
Introduction

It is well established that the PI3K/Akt pathway is
a pivotal step in cardioprotection against ischemia-
reperfusion injury [2, 3, 8, 10], and strategies to
enhance its activity in order to promote tissue

salvage, provide an attractive target for clinical
treatment of myocardial infarction [2, 19, 31]. PI3K
activity results in an increased production of
the second messenger phosphatidylinositol (3,4,5
phosphate (PI(3,4,5)P3) and this in turn activates
a downstream cascade of prosurvival events [12,
13, 24].
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j Abstract Activation of the PI3K/Akt pathway protects the heart from
ischemia-reperfusion injury (IRI). The phosphatase PTEN is the main
negative regulator of this pathway. We hypothesized that reduced PTEN
levels could protect against IRI. Isolated perfused mouse hearts from
PTEN+/) and their littermates PTEN+/+ (WT), were subjected to 35 min
global ischemia and 30 min reperfusion, with and without 2, 4 or 6 cycles
ischemic preconditioning (IPC). The end point was infarct size, expressed
as a percentage of the myocardium at risk (I/R%). PTEN and Akt levels
were determined using Western blot analysis. Unexpectedly, there were
no significant differences in infarction between PTEN+/) and WT
(42.1 ± 5.0% Vs. 45.6 ± 3.3%). However, the preconditioning threshold
was significantly reduced in the PTEN+/) Vs. WT, with 4 cycles of IPC
being sufficient to reduce I/R%, compared to 6 cycles in the WT (4 cycles
IPC: 29.8. ± 3.69% in PTEN+/) Vs. 45.5. ± 5.08% in WT, P < 0.01). In
addition, the ratio between the phospho/total Akt (Ser473 and Thr308)
was slightly but significantly increased in the PTEN+/) indicating an
upregulation of PI3K/Akt pathway. Interestingly, the levels of the other
phosphatases that may negatively regulate the PI3K/Akt pathway (PP2A,
SHIP2 and PHLPP) were not significantly different between littermates
and PTEN+/). In conclusion, PTEN haploinsufficiency alone does not
induce cardioprotection in this model; however, it reduces the threshold
of protection induced by IPC.

j Key words preconditioning – myocardium –
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Phosphatase and tensin homologue deleted on
chromosome 10 (PTEN) is a lipid phosphatase which
dephosphorylates PI(3,4,5)P3 to PI(4,5)P2 [13, 14]
(Fig. 1). This phosphatase is constitutively active and
considered the main downregulator of the pro-onco-
genic PI3K/Akt. It, therefore, functions to negatively
regulate proliferation, growth and survival. However,
a reversible inhibition of PTEN may have a major
impact in treatment of apoptosis related diseases as
inhibition of PTEN can enhance the PIP3-PI3K/Akt
survival pathway [19, 23, 30]. PTEN has been asso-
ciated with cardiovascular diseases, for example, in a
Japanese study of patients with type 2 diabetes, 3
different mutations in the PTEN gene were identified
[11]. Moreover, it has been shown in diabetic Goto
Kakazaki rat hearts that the expression of cardiac
PTEN is increased in conjunction with a desensitized
insulin signalling pathway [18]. In addition, it has
been shown that these rats have a higher threshold to
IPC and therefore are more difficult to protect against
ischemia-reperfusion injury [27]. We were the first to
demonstrate the potential importance of PTEN in the
protection against IRI by showing that the cardio-
protection induced by acute atorvastatin treatment
does not occur when the drug was administered
chronically, for 1 or 3 weeks, the upregulation of
PTEN being associated with this loss of protection
[15]. More recently, Cai and Semenza [5] were the
first to demonstrate that PTEN is subject to altera-
tions during IPC; this group identified, in an isolated

perfused rat heart model of IPC, a reduction in the
activity of PTEN [5]. In addition other groups have
investigated specific PTEN inhibition in the murine
cardiomyocyte and have reported a hypertrophic and
reduced contractile phenotype compared with an in-
creased phosphorylation of Akt [6]. It appears that
decreasing PTEN activity may be a desirable target for
treating apoptotic and cell growth related cardiovas-
cular diseases, such as that seen in myocardial
infarction.

We therefore hypothesised that downregulation of
PTEN levels may induce cardioprotection following
ischemia-reperfusion injury. To investigate this we
used a murine model of congenital PTEN haploin-
sufficiency [22] and subjected the isolated perfused
mouse hearts to global ischemia and reperfusion in-
jury.

Following the negative results we have obtained
(e.g. the reduced level of PTEN did not correlate with
protection against myocardial infarction) we further
investigated the level of other phosphatases which
may inhibit the PI3K/Akt signaling pathway (Fig. 1)
hypothesizing that they may be upregulated to com-
pensate for PTEN haploinsufficiency. In addition we
also examined the threshold for ischemic precondi-
tioning (IPC) in these hearts in which the PI3K/Akt
pathway has been shown to be slightly more active
due to a reduced PTEN level. We hypothesized that
PTEN haploinsuficiency may be associated with a
reduced threshold for IPC expression.
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Materials and methods

j Materials

Primary and secondary antibodies to total and
phosphorylated forms of Akt and PTEN as well as
total PP2A (Protein Phosphatase 2A) were obtained
from Cell Signaling Technology (Hitchin, UK), pri-
mary and secondary antibodies to b-actin were ob-
tained from Abcam UK, SHIP2 (SRC Homology 2
containing Inositol 5 Phosphate) and PHLPP1 (PH
domanin Leucine rich repeat Protein Phosphatase)
antibodies were purchased from Bethyl Laboratories.
The Hybond ECL nitrocellulose membranes and the
ECL Western blotting reagent were from Amersham
Biosciences (Little Chalfont, UK). Protein content was
measured with the BCA (bicicinoic acid) assay from
Sigma (Aldrich, UK).

j Experimental procedures

Haploinsufficient mice

Male PTEN haploinsufficient mice (PTEN+/)) and
their littermate controls (PTEN+/+), aged of 10–
15 weeks [22] were used in these experiments. Animal
experiments were conducted in accordance with the
Animals (Scientific Procedures) Act 1986 published by
the UK Home Office and the Guide for the Care and
Use of Laboratory Animals published by the US Na-
tional Institutes of Health (NIH Publication No. 86–
23, revised 1985).

DNA was extracted from mouse tail tips 0.5 cm
long using a Qiagen DNeasy kit with a proteinase K
and spin column extraction method (Qiagen, UK),
PCR reactions contained 0.5 lM primers (MWG,
Germany) of PTEN Wild type—5¢ GTC TCT GGT
CCT TAC TTC C 3¢, PTEN common—5¢ TTG CAC
AGT ATC CTT TTG AAG 3¢, PTEN neo/NEW—5¢ACG
AGA CTA GTG AGA CGT GC 3¢. PCR reaction mix-
tures were obtained from Promega, UK and were
mixed with DNA before running 35 amplification
cycles on a thermocycler. The DNA was analysed on
a 2% agarose gel with ethidium bromide and exposed
to UV light. The PCR products generate a wild
type phenotype (from littermate control PTEN+/+)
expressed as a single band running to 240 bp
and a haploinsufficient phenotype (from PTEN+/))
expressed as two bands running to 240 and 320 bp.

j Langendorff isolated perfused mouse heart

Mice were given 100 U of heparin by intraperitoneal
injection before being sacrificed by cervical disloca-

tion. Hearts were rapidly excised and retrogradely
perfused via the aorta in a Langendorff apparatus
(ADInstruments) at a constant pressure of
100 mmHg, with oxygenated Krebs–Henseleit buffer
containing NaCl 118 mM, NaHCO3 24 mM, KCl 4 mM,
NaH2PO4 1 mM, CaCl2 1.8 mM, MgCl2 1.2 mM and
glucose 10 mM [25]. The heart rate and the contractile
function were monitored using a fluid filled balloon
inserted into the left ventricle and connected to a
pressure transducer. Myocardial temperature, moni-
tored with a temperature probe placed on the surface
of the heart, was maintained at 37 ± 0.5�C. Isolated
perfused hearts were subjected to a 30 min stabilisa-
tion period followed by 35 min global ischemia and
30 min reperfusion, with and without 2, 4 or 6 cycles
ischemic preconditioning (IPC) (n = 5–8 per group).
Each IPC cycle consisted of 5 min global ischemia
followed by 5 min reperfusion. Infarct size was mea-
sured as follows. At the end of reperfusion, 1% tri-
phenyltetrazolium chloride (TTC) solution was
perfused through the aorta and the heart was main-
tained at 37�C for 10 min before storing at )20�C.
TTC reacts with dehydrogenases from the living tissue
staining it red, while the dead tissue remains off-
white. Subsequently, hearts were transversally sliced
(<1 mm slices), immersed 12 h in formalin for a
better delineation of the risk and infarct areas, pho-
tographed and planimetered using the NIH Image
1.63 software package (National Institutes of Health,
Bethesda, MD, USA), and infarct size (white) calcu-
lated as the percentage of whole heart at risk.

j Western blot analysis

The levels of total and phosphorylated PTEN (Ser380/
Thr382/Thr383) and Akt (at Ser473 and Thr308) were
measured using Western blot analysis; samples being
normalised to b-actin and expressed in arbitrary units
(A.U.) as previously described [2, 17, 27]. In addition
the Western blot method was used to investigate the
level of other phosphatases, which may affect the
PI3K/Akt pathway, namely PP2A, SHIP2 and PHLPP
(Fig. 1). The heart samples, collected from PTEN+/)

and from their littermates were mounted in the
Langendorff system and preconditioned or kept on
normal perfusion for the same duration (control, base
line hearts) (n = 4–5 in each group), then snap-frozen
in liquid nitrogen and stored at )80�C. Shortly after,
proteins were extracted by homogenising the samples
on ice in a suspension buffer consisting of 100 mM

NaCl, 10 mM Tris (pH 7.6), 1 mM EDTA (pH 8.0),
2 mM sodium pyrophosphate, 2 mM sodium fluoride,
2 mM b glycerophosphate and a protease inhibitor
cocktail, followed by high-speed centrifugation. The
supernatants were then assayed for protein content
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using a bicinchoninic acid (BCA) assay and the pro-
teins separated by sodium dodecyl sulphate-poly-
acrylamide gel electrophoresis (SDS-PAGE) and then
transferred to Hybond enhanced chemiluminescence
(ECL) nitrocellulose membranes. The nitrocellulose
membranes were then exposed to photographic film,
scanned and the intensities of the protein bands, ex-
pressed as arbitrary units (A.U.), were measured by
computerised densitometry (NIH Image 1.63). Each
sample was corrected for well loading by normalisa-
tion to b-actin.

j Statistical analysis

The data were analysed using Student’s t test and
expressed as a mean ± SEM and considered signifi-
cantly different when P < 0.05.

Results

j Breeding and genotyping haploinsufficient mice

Tail DNA extracted from littermate controls+/+

amplified one band of 240 bp and DNA extracted
from PTEN haploinsufficient+/) mice amplified two
bands of 240 and 320 bp (Fig. 2) Because females+/)

become infertile at a very early age, the most suc-
cessful breeding regime favored male PTEN+/)

breeding with female+/+ which produced a 40:60%
ratio of PTEN+/) to littermate+/+ phenotypes.

j Myocardial Infarct size in PTEN+/) and littermate
controls PTEN+/+

To investigate the effect of PTEN haploinsufficiency
on cardioprotection following ischemia-reperfusion
injury, male PTEN+/) mice and their littermate
controls +/+ were subjected to a standard protocol of
IR as previously described [25]. Unexpectedly, no
protection in response to IR was seen in the haplo-
insufficient myocardium. There were no differences in
the heart function (data not included) prior to
ischemia or at reperfusion and, as shown in Fig. 3,
isolated hearts from littermate controls+/+ developed
an infarct size of 42.9 ± 3% which was similar to the
PTEN+/) hearts which developed an infarct size of
43.7 ± 4%.

j Western blot analysis of PTEN and Akt in PTEN+/)

and littermate PTEN+/+ myocardium

PTEN and the pro survival kinase Akt levels were
compared in PTEN+/) and littermate control+/+ heart
samples using western blot analysis. As expected, the
basal level of total PTEN was significantly reduced
from 0.84 ± 0.1 arbitrary units (A.U.) in littermate
PTEN+/+ controls to 0.35 ± 0.07 A.U. in haploinsuffi-
cient PTEN+/) mouse myocardium as shown in Fig. 4a
(P < 0.05). In addition, there was no significant dif-
ference between phosphorylated (inactivated), PTEN
between the groups (0.14 ± 0.018 A.U. in PTEN+/),
Vs.0.19 ± 0.050 A.U. in littermates, P > 0.2).

Akt is a kinase that requires phosphorylation of
amino acids Ser473 and Thr308 for full activation.
Therefore western blot probing of these two phos-
phorylation sites were investigated in order to obtain a
better indication of the activation of PI3K/Akt path-
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Fig. 3 Infarct size developed in the hearts of PTEN+/) and their littermates
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2, 3, 6–8) and their control littermates PTEN+/+ (lines 4, 5)
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way in relation to the PTEN level. Phosphorylated Akt
at Thr308 was significantly increased (P < 0.03) in the
haploinsufficient mice (0.27 ± 0.037 A.U.) when
compared to littermates+/+ (0.10 ± 0.035 A.U.), as
shown in Fig. 4b. Increased phosphorylation of Akt at
Ser473, in PTEN haploinsufficient mice
(0.62 ± 0.156 A.U.) was also significantly higher when
compared to their littermates (0.20 ± 0.088 A.U.;
P < 0.05)(Fig. 4c). Taken together these data indicate
that, under basal conditions, the myocardium from the
PTEN haploinsufficient mice has significantly reduced
PTEN level and increased Akt phosphorylation
compared to their littermate controls+/+. These chan-
ges, however, are not enough to confer protection
against IRI as demonstrated in the previous section
(Fig. 3).

j PTEN+/) status and the level of other phosphatases
which may regulate PI3K/Akt

We hypothesized that the lack of protection against
ischemia-reperfusion injury in the myocardium of the
PTEN+/) mice could have been due to the upregula-

tion of other phosphatases known to downregulate
this pathway (Fig. 1). Therefore we measured the level
of PP2A (Protein phosphatase A), SHIP2 (SRC
homology 2 containing inositol-5-phosphatase) and
PHLPP (PH domain leucine-rich repeat protein
phosphatase). Our data, presented in Fig. 5, show that
there were no significant differences between PTEN
haploinsuficient and control hearts.

j Reduced threshold to IPC protection in PTEN+/)

compared to their littermate PTEN +/+

In summary, so far, in the PTEN haploinsuficient
myocardium, the PI3K/Akt prosurvival pathway is
activated, however not enough to induce protection.
Further on we investigated the hypothesis that the
threshold for IPC may be reduced in these transgenic
mice. Isolated hearts were subjected to an IPC protocol
consisting of 2, 4 or 6 cycles of 5 min global ischemia,
5 min reperfusion followed by 35 min lethal ischemia
and 30 min reperfusion. There were no significant
differences in the cardiac functions between groups,
however, we observed a significant reduction in
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infarction with 6 cycles IPC in both groups. In the
littermate controls+/+ the infarct size was reduced
from 43.8 ± 2.3% to 28.6 ± 1.6% (P < 0.05) and sim-
ilarly, in the PTEN+/) group, from 44.9 ± 5.2% to
27.2 ± 1.2% (P < 0.05) (Fig. 6). Interestingly, similar
protection was also observed with four cycles of IPC
but only in the PTEN+/) hearts (29.8. ± 3.7% Vs.
45.5. ± 5.1% in control hearts, P < 0.05), indicating
that the myocardium from these animals have a re-
duced threshold for protection (Fig. 6).

j Akt phosphorylation and IPC in PTEN+/) and their
littermates PTEN+/+

In Fig. 7 the phosphorylation of Akt at Ser473 and
The308 during preconditioning protocol is pre-
sented. As previously shown, both Ser473 and
Thr308 demonstrate significantly increased phos-
phorylation at the basic level (non preconditioned,
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non ischemic hearts) in the PTEN+/) Vs. PTEN+/+

hearts (Fig. 4). The phosphorylation of Akt at Ser473
is significantly increased with 4 as well as 6 cycles of
ischemic preconditioning in both PTEN+/+ and
PTEN+/) hearts (Fig. 7a). However, the infarct data
show that PTEN+/+ hearts are not protected with 4
cycles IPC (Fig. 6). This brings to attention the
importance of the Thr308 site. Fig. 7b shows that,
while the haploinsuficient hearts have already high
levels of Phospho Thr308 and are protected by IPC,
PTEN+/+ hearts are protected only when the level of
Thr308 phosphorylation achieves a significant dif-
ference Vs. 4 cycles, needing probably an augmented
stimulation necessary to counterbalance the in-
creased level of PTEN.

Discussion

It is known that the activation of the PI3K/Akt pro-
survival kinase pathway is essential for cardiopro-
tection [2–4, 10, 16, 21]. The lipid phosphatase, PTEN,
is the main negative regulator of PI3K/Akt pathway. It
has the ability to dephosphorylate the product of PI3K

activity, PI(3,4,5)P3, thereby blocking the cascade of
events generated downstream of this secondary mes-
senger [13, 14, 19]. As a consequence there will be a
decreased level of Akt phosphorylation [19]. The
activity of PTEN is reflected by its cellular level and
the phosphorylated form is considered either inactive
or tagged for quick ubiquitination [20, 26, 30].
Therefore, we hypothesised that PTEN haploinsuffi-
ciency would confer protection to the myocardium
undergoing an ischemia-reperfusion injury.

However, in our isolated mouse heart model PTEN
haploinsufficiency did not afford the expected car-
dioprotection. In order to elucidate the cause of this
result we verified the cellular levels of PTEN and Akt
within the myocardial tissue. In comparison to the
littermate controls+/+ we observed a significant, de-
crease in total PTEN in the PTEN+/) hearts. There
have been previous reports demonstrating that the
mutated PTEN allele in this mouse model of PTEN
haploinsufficiency results in phenotype of reduced
PTEN activity, where the phosphatase activity from
this allele is abnormal, even though the protein con-
stitution is only slightly affected [28]. In addition, the
reduced PTEN activity in these mice has been asso-
ciated with physiological consequences [22, 29]. For
example these animals exhibit insulin hypersensitivity
when compared with their littermates [29]. Moreover,
as described by Podsypanina et al. [22], they are
predisposed to tumours of proliferative tissues such
as prostate and endometrium.

Taking into account the importance of keeping
PI3K/Akt pathway tightly controlled in order to avoid
hypertrophy and malignancy, we hypothesized that
there may be upregulation of other phosphatases (as
PP2A [32], SHIP2 [1], and PHLPP [7] to compensate
for the low level of PTEN which may explain the lack
of cardioprotection in the PTEN+/) hearts. However,
we could not find any change in the level of these
phosphatases.

Interestingly though, the myocardium of our
PTEN+/) mice exhibited not only a significantly
smaller level of PTEN but also an increased level of
phosphorylated Akt at both sites (Ser473 and Thr308)
when compared with the PTEN+/+ hearts. It is
important to underline that PTEN is a constitutively
active phosphatase, while Akt is activated by phos-
phorylation [19], therefore it appears as if the PI3K/
Akt pathway is in a slightly activated state in the
PTEN+/) mouse.

It is well documented that increases in Akt activity
can induce cardioprotection against ischemia-reper-
fusion injury and such increases can be stimulated by
pharmacological agents, in addition to mechanical
activators such as ischemic preconditioning [4, 9, 17].
However, in our PTEN+/) hearts, the degree of
decrease in PTEN and increase in active Akt, even if
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significantly different from the PTEN+/+ hearts, was
not sufficient to induce protection. Unfortunately the
complete deletion of PTEN is lethal and the PTEN)/)

embryos die in early gestation [22]. There has been
success in organ targeted specific deletion of the
PTEN gene, when Crackower et al. [6], produced a
murine cardiomyocyte specific PTEN double knock
out()/)). These hearts became hypertrophic and had
impaired contractility. This discovery highlights that
complete PTEN inhibition within the heart can have
major physiological implications.

Wong et al. [29] investigated insulin sensitivity,
and demonstrated that insulin injections increased
activity of the insulin receptor substrate pathway and
enhanced glucose uptake in the PTEN+/) over and
above their littermate controls. This data suggested
that, in order to obtain an effect of PTEN haploin-
suficiency on PI3K/Akt activity, a stimulation of the
PI3K/Akt pathway above basal conditions, is required.
Therefore, we further hypothesised that the myocar-
dium from these mice should manifest a lower
threshold for protection in the setting of ischemic
preconditioning. To investigate this, myocardium
from PTEN+/) and their littermate PTEN+/+ was
subjected to 2, 4 and 6 cycles of IPC. As predicted, we

noted a reduced threshold for preconditioning in the
PTEN+/) hearts in which protection against infarction
could be achieved with less cycles than in the case of
the littermate+/+ hearts, suggesting that PTEN down-
regulation can be cardioprotective if it is associated
with another potential protective agent.

To conclude, the data from our studies show that,
in our model of murine myocardial ischemia-reper-
fusion injury, PTEN haploinsufficiency alone is not
sufficient to induce cardioprotection, however, a re-
duced PTEN activity can facilitate the protection in-
duced by activators of the PI3K/Akt prosurvival
kinase pathway. Therefore, it might be possible that
reducing PTEN could have therapeutic implications
in the survival of the myocardium following an
ischemia reperfusion injury. However, due to the
potentially carcinogenic nature of this signalling
pathway it is important to obtain specific, reversible
manipulation of the PTEN function.
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