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AKT is a serine/threonine protein kinase, also known as protein kinase B, which regulates cardiac growth, myocardial angiogenesis, glucose
metabolism, and cell death in cardiac myocytes. AKT is activated by its phosphorylation at Thr 308 and ser 473 by PDK1 and mTORC2,
respectively, in response to trophic stimuli such as insulin and insulin growth factor. c-Jun N-Terminal Kinases (JNKs) phosphorylate AKT
at Thr 450 and potentiate its interaction with its downstream effectors. The short-term activation of AKT promotes physiological hyper-
trophy and protection from myocardial injury; whereas, its long-term activation causes pathological hypertrophy and heart failure. In this
review we will discuss the role of AKT in regulating signalling pathways in the heart with special emphasis on the role of AKT in modulating
stress induced autophagic cell death in cardiomyocytes in vitro.
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Introduction
AKT is a serine/threonine protein kinase that regulates a variety of
cellular functions in different tissues. AKT is the effector of PI3K
and is essential during postnatal cardiac development that is
achieved predominantly by hypertrophy rather than hyperplasia
of individual cardiomyocytes.1 There are three isoforms of AKT,
AKT1, AKT2, and AKT3. It has been shown that AKT1 KO mice
have slightly diminished growth and that these mice are susceptible
for spontaneous and stress-induced apoptosis.2,3 AKT2 KO mice
have normal body size but are mildly insulin resistant,4 while
AKT3 KO mice have reduced brain size that is attributed to
decrease in cell number and cell size.5 The combined deletion of
AKT1 and AKT2 or AKT1 and AKT3 genes result in perinatal leth-
ality with multiple developmental defects, indicating a large degree
of functional overlap between the three isoforms of AKT.6,7 On
the other hand, increased AKT signaling in b-cells promotes hyper-
trophy and hyperplasia,8 whereas increased AKT function in
T-lymphocytes and prostate cells promotes lymphoma9 and pros-
tate cancer,10 respectively.

In the heart, short-term AKT1 activation promotes physiological
hypertrophy,11 whereas long-term AKT1 activation induces patho-
logical hypertrophy.12,13 Physiological and pathological hypertro-
phy are morphologically, functionally, and molecularly distinct
from each others. Physiological hypertrophy occurs during post-
natal cardiac development and in trained athletes and is character-
ized by normal or enhanced contractile function, normal
architecture, and organization of cardiac structure without

increases in interstitial fibrosis. Clinically, pathological hypertrophy
is observed in patients with uncontrolled hypertension, myocardial
infarction, and aortic stenosis. In its advanced stages, it is character-
ized by contractile dysfunction, interstitial fibrosis, and expression
of foetal cardiac genes such as atrial natriuretic peptide and
b-myosin heavy chain (b-MHC).14,15 Pathological hypertrophy is
associated with increased morbidity and mortality and eventually
the sustained pressure overload leads to myocardial contractile
dysfunction, dilatation, and development of heart failure (HF)
through poorly understood mechanisms.14,15 In endothelial cells,
brief AKT activation attenuates damage to ischaemia, whereas pro-
longed AKT activation leads to increased but unorganized blood
vessel formation, reminiscent of tumour vasculature.16 Hence,
AKT signalling plays an important role in maintaining vascular
homeostasis and that tight control of the AKT signal in endothelial
cells is required for normal vascular patterning and remodelling.
Growth factors such as insulin and insulin growth factor as well
as exercise activate AKT through its recruitment to the cell mem-
brane and its phosphorylation at Thr 308 and Ser 473 by PDK1 and
mTORC2, respectively. On the other hand, absence of growth
factors and sedentary lifestyle lead to decreased phosphorylation
and hence inactivation of AKT.12,17 However, in stressed cardiac
myocytes, such as in oxidative stress or in ischaemia reperfusion,
AKT signalling and its interaction with its downstream effectors
are altered or are overridden by other signalling pathways as dis-
cussed below. This review will address the role of AKT in promot-
ing coronary angiogenesis and in modulating cardiac function with
specific emphasis on the role of AKT in altering programmed types
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of cell death, such as autophagic and apoptotic cell death in
cardiomyocytes and in HF.

AKT and angiogenesis
In endothelial cells, AKT phosphorylates a wide variety of target
proteins that regulate cell proliferation, survival, permeability,
release of nitric oxide, and cell migration.18,19 AKT is essential in
vascular endothelial growth factor (VEGF)-mediated angiogenesis
and regulates the migration of endothelial cells necessary for
vessel sprouting, branching, and the formation of networks
during angiogenesis via the phosphorylation of Girdin, an actin
binding protein, at Ser 1416 to regulate its subcellular localization
and cell migration in fibroblasts.20 Kitamura et al.21 have shown
that the delivery of adenovirus harbouring Girdin short interfering
RNA in Matrigel embedded in mice, markedly inhibited VEGF-
mediated angiogenesis. Targeted disruption of the Girdin gene in
mice impaired vessel remodelling in the retina and angiogenesis
from aortic rings; however, Girdin was unessential for embryonic
vasculogenesis. These findings demonstrate that the AKT/Girdin
signalling pathway is essential in VEGF-mediated postneonatal
angiogenesis. Short-term AKT activation in inducible transgenic
AKT1 mice induces physiological hypertrophy with maintained vas-
cular density. Coronary angiogenesis is enhanced to keep pace
with the growth of the myocardium. The increase in vascular
density is directly related to the increase in VEGF and
angiopoietin-2 during short-term AKT1 activation.18,21 On the
other hand, prolonged AKT activation leads to pathological hyper-
trophy. Under these conditions, VEGF and angiopoietin-2 are
downregulated and capillary density is reduced. The decrease in
coronary angiogenesis could in part explain the decrease in
cardiac function during long-term AKT activation. It has been
shown that VEGF blockade in pressure overload reduces capillary
density and results in an accelerated transition from compensated
hypertrophy to HF.22 Thus, the balance between cardiac growth
and coronary angiogenesis is critical and that the cross-talk
between cardiac myocytes and coronary vasculature is essential
for the maintenance of the contractile function, especially in patho-
logical hypertrophy and in HF.

AKT and cell death
Cardiac myocyte loss in HF via the form of necrotic, apoptotic, and
autophagic cell death may in part contribute to the worsening in
cardiac contractile function and to left ventricular remodelling.
Strong evidence in the literature suggests that short-term acti-
vation of AKT have beneficial effects via the inhibition of apoptotic
cell death. Matsui et al.23 showed that adenoviral gene transfer of
activated AKT1 protects cardiomyocytes from apoptosis in
response to hypoxia in vitro. Cardiomyocytes were infected with
either a control adenovirus (Ad.EGFP) or adenoviruses carrying
constitutively active forms of PI 3-kinase (Ad.BD110) or AKT
(Ad.myr-AKT-HA). Ad.BD110 significantly inhibited apoptosis of
hypoxic cardiomyocytes compared with Ad.EGFP. Ad.myr-
AKT-HA even more dramatically inhibited apoptosis of hypoxic
cardiomyocytes. Moreover, adenovirus-mediated AKT1 gene
transfer in the heart diminishes cardiomyocyte apoptosis and

limits infarct size following ischaemia/reperfusion injury24 and ame-
liorates doxorubicin-induced contractile dysfunction.25 Beside its
anti-apoptotic effect, AKT1 controls autophagic cell death by
phosphorylating and thus inhibiting the translocation of forkhead
box O (FOXO) family, particularly FOXO3a, from the cytoplasm
into the nucleus and thus inhibits FOXO3a effector, BNIP3, from
initiating mitochondrial autophagy and mitochondrial defragmenta-
tion.26 This effect of AKT is mainly seen in the presence of growth
stimuli and is lost with their absence such as during starvation.27,28

However, in stressed cardiomyocytes, AKT regulates the autopha-
gic activity, on the short term, via c-Jun N-Terminal Kinases (JNKs)
signaling. Our data suggest that the expression of the mitochon-
drial autophagic marker (BNIP3) is significantly upregulated 2 h
after cardiomyocyte stress with phenylephrine (PE). We have
found that JNK phosphorylation is decreased in cardiomyocytes
stressed with PE for 2 h. The treatment of stressed cardiomyo-
cytes with 3-methyladenine increases JNK phosphorylation which
in turn phosphorylates AKT at thr 450 and enhances its interaction
with its downstream effector FOXO3a and thus inhibits autophagy.
SP600125, a specific JNK inhibitor, abolished the inhibitory effect
of 3-methyladenine and restored the increase in autophagic activity
in PE-stressed cardiomyocytes. These findings are supported by
Zhili Shao et al.29 who showed that JNKs mediate reactivation of
AKT and cardiomyocyte survival after hypoxic injury in vitro and
in vivo. The authors demonstrate that reactivation of AKT after res-
olution of hypoxia is regulated by JNKs and suggest that this is
likely a central mechanism of the myocyte protective effect of
JNKs.

AKT and calcium cycling proteins
AKT1 signalling may also improve contractile function by influen-
cing myocardial calcium cycling, which plays a critical role in con-
tractility and relaxation of cardiomyocytes. During excitation of
the cardiomyocyte, small calcium influx via the L-type calcium
channels (LTCC) leads to massive release of calcium from the
endoplasmic reticulum via the ryanodine receptors, a phenomenon
known as calcium-induced calcium release. The increase in intra-
cellular calcium leads to contraction of the cardiomyocyte and
to the activation of the sarcoendoplasmic reticulum calcium
ATPase (SERCA2a), which pumps calcium from the cytoplasm
into the sarcoplasmic reticulum. The activity of SERCA2a is inhib-
ited by phospholamban (PLB). During diastole there is inhibition of
PLB by its phosphorylation at two different sites; one is activated
by protein kinase A (PKA) in response to b-adrenergic stimulation
and the other is activated by calcium ions and calmodulin, thus pro-
moting and enhancing the activity of SERCA2a. One of the other
proteins that affects the function of SERCA2a is the protein phos-
phatase 1 (PP1) and its inhibitor-1 (I-1). Phosphatase 1 is a serine/
threonine phosphatase that is localized to the sarcoplasmic reticu-
lum and is inhibited by I-1, which becomes active upon phosphoryl-
ation of threonine-35 of PLB protein by PKA. This results in
inhibition of PP1 and therefore enhanced PKA-mediated phos-
phorylation of PLB, leading to amplification of the b-adrenergic
response in the heart. AKT1 appears to positively regulate contrac-
tion by increasing calcium influx through the LTCC,30 by increase
in SERCA2a protein levels,31 and by augmenting PLB
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phosphorylation,32 possibly through down-regulation of PP1.
Whether AKT1 is directly involved in the phosphorylation of
LTCC, PLB, or in the activation of I-1 awaits further investigation.

AKT and metabolism
AKT1 modulates glucose and fatty acid metabolism. AKT may
promote glucose oxidation by enhancing glucose uptake through
glucose transporters and attenuates fatty acid oxidation through
down-regulation of peroxisome proliferator-activated receptor-a
(PPARa) and its coactivator, PPARg coactivator-1(PGC-1),
which transcriptionally activate the genes in fatty acid oxidation
pathway. Under normal conditions, adenosine triphosphate
(ATP) is produced up to 10–40% from oxidation of glucose and
lactate and up to 60–90% from b-oxidation of free fatty acids.
Fatty acids generate more ATP per gram of substrate than
lactate or glucose, and are energy efficient, whereas glucose and
lactate generate more ATP than fatty acids for each mole of
oxygen and are oxygen efficient.1 Therefore, if the supply of
oxygen is limited, glucose oxidation will provide more energy
per equal amount of oxygen and support more work than fatty
acids. Moreover, during ischaemia the accumulation of free fatty
acids is toxic and induces damage to the cell membrane and
death of the cell. Therefore, stimulation of glucose oxidation
may be beneficial under ischaemic conditions, and the cardiopro-
tective effects of glucose–insulin–potassium (GIK) infusion in the
reperfusion phase or fatty acid oxidation inhibitors as shown in
animal models of ischaemia reperfusion33 support this notion.34

Therefore, the cardioprotective and beneficial effect of short-term
activation of AKT1 in the reperfusion phase may be attributed in
part to the switch from fatty acid to glucose metabolism leading
to the efficient myocardial consumption of oxygen.

Exercise and AKT signalling
in heart failure
Heart failure is a growing problem in the industrialized world and
has reached epidemic proportions in the USA. Although the
central effects of HF are pulmonary and peripheral vascular con-
gestion, many patients believe that exercise limitation is the most
troubling feature. Traditional therapies, such as angiotensin-
converting enzyme inhibitors, b-blockers, and spironolactone
show impressive reductions in mortality with somewhat less signifi-
cant improvement in functional capacity. Exercise training was
once prohibited in HF patients out of concern for patient safety.
However, it is now recognized as a therapeutic option for improv-
ing functional capacity, especially that mechanical function and
functional capacity do not always have a direct correlation in HF
subjects.35 Clinical trials of exercise training in HF show improve-
ments in exercise time, functional capacity, and peak oxygen con-
sumption and that exercise training seemed to be safe and well
tolerated in HF patients.36–39 The cardiomyocyte signalling path-
ways driving this beneficial effect of exercise were not fully under-
stood until recently. Miyachi et al.40 explored the signalling
pathways involved in the beneficial effect of exercise on left ventri-
cular geometry in a HF model of Dahl Salt-Sensitive hypertensive

rats. The authors found that exercise training had a beneficial
effect on cardiac remodelling and attenuated HF in hypertensive
rats, with these effects likely being attributable to the attenuation
of left ventricular concentricity and restoration of coronary
angiogenesis through the activation of phosphatidylinositol
3-kinase(p110a)-AKT-mammalian target of rapamycin signaling.40

Moreover, Konhilas et al.41 have shown that there are sex differ-
ences with regard to exercise-induced cardiac adaptation in
mice. The authors found that sex/gender is a dominant factor in
exercise performance and found that female animals have greater
capacity to increase their cardiac mass in response to similar
amounts of exercise. They attributed these differences to signifi-
cant increase in calcium/calmodulin-dependent protein kinase
(CaMK) activity in females compared with males in response to
exercise. The phosphorylation of glycogen synthase kinase-3
(GSK-3) was evident after 7 days of cage-wheel exposure in
both sexes and remained elevated in females only by 21 days of
exercise. However, there were no sex differences with regard to
exercise-induced AKT phosphorylation.41

Exercise also has beneficial effects on the musculoskeletal
system in HF subjects.42,43 Skeletal muscle abnormalities in patients
with HF include atrophy of highly oxidative, fatigue-resistant type I
muscle fibres, decreased mitochondrial oxidative enzyme concen-
tration and activity, reduced mitochondrial volume and density, and
reduced muscle bulk and strength.44 Exercise enhances cardiac and
skeletal muscle metabolism by increasing mitochondrial biogenesis
and by enhancing fatty acid b-oxidation via PGC-1a signalling.42

Recently, Toth et al.45 have shown that chronic HF reduces AKT
phosphorylation in human skeletal muscle compared with patients
with normal cardiac function. The decrease in AKT phosphoryl-
ation in skeletal muscle of HF subjects could partly be related to
the decrease in blood and nutrient supply to the highly oxidative,
fatigue-resistant type I muscle fibres. Decrease in phosphorylated
AKT in skeletal muscle will lead to decrease in protein synthesis
and enhances protein breakdown via the activation of FOXO tran-
scription factors and the transcription of E3 ubiquitin ligases impor-
tant for muscle proteolysis such as Atrogin-1 and MurF-1. Hence,
the cardiovascular and the musculoskeletal systems are inter-
related in the sense that functional deterioration in one system is
negatively reflected on the other one. It will be interesting to inves-
tigate whether exercise enhances AKT phosphorylation in skeletal
muscles of HF subjects and if improvement in cardiac function of
HF subjects, using different therapeutic modalities, can attenuate
muscle atrophy and wasting, a clinical picture often seen in patients
with end-stage HF.

Conclusion
In conclusion, the beneficial effects of short-term AKT activation,
in HF or in stressed cardiomyocyte in vitro, could be explained
through enhancing angiogenesis and the delivery of trophic sub-
stances to the myocardium. Also, short-term AKT activation pro-
motes the utilization of glucose, instead of free fatty acids, and the
efficient consumption of oxygen by the myocardium. Besides that,
short-term AKT may directly improve the contractile function of
the myocardium by increasing SERCA2a levels or by enhancing
its activity through the phosphorylation and thus the inhibition
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of PLB. These effects of AKT are short lived and are overridden
and altered by other signalling pathways if the cardiomyocyte
stressor persists. It seems that JNKs are the key regulators of
AKT and modulate its interaction with its downstream effectors.
The short-term activation of JNK is protective and attenuates
apoptotic and autophagic cell death via potentiating the inhibitory
effect of AKT on FOXO3a as stated above. Although short-term
activation of AKT proves to be beneficial in HF, there still exist
major concerns regarding the long-term benefit of AKT signalling
and potential risks that may arise with its prolonged activity.
Prolonged AKT signalling in HF will lead to worsening in cardiac
function which, in part, is caused by decrease in myocardial angio-
genesis. Furthermore, prolonged AKT activity may promote
tumourigenesis and contributes to the proliferation of cancerous
cells. Hence, AKT activity should be balanced in a way so asto
maintain its protective effect on the myocardium. This might be
achieved through the pulsatile activation of AKT. Whether this
may prove beneficial or not needs to be investigated in the
correct future (Figure 1).
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