowledge, the schema illustrating how the
o, B and y subunits are actually bound and act is shown in Figure 2.
When AMP is bound in place of ATP, the locking function of vy is
unlocked, o Thr172 is phosphorylated by an upstream kinase and
inhibition in the autoinhibitory domain is released, which activates
the kinase activity of AMPK.

On the other hand, a recent paper describes y-subunit binding to
the B-subunit through the a-subunit; the y-subunit does not seem to
bind directly to the B-subunit.® However, there have been no addi-
tional tests confirming these results.

AMPKK

Although the actual property of an upstream kinase, AMPKK, has
remained unclear, it is suggested that LKB1, the responsible kinase for
Peutz-Jeghers syndrome, is the most important AMPKK.!®!! Tt is also
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known that LKBI is activated by binding to both mouse protein 25
(MO25) and STE20-related adaptor protein (STRAD), which are
adaptor proteins.'! On the other hand, it was previously considered

Table 2 AMPK and Snfl kinase

AMPK family Snfl kinase family
al, a2 Snfl
Bl, B2 Sipl, Sip2, Gal83
vl 72,73 Snf4

Abbreviation: AMPK, AMP-activated protein kinase.
The homology of AMPK and Snfl kinase is high and the correspondence table is shown here.

a Inactive type

b Active type

farget molecule
phesphorylation

B

Figure 2 Activation mechanism of AMP-activated protein kinase (AMPK)
(a, b). If y binds to ATP, it enters a locked state, but binding to AMP
unlocks it. When o Thrl72 is phosphorylated by an upstream kinase, such
as LKBI1, inhibition in the autoinhibitory domain is released. The AMPK
trimer complex exerts full kinase activity. AID, autoinhibitory domain;
K, kinase domain.

that AMPKK is a serine-threonine kinase activated by AMP, but it was
clarified that LKBI is not activated by AMP.!12

Furthermore, there is a report describing that, in some cases, AMPK
is not activated by AMP/ATP,? suggesting that, other than LKB1, there
may be AMPKK, which can activate AMPK without depending on
AMP/ATP. In fact, multiple groups have revealed that its entity is
Ca**/calmodulin-dependent protein kinase kinase, which has a higher
homology with LKB1.!314

FUNCTIONS OF AMPK
Functions at cellular levels
In various types of cells, when AMPK is activated, translocation of
GLUT-4 to the plasma membrane is accelerated and the uptake
of glucose into cells is increased. In addition, 3-hydroxy-3-methyl-
glutaryl-CoA reductase or acetyl-coA carboxylase is directly phos-
phorylated to inhibit enzyme activity and control ATP consumption
by negatively regulating the synthetic pathway (Table 3). This is why
AMPK is described as a ‘fuel gauge” within the cell. Figure 4 illustrates
the mechanisms for enhancing carnitine palmitoyltransferase-1 (CPT-1)
activity and promoting [-oxidation of fatty acids in the mitochondria.
It has also been shown that AMPK increases mitochondrial biosynth-
esis through synthesis increases in some mitochondrial-constitutive
enzymes.!>

In addition, the regulating mechanism of the mTOR/S6K system by
AMPK has recently been clarified. Activated AMPK inhibits mamma-
lian target of rapamycin (mTOR) by activating the tuberous sclerosis
complex through phosphorylation and decreases protein synthesis
through the action of (p70)S6K and 4EBP-1 further downstream;
it also inhibits cell growth and hypertrophy'® (Figure 5). Akt shows
just the reverse action from that of AMPK because it inhibits by
phosphorylating another domain of tuberous sclerosis complex.

Control of cell polarity/cell mitosis

It has been observed that in Caenorhabditis elegans, PAR4, which is a
kinase homogenous with LKBI, is needed to determine cephalocaudal
polarity.'” In Drosophila, it was shown that LKBI is needed for the
determination of anterior—posterior polarity of the oocyte,!® and in
fact, it was clarified that even in mammals this system is important
for controlling polarity in intestinal epithelial cells.!” Furthermore,

Stress . /\
*Muscle contraction mn_\‘
*Hypoxia AMPK AMPK-AMP
*Low glucose etc.
: ATP
Hydrolysis Kinaee
ATP —=— ADP PP2C activiy AMPKK (LKB1)
—
Adenylate kinase
ATP
AMPK AMPK -AMP
AP
P P

ADP

e

Catabolization

ATP

Assimilation/growth

N

ATP ADP

Figure 3 Activation mechanism of AMP-activated protein kinase (AMPK). o Thr172 becomes more easily phosphorylated by AMPK kinase (AMPKK) because

of AMP binding to y. As such, its kinase activity is maximized.
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Table 3 Enzymes directly regulated by AMPK

AMPK and cardiovascular system
D Nagata and Y Hirata

Substrate ACC1 ACC2 HMGR GS HSL

Action Fatty acid synthesis | Fatty acid oxidization 1 Cholesterol synthesis | Glycogen synthesis | Fat degradation |
Substrate PFK2 78C2 HNF4~ SREBPIc eNOS, bNOS
Action Glycolysis system T Protein synthesis | Fatty acid synthesis| Fatty acid synthesis| Blood flow?

Abbreviations: ACC, acetyl-CoA carboxylase; AMPK, AMP-activated protein kinase; eNOS, endothelial nitric oxide synthase; GS, glycogen synthase; HMGR, 3-hydroxy-3-methyl-CoA reductase;
HNF4-o, hepatocyte nuclear factor-4o; HSL, hormone-sensitive lipase; NOS, nitric oxide synthase; PFK2, phosphofructokinase-2; SREBP1c, sterol regulatory element binding protein-1c; TSC2,

tuberous sclerosis complex-2.

The known enzymes that AMPK directly phosphorylates and regulates are summarized. With the exception of eNOS, they are enzyme groups inhibiting assimilation or enhancing catabolization.

AMPK

L

Acetyl-CoA Carboxylase2 (ACC-2)

Acetyl-CoA

Malonyl-CoA —— Lipogenesis

Fatty Acid

Carnitine palmitoyltransferase 1 (CPT-1) —>

B-oxidation

Figure 4 The mechanism of fatty acid B-oxidation enhancement by AMP-
activated protein kinase (AMPK). AMPK directly phosphorylates acetyl-CoA
carboxylase 2 (ACC2), inhibits enzymatic activity and inhibits synthesis of
malonyl-CoA. In turn, fat synthesis is inhibited, and fatty acid B-oxidation is
enhanced through increased activity of carnitine palmitoyltransferase-1 (CPT-1).

LKB1
Stress (AMP T) —p m
CaMKK TSC1-
/ TSC2 S6K
th 1 / \
gcot‘grs = PIBK = Akt Protein synthesis
mTOR Cell growth
PDK1
4EBP-1

Figure 5 Protein synthesis inhibiting the action of AMP-activated protein
kinase (AMPK) through tuberous sclerosis complex 2 (TSC2). The functional
directions of AMPK and Akt on which the pathway for protein synthesis
through mammalian target of rapamycin (mTOR)/S6K might act are
opposing. AMPK increases TSC1-TSC2 activity, whereas Akt inhibits it.

a similar phenomenon has been reported in the downstream AMPK.
It is possible to generate Drosophila completely lacking in AMPK, but
such cases become lethal in their development pathway. The polarity
of the cell or mitosis is not normally controlled, and regularity in the
actin cytoskeleton in endothelial cells is lost. In the case of a complete
defect of LKB1, a similar phenotype is observed, but it has been found
that the above-mentioned abnormality can be restored by making
constitutively active mutants of AMPK expressed in the LKB1 deletion
form.?% Furthermore, the myosin regulatory light chain is important
for controlling cellular polarity and mitosis. It has been shown that

this protein is phosphorylated by AMPK and controls the interaction
between nonmuscle myosin and actin and contributes to the above-
mentioned aberration (in mammals, Drosophila, and so on).20 In
addition to its function in the control of polarity, myosin regulatory
light chain has also been found in MDCK cells derived from epithelial
cells from the collecting tube of dogs; assembly and disassembly of the
intercellular tight junction are controlled by AMPK.2! Many papers,
including the above-mentioned reports, suggest that the LKB1I-AMPK
system has an important role in controlling cellular polarity and mitosis.

The control of autophagy

Recently, there have been several reports describing how AMPK is
associated with the control of cellular autophagy. Autophagy is, in
brief, the mechanism by which the cell produces energy using
subcellular organelles or proteins in an autologous cell as the substrate;
it enables survival when the cell is exposed to crises such as alimentary
deficiency.?? AMPK is activated in the cardiac myocyte through
hypoglycemia and hypoxia (ischemia), but a system to induce autop-
hagy through inhibition of mTOR and avoid cellular death has been
reported.?* In the report, the activation of AMPK using 5-aminoimi-
dazole-4-carboxamide-1-B-p-ribofuranoside (AICAR) failed to induce
autophagy; thus, activation of AMPK may not be a sufficient condi-
tion for autophagy to occur. On the other hand, a review of human
mammary cancer-derived cells (MCF-7s) revealed that the apoptosis
occurring in serum depletion is inhibited when p27kip Thr198 is
phosphorylated by AMPK; p27kip is not broken down under such
conditions, and autophagy occurs.?* When a phosphorylation domain
of p27kip is replaced by alanine or the expression amount is reduced
by p27kip small interfering RNA, autophagy is inhibited and apoptosis
occurs efficiently. That is, the amount of p27kip determines whether
apoptosis or autophagy is initiated, and apoptosis is avoided to some
extent. It seems that AMPK can induce autophagy and prolong the
period leading to cell death.

Function at an individual level

At the cellular level, AMPK increases ATP levels, but, even in a living
organism, it increases appetite and energy. In other words, in the
hypothalamus, ghrelin and fasting activate AMPK, which increases the
expression of NPY and elevates appetite. Leptin, insulin and diet
adversely suppress hypothalamic AMPK, reduce the expression of
NPY and inhibit appetite (Figure 6)”. The details of the NPY regula-
tion mechanism by AMPK are still unclear.

FUNCTION IN THE CARDIOVASCULAR SYSTEM

The AMP-activated protein kinase is one of the key molecules linking
energy metabolism and atherosclerotic change in vasculature. In this
paper, we describe the functions of AMPK in the cardiovascular system.
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Figure 6 The function of AMP-activated protein kinase (AMPK) in vivo. In addition to its well-known functions in the skeletal muscles and the liver, AMPK

regulates appetite via NPY in the hypothalamus.

Function in the heart

In the heart, AMPK has an effect even in the physiological state,2® and
the importance of the action of AMPK is increased under conditions
in which stress, such as excessive load or ischemia, is induced under
hypoxic conditions. AMPK activates the glycolytic pathway by phos-
phorylating and activating phosphofructokinase-2,2¢ enhancing fatty
acid B-oxidation and ameliorating relative ATP deficiencies.?” Further-
more, it promotes the translocation of GLUT-4 to the plasma
membrane and increases the uptake of glucose to the skeletal muscle.?®
In a transgenic mouse in which dominant-negative AMPK 02 was
overexpressed in the cardiac myocyte, glucose uptake after ischemia
reperfusion and fatty acid B-oxidation were decreased, causing a
decrease in ATP, and cardiac function was significantly lower when
compared with that of the control; furthermore, myocardial apoptosis
was increased.?’ One report indicated that a partial cause of the
significant increase in myocardial apoptosis after ischemia reperfusion
in the adiponectin knockout mouse is associated with AMPK activa-
tion deficiency due to deficits of adiponectin.*

Recent reports described a family whose members developed cardiac
hypertrophy with glycogen granule accumulation in the cardiac myocyte
associated with Wolff-Parkinson-White syndrome because of an aberra-
tion in y2 genes.32 On the other hand, with regard to mutations (for
example, Arg302Gln) of v in the same domain, one report described it as
an activated type*? and the another as a nonactivated type.>* However,
cardiac hypertrophy with an accumulation of glycogen granules because
of a gene mutation of y2 is considered as the activated type in most
cases. The review by Arad et al** summarizes these details effectively.
When AMPK is activated, glycogen synthase activity is directly inhibited
(Table 3), but it has been thought that the fatty acid oxidation promoted
by AMPK enables ATP supply; thus, intracellular glucose is not used,
and glycogen is thought to accumulate in the cardiac myocyte.

Function in the vasculature
Vascular endothelium. It is thought that the vascular endothelial cell
alleviates the action of tissue injury factors such as oxidative stress and

Hypertension Research

ameliorates arteriosclerotic change at early stages. In particular,
endothelial nitric oxide synthase (eNOS) is important for maintaining
endothelial function through the production of NO. We have reported
that AMPK activated under hypoxic conditions maintains Akt activity
and activates eNOS through Ser1177 phosphorylation.>>3¢ This action
suggests that NO production is important for angiogenesis under
hypoxic conditions. Another group reported that in the endothelium,
adiponectin activates AMPK and activates eNOS through the PI3K-
Akt system.>” Another report described how AMPK activation con-
tributes to eNOS activation by high-density lipoprotein and apolipo-
protein Al, which is the constituting apolipoprotein of high-density
lipoprotein.®® In addition, an interesting report described how AMPK
activated by metformin inhibits the nuclear factor-kB signal increased
by cytokine stimulation;* the detailed mechanism is reviewed hereafter.

On the other hand, Ido et al.?® reported that hyperglycemia induces
apoptosis through oxidative stress, but AMPK activated by AICAR
partially inhibits this phenomenon. One report described how
adiponectin inhibits apoptosis in the endothelial cell through AMPK
activation.** We recently made an AMPK construct lacking only
the autoinhibitory domain (amino acids 313-392) of AMPKual; the
binding capacity to the B-subunit remains, and Thr 172 is substituted
by Asp, enabling overexpression of the constitutively active
form.3® This system allows the observation of the specific action
of AMPK without the nonspecific action of AICAR. Apoptosis
under anoxic conditions was decreased significantly when we over-
expressed this mutant in vascular endothelial cells.*® As mentioned
above, in the endothelial cell, AMPK activates the PI3K—Akt system,
and it has been shown that this antiapoptotic effect takes place
through the PI3K—Akt axis.*!

The vascular smooth muscle. 'We have shown that the growth of the
vascular smooth muscle cell stimulated by angiotensin II (AnglI) can
be inhibited by the activation of AMPK.*> When we tried to stimulate
cells by Angll, to our surprise, AMPK was activated, and it depended
on ROS through the Angll type I receptor. On the other hand, when



AMPK is further activated by AICAR, the growth of vascular smooth
muscle was inhibited, and it became clear that inhibition of the MAP
kinase system was pivotal for this antiproliferative action. In the wire
injury model of the rat femoral artery, if AMPK is continuously
activated by AICAR injection, neointima formation is significantly
inhibited, and AMPK inhibits the growth of the vascular smooth
muscle, even in vivo. Igata et al! revealed that AMPK increases
p2lcip, which is the cyclin-dependent kinase inhibitor, through
inhibition of the phosphorylation of the retinoblastoma gene product
(Rb), as well as increased expression/phosphorylation enhancement of
p53, and inhibits the cell cycle of the vascular smooth muscle at G1/S.
Recently, the presence of a mechanism has shown that the activation
of thromboxane A2 receptor promotes hypertrophy of the vascular
smooth muscle and activates AMPK ROS dependently. The activation
of AMPK inhibits hypertrophy of the vascular smooth muscle cell.**
This negative feedback system is very similar to that which we have
reported in the AnglI type I receptor.

CONCLUSION

It is certain that AMPK is a kinase highly conserved from yeasts to
humans, and it performs an important action for organisms under
conditions of stress. Hereafter, it is necessary to clarify the tissue-
specific and stress-specific activation mechanism. Currently, there are
many unclarified details with regard to, for example, why the action is
different in a cell-specific manner, as shown by the fact that AMPK
activates PI3K—Akt in vascular endothelial cells, whereas in other cells,
the actions of AMPK and Akt are frequently antagonistic to one
another. This underscores the importance of reexamining the patho-
physiological actions of AMPK.
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