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Selective blockade of protein kinase B protects the rat
and human myocardium against ischaemic injury
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Protein kinase B (PKB/Akt) plays a critical role in cell survival but the investigation of its
involvement has been limited by the lack of specific pharmacological agents. In this study, using
novel PKB inhibitors (VIII and XI), we investigated the role of PKB in cardioprotection of
the rat and human myocardium, the location of PKB in relation to mitoKATP channels and
p38 mitogen-activated protein kinase (p38 MAPK), and whether the manipulation of PKB
can overcome the unresponsiveness to protection of the diabetic myocardium. Myocardial slices
from rat left ventricle and from the right atrial appendage of patients undergoing elective cardiac
surgery were subjected to 90 min ischaemia/120 min reoxygenation at 37◦C. Tissue injury was
assessed by creatine kinase (CK) released and determination of cell necrosis and apoptosis. The
results showed that blockade of PKB activity caused significant reduction of CK release and
cell death, a benefit that was as potent as ischaemic preconditioning and could be reproduced
by blockade of phosphatidylinositol 3-kinase (PI-3K) with wortmannin and LY 294002. The
protection was time dependent with maximal benefit seen when PKB and PI-3K were inhibited
before ischaemia or during both ischaemia and reoxygenation. In addition, it was revealed that
PKB is located downstream of mitoKATP channels but upstream of p38 MAPK. PKB inhibition
induced a similar degree of protection in the human and rat myocardium and, importantly,
it reversed the unresponsiveness to protection of the diabetic myocardium. In conclusion,
inhibition of PKB plays a critical role in protection of the mammalian myocardium and may
represent a clinical target for the reduction of ischaemic injury.
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Introduction

Protein kinase B (PKB; also known as Akt) is
a serine/threonine kinase, belonging to the AGC
superfamily of protein kinases, which plays a prominent
role in regulating cell survival, growth, proliferation,
angiogenesis, metabolism and migration (Manning &
Cantley, 2007). Three mammalian isoforms of PKB/Akt
have been identified (named PKBα/Akt1, PKBβ/Akt2 and
PKBγ/Akt3) and all are expressed in the myocardium,
with PKBα and PKBβ being the most abundant (Matsui
& Rosenzweig, 2005). All three PKB isoforms are activated
in a phosphatidylinositol 3-kinase (PI-3K)-dependent
manner involving either Class 1A or Class 1B PI-3Ks,

which in turn are activated by tyrosine kinase and
G-protein-coupled receptors, respectively (Duronio,
2008). The phospholipid PIP3 generated following PI-3K
activation binds to the pleckstrin homology (PH) domain
of PKB and facilitates the translocation of PKB to the
plasma membrane. Following recruitment to the cell
membrane, PKB is activated via phosphorylation on
Thr308 by phosphoinositide-dependent kinase 1 (PDK1;
also recruited to the plasma membrane by PIP3) and
on Ser473 by a putative PDK2. Several protein kinases
have been proposed as the elusive PDK2 including
Pak1, which has been suggested as the relevant PDK2
responsible for Ser473 phosphorylation in cardiomyocytes
(Mao et al. 2008). Activated PKB phosphorylates a number
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of downstream targets which have prominent roles in
regulating apoptosis including the pro-apoptotic Bcl-2
family member BAD, caspase 9, glycogen synthase kinase
3β (GSK-3β) and the Forkhead family of transcription
factors (Manning & Cantley, 2007; Parcellier et al. 2008).

There is considerable evidence indicating a significant
role of the PI-3K/PKB pathway in cardioprotection
induced by ischaemic preconditioning (IP), ischaemic
postconditioning and pharmacological preconditioning
(Armstrong, 2004; Matsui & Rosenzweig, 2005;
Hausenloy & Yellon, 2007). The vast majority of studies
have explored the role of PI-3K/PKB signalling in
cardioprotection using the PI-3K inhibitors
wortmannin and LY 294002. Until recently no selective
pharmacological inhibitors of PKB were available and
hence investigating the specific role of PKB (independent
of PI-3K) involved both in vitro and in vivo expression of
dominant negative or constitutively active PKB mutants
(Matsui et al. 2001; Krieg et al. 2004; Uchiyama et al.
2004). The majority of protein kinase inhibitors available
to date target the active site and are classified as ATP
competitive. Unfortunately, the ATP binding domain is
highly conserved amongst the 500 or so protein kinases
that have been identified in the human genome and thus
the development of selective protein kinase inhibitors
is problematic. However, the development of non-ATP
competitive inhibitors represents an alternative approach
and allosteric PKB inhibitors have been developed which
show selectivity over closely related members of the AGC
protein kinase family (which includes PKA, PKC and
PKG) and in some cases PKB isoform selectivity (Zhao
et al. 2005; Barve et al. 2006; Lindsley et al. 2008; Calleja
et al. 2009). For example, PKB inhibitor VIII binds to
the PH domain of PKB locking the kinase in an inactive
state and preventing phosphorylation of Thr308 and Ser473

(Calleja et al. 2009). Similarly, PKB inhibitor XI also inter-
acts with the PH domain of PKB (Barve et al. 2006). The
primary aim of this study was to investigate the influence
of PKB in the tolerance to ischaemia/reoxygenation
(I/R)-induced injury of the mammalian (rat and human)
myocardium using novel specific PKB inhibitors binding
to the PH domain. A second objective was to define the
relationship of PKB with the mitoKATP channel and with
p38 MAPK, two identified essential steps in the signal
transduction mechanism of cardioprotection by IP.

Methods

Study animals

Male Wistar rats, weighing 250–350 g, were purchased
from Charles River Labs (Margate, UK). The investigation
conformed to the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health
(NIH Publication No. 85-23, revised 1996) and animals

received humane care in accordance with the Guidance
on the Operation of the Animals (Scientific Procedures) Act
1986 (Her Majesty’s Stationery Office, London, UK).

Human study subjects

The right atrial appendage from patients with and without
diabetes mellitus undergoing elective coronary artery
bypass graft or aortic valve surgery was retrieved at
the time of the right atrial cannulation. The patients’
characteristics and the medical treatment recived prior
to surgery are described in Table 1. Patients received a
standard anaesthetic protocol consisting of temazepam
20 mg and ranitidine 150 mg as pre-medication, 2 h before
their scheduled operation. Anaesthesia was then induced
with 5–10 mg kg−1 fentanyl, 0.05–0.1 mg kg−1 midazolam
and 1 mg kg−1 rocuronium, and maintained with an
O2–air mixture and isoflurane to achieve a bispectral
index system reading of less than 50. Patients with atrial
fibrillation, poor ejection fraction (EF < 30%), and those
being treated with opioids, catecholamines or potassium
channel openers (nicorandil or diazoxide) were excluded.
The investigation conformed to the principles outlined in
the Declaration of Helsinki and local ethical approval and
patients’ written informed consent were obtained.

Experimental preparation

The in vitro experimental preparation used in these studies
has been previously fully characterised (Zhang et al. 2000)
and extensively used by our laboratory. Briefly, rats were
killed by cervical dislocation and the chest was opened
and the heart rapidly removed and placed in ice-cold
oxygenated Krebs–Henseleit-Hepes (KHH) buffer at 4◦C
for 3 min. The atria and the right ventricle were removed
and the left ventricle was mounted onto an ice-cooled
ground glass plate and then sliced freehand with surgical
skin graft blades (Swann-Morton Ltd, Sheffield, UK) to
a thickness of between 300 and 500 μm. Myocardial
sections, weighing between 30 and 50 mg each, were
transferred to conical flasks (25 ml Erlenmeyer flasks,
Duran, Astell Scientific, Sidcup, UK) containing 10 ml of
KHH-buffered solution and placed in a shaking water bath
at 37◦C. The myocardial sections were then equilibrated
for 40 min in the KHH buffer oxygenated by a continuous
flow of 95% O2–5% CO2 gas mixture to obtain a PO2

between 25 and 30 kPa and a PCO2 between 6.0 and 6.5 kPa
at a temperature of 37◦C. At the end of this period, the
myocardial slices were subjected to 90 min of simulated
ischaemia, induced by bubbling the media with 95% N2

and 5% CO2 in the absence of glucose (pH 6.6–6.9),
followed by 120 min of reoxygenation. For the induction
of IP, the myocardium was subjected to 5 min ischaemia
followed by 5 min reoxygenation prior to the 90 min of
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Table 1. Characteristics and medical treatment prior to surgery of right atrial appendage
donor patients

A. Non-diabetics
Patient no.

1 2 3 4 5 6

Sex Male Male Female Male Female Male
Age (years) 60 37 71 51 85 63
Diagnosis CAD CAD AVS AVS AVS AVS
Type of surgery CABG CABG AVR AVR AVR AVR
Medication

Aspirin Yes Yes Yes No No Yes
Clopidogrel No No No No No No
Omeprazole Yes Yes No No Yes Yes
β-Blocker Yes Yes Yes No Yes No
ACE inhibitor Yes Yes Yes No Yes Yes
Statin Yes Yes Yes No Yes Yes

B. Diabetics
Patient no.

1 2 3 4 5 6

Sex Male Male Male Female Female Male
Age (years) 38 75 68 79 62 55
Type of diabetes I II II II II II
Diagnosis CAD CAD CAD AVS CAD CAD
Type of surgery CABG CABG CABG AVR CABG CABG
Medication

Insulin Yes No No No No No
Glicazide No Yes Yes No No Yes
Metformin No No Yes Yes Yes Yes
Aspirin Yes Yes Yes Yes Yes Yes
Clopidogrel Yes Yes No No Yes No
Omeprazole Yes No No Yes No No
β-Blocker Yes Yes No No Yes Yes
ACE inhibitor No Yes Yes No No No
Statin Yes Yes Yes No Yes Yes

ACE, angiotensin-converting enzyme; AVR, aortic valve replacement; AVS, aortic valve
stenosis; CABG, coronary artery bypass graft; CAD coronary artery disease.

ischaemia, a protocol that induces maximal protection in
this model (Ghosh et al. 2000).

The right atrial appendage obtained from cardiac
surgery patients was also prepared in an identical
manner to that of the rat left ventricle, also described
elsewhere (Zhang et al. 2000), and the myocardial sections
subjected to an identical protocol of simulated ischaemia
and reoxygenation.

Solutions and chemicals

The KHH-buffered solution contained (in mM): NaCl
(118), KCl (4.8), NaHCO3 (27.2), MgCl2 (1.2), KH2PO4

(1.0), CaCl2 (1.20), glucose.H2O (10), and Hepes (20) to
attain a pH of 7.4 at 37◦C.

The agents wortmannin (0.1 μM), LY 294002 (10 μM),
chelerythrine (10 μM), 5-hydroxydecanoate (5-HD,
1 mM), SB203580 (10 μM) and diazoxide (100 μM) were
purchased from Sigma and their doses were selected
following preliminary dose–response studies for each of
them (Loubani & Galiñanes, 2002). The new specific PKB
inhibitors XI and VIII were purchased from Calbiochem
and after performing dose–response studies (0.1, 1, 10 μM

for PKB inhibitor XI and 0.05, 0.5 and 5 μM for PKB
inhibitor VIII) they were used at the most effective
concentration.

Wortmannin, PKB inhibitor VIII, SB203580 and
diazoxide were dissolved in DMSO before being added into
the KHH buffer. The final concentration of DMSO was
<0.1%, a concentration that has been shown to have no
effects on the degree of ischaemia/reoxygenation-induced
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injury (Hassouna et al. 2004). The rest of the agents were
dissolved in KHH.

Assessment of tissue injury

Tissue injury was assessed by measurement of creatine
kinase (CK) released into the media during the 120 min
reoxygenation period. The enzyme activity was measured
by a linked-enzyme kinetic assay employing a commercial
assay kit (30-3060/R2: Abbott Laboratories, Diagnostic
Division, Kent, UK) and using a plate reader (BioTek
Instruments, model ELx800uv, Winooski, VT, USA).
Results were expressed as IU (mg wet weight)−1 after
subtraction of the aerobic control values.

Assessment of cell death

At the end of the experimental protocols, the
myocardial slices were incubated for 15 min with
30 μg ml−1 propidium iodide in PBS at pH 7.4. After
three washes in PBS, tissues were fixed with 4%
paraformaldehyde in PBS and then stored in darkness
at 4◦C until sectioning. Following this, the tissues were
embedded with optical cutting temperature embedding
matrix (Tissue-Tek, Agar Scientific Ltd, Stansted, UK).
Frozen sections were then cut at 7 μm thickness in a
Bright cryotome (model OTF) at ca −22◦C, and sections
were collected on SuperFrost Plus slides (Menzel-Glaser,
Braunschweig, Germany). Before staining, tissues were
permeabilised in 0.02 mg ml−1 proteinase-K for 10 min at
37◦C in a humidity chamber, and pre-sensitised for 1 min
in a microwave oven at 800 W in 0.1% Triton X-100 and
0.1 M tri-sodium citrate at pH 6.0.

A minimum of 100 nuclei per section were counted.
To assess apoptosis, the terminal deoxynucleotidyl
transferase was used to incorporate fluorescein
(FITC)-labelled dUTP oligonucleotides to DNA strand
breaks at the 3′-OH termini in a template-dependent
manner (TUNEL technique) using a commercially
available kit (Roche Diagnostics GmbH, Penzberg,
Germany). A fluorescence excitation of 515 nm and
FITC fluorescence emission range of 600–630 nm were
used. To assess necrosis, propidium iodide-labelled nuclei
were excited with helium–neon laser light at 543 nm
and fluorescence was detected using 600 nm emission.
To count the total number of nuclei, sections were
mounted using Antifade mounting medium (Prolong
Antifade kit, Invitrogen, Paisley, UK) and stained with
4′,6-diamidino-2-phenylindole (DAPI). For this analysis
an excitation at 340 nm and detection at 456 nm were
performed.

A fluorescence microscope (Axiovert 200M, Zeiss
fluorescence microscope, Göttingen, Germany) at ×40
magnification was used to assess cell necrosis and

apoptosis. The images were acquired using the
OpenLab v.5 program (Improvision, Coventry, UK).
Six to 10 randomised fields from each slide of the
triple-labelled high resolution imaging samples were
taken as previously described (Hassouna et al. 2004)
and analysed using analytical digital photomicroscopy.
Briefly, fluorescence signals were evaluated following a
colorimetric methodology as described by Basha et al.
(1996). The microscope and camera settings were constant
and at least three photographs were taken from each field to
obtain an average pixel value utilising Adobe Photoshop
6.0 (Adobe Systems Incorporated, San Jose, CA, USA).
Necrosis and apoptosis were expressed as a percentage
of pixels representing the total nuclei. A pilot study
(authors’ unpublished data) performed in our laboratory
showed no differences between the colorimetric and
manual counting of apoptotic, necrotic or total
nuclei.

Western blot analysis

To determine the phosphorylation of PKB (Ser473), tissue
samples were homogenised in RIPA buffer containing
protease inhibitor, PMSF (1 mM), DDT (0.5 mM),
glycerophosphate (25 μM) and sodium orthovanadate
(1 mM). The homogenate was centrifuged at 10 000 g
for 30 min and the supernatant obtained was analysed
for protein concentration using the Bio-Rad DC protein
assay kit. Tissue supernatant (20 μg total protein)
was electrophoresed on 10% SDS-PAGE and blotted
onto nitrocellulose membrane. Following transfer the
membranes were washed with Tris-buffered saline (TBS)
and blocked for 1 h at room temperature (20–24◦C) in
blocking buffer (TBS, 5% (w/v) skimmed milk powder,
0.1% (v/v) Tween-20). Blots were then incubated over-
night at 4◦C with primary rabbit monoclonal antibody
against phosphorylated (Ser473) PKB (Cell Signalling
Technology) at 1:1000 dilution in blocking buffer. The
primary antibody was removed, blots extensively washed
three times for 5 min in TBS/0.1% Tween 20 (v/v)
and incubated for 1 h at room temperature with goat
anti-rabbit secondary antibody coupled to horseradish
peroxidase at 1:5000 dilution in blocking buffer. Following
removal of the secondary antibody, blots were extensively
washed as above and developed using the enhanced
chemiluminescence detection system (Amersham, Little
Chalfont, UK) and quantified by densitometry using
Scion image (Scion, Frederick, MD, USA). The uniform
transfer of proteins to the nitrocellulose membrane
was routinely monitored by transiently staining the
membranes with Ponceau S stain (Sigma Chemical Co.)
prior to application of the primary antibody. In addition,
replicate samples from each experiment were analysed
on separate blots using a rabbit antibody (1:1000) that
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Table 2. Mean ± S.E.M. values of myocardial slices subjected to time-matched aerobic control for all the
studies

CK leakage (IU (mg wet wt)−1) Necrosis (% of nuclei) Apoptosis (% of nuclei)

Study 1
PKB inhibitor VIII 0.22 ± 0.02 10.6 ± 0.9 8.6 ± 0.7
PKB inhibitor XI 0.27 ± 0.07 9.3 ± 0.4 8.4 ± 1.1

Study 2 0.25 ± 0.03 16.6 ± 1.5 12.8 ± 1.0
Study 3 0.24 ± 0.03 9.5 ± 1.6 10.1 ± 1.5
Study 4 0.52 ± 0.07 10.5 ± 1.0 10.9 ± 0.6
Study 5 0.31 ± 0.04 8.8 ± 0.6 9.9 ± 0.4
Study 6 0.33 ± 0.03 17.0 ± 3.2 14.5 ± 3.2
Study 7

Non-diabetics 0.54 ± 0.08 9.1 ± 0.7 9.9 ± 0.8
Diabetics 0.49 ± 0.08 9.3 ± 0.8 9.0 ± 0.7

recognises unphosphorylated (total) PKB (Cell Signalling
Technology).

Study protocols

Myocardial slices (n = 6/group, unless otherwise
indicated) were randomly allocated to different groups
so that the tissues from each animal or patient donor
were not utilised more than once for the same group.
Time-matched aerobic controls, values of which are
shown in Table 2, were used in each experiment
and the rest of the tissues were subjected to 90 min
ischaemia/120 min reoxygenation. The following studies
were sequentially carried out:

(i) To investigate the effect of PKB inhibitors on
I/R-induced injury and IP (Study 1), rat ventricular
muscles were exposed to different concentrations of the
PKB inhibitors VIII (0.05, 0.5 and 5 μM) and XI (0.1, 1
and 10 μM) for 20 min prior to I/R as depicted in Fig. 1Aa
and b.

(ii) To elucidate whether PI-3K inhibitors can reproduce
the results obtained with PKB inhibitors on I/R-induced
injury and IP (Study 2), rat ventricular muscles were sub-
jected to 20 min exposure with LY 294002 (10 μM) and
wortmannin (0.1 μM) before I/R as shown in Fig. 2Aa and
b .

(iii) To determine the optimal time of administration
of PKB and PI-3K inhibitor-induced cardioprotection,
slices from rat ventricular myocardium were exposed
to the PKB inhibitor XI (1 μM) (Study 3; see Fig. 3A)
and wortmannin (0.1 μM) (Study 4; see Fig. 4A) for
20 min before ischaemia; during ischaemia; during
reoxygenation; during ischaemia and reoxygenation;
and before ischaemia and throughout ischaemia and
reoxygenation.

(iv) To determine the relationship between PKB
inhibition and mitoKATP channels (Study 5; see Fig. 5A),
rat ventricular slices were exposed to the PKB inhibitor XI
(1 μM) in the presence of the mitoKATP channel blocker

5-HD (10 μM). Similarly, to determine the relationship of
PKB with p38 MAPK (Study 6; see Fig. 6A), rat ventricular
slices were exposed to the p38 MAPK inhibitor SB203580
(10 μM) in the absence and presence of PKB inhibitor XI
(1 μM). For comparison, the effects of 5-HD and SB203580
on IP-induced protection were determined for each study.

(v) To investigate whether PKB inhibition also
protects the human myocardium (Study 7; see Fig. 7Aa),
myocardial slices from the right atrial appendage of
patients undergoing elective cardiac surgery were exposed
to the PKB inhibitor XI (1 μM) for 30 min or wortmannin
(0.1 μM) for 20 min, both before the 90 min of ischaemia.
For comparison, other myocardial slices were subjected
to IP. In addition, to investigate whether PKB inhibition
can reverse the unresponsiveness to protection of the
diabetic myocardium (see Fig. 7Ab), muscle slices from the
right atrial appendage of patients with diabetes were also
subjected to an identical protocol with the PKB inhibitor
XI and wortmannin, with other myocardial slices being
treated with IP or the mitoKATP channel opener diazoxide
(100 μM) for 10 min before the 90 min of ischaemia.

(vi) To determine the effect of PKB inhibition with the
inhibitor XI on PKB Ser473 phosphorylation (Study 8),
rat ventricular slices (n = 4) were exposed to a 1 μM

concentration of this agent for 20 min of aerobic
incubation (e.g. no ischaemia). Other myocardial slices
(n = 4/group) were exposed to wortmannin (0.1 μM) for
20 min or subjected to IP alone and in combination with
the inhibitor XI and wortmannin. At the end of these
periods, the slices were frozen in liquid nitrogen and kept
at −80◦C until analysis.

Statistical analysis

Data are expressed as mean ± S.E.M. Each reported
value was obtained after subtracting the value from the
corresponding time-matched aerobic control. One-way
ANOVA was used to compare the significance between
groups. All the analyses were performed using the SPSS
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program and differences were considered to be statistically
significant if P < 0.05.

Results

Effect of PKB inhibitors on I/R-induced injury
and IP in rat ventricular muscle (Study 1)

The results shown in Fig. 1 (panels Ba and b) reveal
that the PKB inhibitors VIII and XI significantly reduced
ischaemia/reoxygenation (I/R)-induced CK leakage from
rat ventricular muscle. It is notable that the degree of
protection observed with these novel PKB inhibitors is
comparable to that achieved with IP. This figure also shows
that both PKB inhibitors VIII and XI significantly reduced
the levels of necrotic (panels Ca and Cb) and apoptotic
(panels Da and Db) nuclei in rat ventricular muscle
subjected to I/R. The cardioprotection obtained with the
PKB inhibitors was similar to that seen with classical IP,
and, interestingly, the combination of PKB inhibition and
IP did not result in additional benefit.

Effect of PI-3K inhibitors on I/R-induced injury
and IP in rat ventricular muscle (Study 2)

Having observed marked cardioprotection with the PKB
inhibitors VIII and XI, we investigated whether inhibition
of PI-3K would also induce similar protection. As
shown in Fig. 2 both LY 294002 (10 μM) and wortmannin
(0.1 μM) significantly reduced CK leakage and the levels
of apoptotic and necrotic nuclei in rat ventricular muscle
subjected to I/R but had no effect on IP. Overall, the degree
of protection induced by PI-3K inhibition with LY 294002
and wortmannin was comparable to that induced by IP.

Temporal effect of PKB and PI-3K inhibitor-induced
cardioprotection (Studies 3 and 4)

Having established that PI-3K and PKB inhibitors induce
cardioprotection when applied 20 min prior to I/R we
performed a series of experiments to determine if this is the
optimal time for administration. As shown in Fig. 3B–D,
the PKB inhibitor XI when administered during ischaemia
or reoxygenation was less effective than when given during

Figure 1. The effect of PKB inhibitors on
I/R-induced injury and IP in rat ventricular
myocardium
Three different concentrations of PKB inhibitor VIII
(0.05, 0.5 and 5 μM) and PKB inhibitor XI (0.1, 1 and
10 μM) were used to investigate their effect on
ischaemia/reoxygenation (I/R)-induced injury and
ischaemic preconditioning (IP) following the protocols
shown in Aa and Ab. In all cases tissue samples were
analysed for CK release during the 120 min
reoxygenation (Ba and Bb), and for necrosis (Ca and
Cb) and apoptosis (Da and Db) at the end of 120 min
of reoxygenation. Data represent the mean ± S.E.M.
from 6 independent experiments. ∗P < 0.05 vs. I/R
alone group.
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both periods. It is worth noting that the administration of
PKB inhibitor XI during ischaemia and reoxygenation was
as cardioprotective as the administration before ischaemia
or when given throughout the entire experimental period
(e.g. prior to ischaemia, during ischaemia and during
reoxygenation). Figure 4B–D shows that similar results to
those seen with the PKB inhibitor XI were observed with
the PI-3K inhibitor wortmannin.

Relationship between PKB inhibition and mitoKATP

channels (Study 5)

To determine the relationship of PKB with the
mitoKATP channel we explored the effect of PKB inhibitor
XI in the presence of the mitoKATP channel blocker
5-HD (10 μM). For comparison, we determined the
effect of 5-HD on IP-induced protection. As shown in
Fig. 5, encapsulating the PKB inhibitor XI with 5-HD
did not significantly reduce the cardioprotection induced
by PKB inhibition. In contrast, and in agreement with

previous studies, 5-HD abolished IP-induced cardio-
protection. These observations suggest that PKB is
downstream of the mitoKATP channel since protection
from I/R injury triggered by PKB inhibitor XI is
still evident in the presence of the mitoKATP channel
blocker 5-HD.

Relationship between PKB inhibition
and p38 MAPK (Study 6)

These experiments were designed to determine the
relationship of PKB with p38 MAPK, which we have
previously reported to be downstream of the mitoKATP

channel (Loubani & Galiñanes, 2002). To achieve this, we
explored the effect of the p38 MAPK inhibitor SB203580
(10 μM), in the absence and presence of PKB inhibitor
XI, on I/R-induced CK release and apoptosis/necrosis.
For comparison we determined the effect of SB203580
on IP since previous studies have shown that inhibiting
p38 MAPK reverses protection (Loubani & Galiñanes,

Figure 1. Continued.
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Figure 2. The effect of PI-3K inhibitors on
I/R-induced injury and IP in rat ventricular
myocardium
LY 294002 (10 μM) and wortmannin (0.1 μM)
were used to investigate the role of PI-3K in
ischaemia/reoxygenation (I/R)-induced injury
and ischaemic preconditioning (IP) following
the protocols shown in Aa and Ab. In all cases
tissue samples were analysed for CK release
during the 120 min reoxygenation (Ba and Bb),
and for necrosis (Ca and Cb) and apoptosis
(Da and Db) at the end of 120 min of
reoxygenation. Data represent the mean ±
S.E.M. from 6 independent experiments.
∗P < 0.05 vs. I/R alone group.
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2002). As shown in Fig. 6B–D , PKB inhibitor XI was not
cardioprotective when encapsulated with SB203580. As
expected, SB203580 alone had no effect on I/R-induced CK
release but blocked IP. Similar profiles were observed when
monitoring the levels of apoptotic and necrotic nuclei
under the above conditions. Overall these observations
suggest that PKB is upstream of p38 MAPK since
protection from I/R injury by the inhibition of PKB is
abolished by p38 MAPK inhibition.

Effect of PKB inhibition on I/R-induced injury
in human myocardium (Study 7)

Having shown that PKB inhibitors VIII and XI induce
cardioprotection in rat ventricular muscle we investigated
whether a similar phenomenon occurs in human
myocardium. Right atrial muscles were obtained from
non-diabetic and diabetic patients undergoing elective
cardiac surgery and subjected to the same I/R protocol
employed for rat myocardium. The results shown in Fig. 7

Figure 3. The temporal effects of PKB
inhibitor XI administration during I/R
As shown in A, PKB inhibitor XI (1 μM) was
administered at 5 different time points during
the ischaemia/reoxygenation (I/R) protocol
using rat left ventricular myocardial slices:
20 min before ischaemia; during ischaemia;
during reoxygenation; during ischaemia and
reoxygenation; and before ischaemia and
throughout ischaemia and reoxygenation. In all
cases tissue samples were analysed for CK
release during the 120 min reoxygenation (B),
and for necrosis (C) and apoptosis (D) at the
end of 120 min reoxygenation. Data represent
the mean ± S.E.M. from 6 independent
experiments. ∗P < 0.05 vs. I/R alone group;
†P < 0.05 vs. before I and throughout groups.
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demonstrate that in non-diabetic human myocardium
PKB inhibitor XI, wortmannin and IP reverse I/R-induced
CK leakage (panel Ba). Similarly, all three modes of
cardioprotection significantly reduced the levels of
necrotic and apoptotic nuclei (panels Ca and Da). These
observations clearly indicate that, as seen in the rat

ventricular myocardium, inhibiting PKB and PI-3K prior
to I/R induces cardioprotection in human atrial myo-
cardium similar to that achieved by classical IP.

Next we investigated whether PKB inhibitor XI induces
cardioprotection in diabetic human myocardium, which
we have previously shown to be resistant to both IP

Figure 4. The temporal effects of
wortmannin administration during I/R
As shown in A, wortmannin (0.1 μM) was
administered at 5 different time points during
the ischaemia/reoxygenation (I/R) protocol
using rat left ventricular myocardial slices:
20 min before ischaemia; during ischaemia;
during reoxygenation; during ischaemia and
reoxygenation; and before ischaemia and
throughout ischaemia and reoxygenation. In all
cases tissue samples were analysed for CK
release during the 120 min reoxygenation (B),
and for necrosis (C) and apoptosis (D) at the
end of 120 min reoxygenation. Data represent
the mean ± S.E.M. from 6 independent
experiments. ∗P < 0.05 vs. I/R alone group;
†P < 0.05 vs. before I and throughout groups.
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and pharmacological preconditioning with the mitoKATP

channel opener diazoxide (Ghosh et al. 2001; Hassouna
et al. 2006). As shown in Fig. 7Bb, Cb and Db, PKB
inhibitor XI and wortmannin induced cardioprotection
in diabetic human myocardium, whereas IP and diazoxide
were ineffective. Overall these results reveal that inhibition
of PKB is cardioprotective for human myocardial tissue,
and its effect is independent of functional mitoKATP

channels.

Effect of PKB inhibitor XI on PKB Ser473

phosphorylation (Study 8)

Western blot analysis of PKB Ser473 phosphorylation was
performed using rat ventricular muscle in order to confirm
PKB inhibition by PKB inhibitor XI. As shown in Fig. 8,
PKB Ser473 phosphorylation was detectable in aerobic and
ischaemic tissue. As expected, both PKB inhibitor XI and
wortmannin reduced levels of PKB Ser473 phosphorylation
in aerobic tissue following 20 min pre-treatment with

Figure 5. The relationship between PKB
inhibition and the mitoKATP channel
The mitoKATP channel inhibitor 5-HD (10 μM)
was used to determine if the mitoKATP channel
is upstream or downstream of PKB. For this,
PKB inhibitor XI was encapsulated during 5-HD
pre-treatment prior to ischaemia/reoxygenation
(I/R) of rat left ventricular myocardial slices and
compared to PKB inhibitor XI alone, as shown
in A. For comparison, ischaemic
preconditioning (IP) was also encapsulated
during 5-HD administration prior to I/R. In all
cases tissue samples were analysed for CK
release during the 120 min reoxygenation (B),
and for necrosis (C) and apoptosis (D) at the
end of 120 min reoxygenation. Data represent
the mean ± S.E.M. from 6 independent
experiments. ∗P < 0.05 vs. I/R alone group;
†P < 0.05 vs. IP group.
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Figure 6. The relationship between PKB
inhibition and p38 MAPK
The p38 MAPK inhibitor SB 203580 (10 μM)
was used to determine if p38 MAPK is
upstream or downstream of PKB. As shown in
A, rat left ventricular myocardial slices were
pre-treated with SB203580 or PKB inhibitor XI
alone or encapsulated with SB203580 prior to
ischaemia/reoxygenation (I/R). For comparison,
ischaemic preconditioning (IP) was also
encapsulated by SB203580 prior to I/R. In all
cases tissue samples were analysed for CK
release during the 120 min reoxygenation (B),
and for necrosis (C) and apoptosis (D) at the
end of 120 min reoxygenation. Data represent
the mean ± S.E.M. from 6 independent
experiments. ∗P < 0.05 vs. I/R alone group;
†P < 0.05 vs. IP group.
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the inhibitors. IP also induced a significant reduction
in Ser473 phosphorylation. The reduction in PKB Ser473

phosphorylation following IP is in contrast to previous
studies which have reported IP-induced increases in Ser473

phosphorylation (Tong et al. 2000; Mocanu et al. 2002).
Treatment with inhibitor XI during the equilibrium period
prior to IP (with inhibitor present) also reduced levels of
PKB Ser473 phosphorylation. Overall these observations
suggest that IP induces a marked reduction in Ser473

PKB phosphorylation which is in line with the protection
observed using the PKB inhibitors.

Discussion

The present studies have demonstrated that: (i) inhibition
of PKB activity with novel specific agents results in
a potent cardioprotection of the rat left ventricular
myocardium and of the human atrial myocardium, an
effect that can be reproduced by the blockade of PI-3K; (ii)
maximal protection is obtained when both PKB and PI-3K
inhibition are applied before ischaemia and when given
during ischaemia and reoxygenation; (iii) PKB is located
downstream of the mitoKATP channels and upstream of
p38 MAPK; (iv) the unresponsiveness of the diabetic
myocardium to cardioprotective interventions such as IP
can be overcome by inhibition of PKB and PI-3K. These
findings advance our knowledge of the mechanism of
cardioprotection of the mammalian heart, are of clinical
relevance and warrant further discussion.

Selectivity and action of PKB inhibitors

Previously, and because of the lack of specific PKB
inhibitors, the role of this kinase in ischaemia/
reperfusion-induced injury and cardioprotection has been
investigated by using blockers of the upstream kinase
PI-3K such as wortmannin and LY 294002 (Tong et al.
2000). Recently, a novel family of specific PKB inhibitors
has been developed (Zhao et al. 2005; Barve et al. 2006;
Calleja et al. 2009) and used extensively in oncology
studies (Lindsley et al. 2008). However, to the best of our
knowledge, these new inhibitors have not been used in
studies related to ischaemic injury and cardioprotection.

For these studies, two PKB inhibitors, VIII and XI,
both cell permeable, were selected. Inhibitor VIII is
a quinoxaline compound that potently and selectively
inhibits PKB1/PKB2 activity (IC50 = 58 nM, 210 nM and
2.12 μM for PKB1, PKB2 and PKB3, respectively, in in
vitro kinase assays) by interacting with the PH domain
(Zhao et al. 2005). It does not exhibit inhibitory effects
against other non-PKB PH domains, or other closely
related AGC family kinases such as PKA, PKC and GSK,
even at concentrations as high as 50 μM (Zhao et al. 2005).
Inhibitor XI is a copper complex that interacts with both

the PH and the kinase domains of PKB and potently
inhibits its kinase activity (IC50 = 100 nM) (Barve et al.
2006). As shown in this study inhibitor XI significantly
reduced PKB Ser473 phosphorylation in rat left ventricle
tissue. The dose–response studies performed for each
inhibitor were constructed on base to the IC50 values
and clearly demonstrated that both inhibitors VIII and
XI greatly reduced ischaemic injury (CK values) and cell
necrosis and apoptosis. It is worth noting that the degree
of protection afforded by the two PKB inhibitors was
similar to that of IP and that the use in combination
of each of the inhibitors with IP did not result in
additional benefit, suggesting that both interventions use
an identical cellular signalling cascade. Furthermore, the
results obtained with the PI-3K blockers wortmannin
and LY 294002 convincingly showed that inhibition of
PKB protects the human and rat myocardium against
ischaemia/reoxygenation-induced injury. These results,
that were similar in the rat and in the human myocardium,
are in apparent contraposition to the more accepted view
that activation of PKB is protective (Armstrong, 2004;
Matsui & Rosenzweig, 2005; Wang et al. 2009). In trying
to understand the differing results, it is necessary to clarify
once more that previously the role of PKB could not be
appropriately investigated because of the lack of specific
blockers. However, it has been reported that inhibition
of PI-3K blocks the protective effect of preconditioning
(Tong et al. 2000) but at the same time it has been
shown that the genetic suppression of PI-3Kα isoform
activity (upstream of PKB) induces resistance against
prolonged ischaemia (Ban et al. 2008). The latest findings
contrast with the observation that mice cardiomyocytes
lacking 3′-phosphoinositide-dependent kinase-1 (PDK1),
a kinase phosphorylating PKB, are more sensitive to
hypoxic injury and animals with this deficit develop
heart failure and die suddenly at an early stage of adult
life (Mora et al. 2003). Also, the reduced expression
of PDK1 in hypomorphic mutant mice abolishes the
cardioprotection induced by IP (Budas et al. 2006). By
using the PI-3K inhibitor LY 294002, other investigators
have concluded that activation of PKB is mediating the
protection afforded by preconditioning adult rat left
ventricular myocytes (Uchiyama et al. 2004); however, the
dose used in this study was 5 times greater than the one
used in our studies (50 μM versus 10 μM, respectively).
Adding to the controversy is the finding that rapamycin,
a blocker of mTOR (which is phosphorylated by PKB on
Ser2448), can abrogate opioid-mediated cardioprotection
when added before ischaemia (Gross et al. 2004) and also
the beneficial effect of preconditioning when added at
the start of reperfusion (Hausenloy et al. 2004) whilst
other investigators have reported that acute treatment with
rapamycin is in fact cardioprotective (Khan et al. 2006).
Therefore it could be hypothesised that the final effect
on protection, or the absence of it, is due to activation
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or blockade of specific isoforms of the various protein
kinases involved. This is an area of critical importance
for therapeutic purposes and, certainly, a full elucidation
would require further investigations.

Another possible explanation for the reported apparent
contradictory results could be the variable outcome
measures used in each of the studies. Thus, for example,
apart from the species differences, some studies examined
the recovery of the left ventricular function (Tong et al.
2000; Ban et al. 2008; Wang et al. 2009) whereas others
measured reduction in infarct size in isolated in vitro
perfused hearts (Hausenloy et al. 2004; Budas et al. 2006;
Khan et al. 2006) or in in vivo animals (Gross et al.
2004). In the present studies, the release of CK and the
rate of necrosis and apoptosis in strips of cardiac muscle
were assessed to evaluate tissue injury and protection. Yet
other investigators using isolated cardiomyocytes analysed
intracellular Ca2+ overload and hypercontracture (Mora
et al. 2003) or cell viability, lactate dehydrogenase release
and apoptosis (Uchiyama et al. 2004). Hence, the variety of
experimental models used, along with the different tissue
manipulations and degrees of injury inflicted, might have
contributed to the confounding results.

The similar findings seen in the present studies
with the use of the specific PKB inhibitors VIII and

XI and with the PI-3K inhibitors wortmannin and
LY 294002 is restricting a greater mechanistic insight.
Despite it, the intriguing observations reported in our
studies may reflect ‘cross-talk’ of protein kinase cascades
associated with cardioprotection. There is evidence that
the PI-3K/PKB pathway interacts with ERK1/2 and p38
MAPK/JNK signalling. For example, PKB phosphorylates
and inhibits Raf-1 leading to attenuation of ERK1/2
signalling (Zimmermann & Moelling, 1999). Hence,
inhibition of PKB activity in our experimental model
of ischaemic injury may enhance ERK1/2 signalling
and thus promote protection. It is notable that in
isolated rat hearts reperfusion-induced ERK1/2 activation
is enhanced in the presence of the PI-3K inhibitor
LY 294002 (Hausenloy et al. 2004). However, this apparent
‘cross-talk’ of protein kinase cascades did not result
in enhanced cardioprotection (Hausenloy et al. 2004).
PKB also phosphorylates and activates three protein
kinases (ASK1, MLK3 and SEK1/MKKK4) involved in the
upstream activation of p38 MAPK/JNK (Song et al. 2005).
Therefore inhibition of PKB could trigger the blockade of
p38 MAPK/JNK signalling but such a possibility would
not explain our findings since blockade of p38 MAPK
by SB203580 abrogated the protection induced by the
PKB inhibitor XI. Clearly further detailed studies are

Figure 7. The effect of PKB and PI-3K
inhibition on I/R-induced injury in
non-diabetic and diabetic human
myocardium
Non-diabetic tissue (Aa) was pre-treated with
PKB inhibitor XI (1 μM) or wortmannin (0.1 μM)
prior to ischaemia/re-oxygenation (I/R) and
compared to ischaemic preconditioning (IP). A
similar protocol (Ab) was employed using
diabetic human myocardium except with the
inclusion of diazoxide (100 μM; mitoKATP

channel opener) to induce pharmacological
preconditioning. In all cases tissue samples were
analysed for CK release during the 120 min
reoxygenation (Ba and Bb), and for necrosis (Ca
and Cb) and apoptosis (Da and Db) at the end
of 120 min reoxygenation. Data represent the
mean ± S.E.M. from 6 independent
experiments. ∗P < 0.05 vs. I/R alone group.
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required to explore the kinetics of PKB, ERK1/2, p38
MAPK and JNK activation during our experimental
regime in the absence and presence of PKB inhibitors VIII
and XI. The effect of PKB on GSK-3β activity, another
important kinase in the signal transduction pathway of
cardioprotection, is also unclear and needs to be
elucidated, particularly in view of the reported conflicting
results on the role of GSK-3β (Juhaszova et al. 2004; Gomez
et al. 2008; Murphy & Steenbergen, 2008; Nishino et al.
2008).

Importance of the time of administration

Our studies are also the first to demonstrate that blockade
of the PKB activity confers different degrees of myo-
cardial protection depending on the time of application
(e.g. before ischaemia, during ischaemia or during
reoxygenation). Thus, although protection was obtained
in each instance, maximal benefit was only seen when
PKB was blocked before ischaemia or throughout both
ischaemia and reoxygenation periods. These results, which

Figure 7. Continued.

were reproduced by blocking PI-3K with wortmannin,
suggest that the PKB activity state during ischaemia and
reoxygenation is critical in determining the tolerance of the
tissue to an ischaemic insult. However, the demonstration
by other laboratories that activation of PKB is the
mechanism of protection by ischaemic post-conditioning
(Zhu et al. 2006) raises again the issue of the importance
of the kinase’s activity status before, during and after
ischaemia. This apparent contradiction may also lead to
the hypothesis that both blockade and activation of PKB
can be either beneficial or not depending on the time that
it occurs.

Location of PKB in the cell signalling cascade
for cardioprotection

MitokATP channels are central to the signalling of cardio-
protection, although they are not the end-effectors of
protection (Pain et al. 2000). It has been demonstrated
that the opening of these channels generates free radicals
leading to the activation of kinases and preconditioning
(Pain et al. 2000), an action mediated by the inner
mitochondrial membrane connexin43 (Heinzel et al.
2005). Although mitoKATP channels have been implicated
in preconditioning by many studies, the evidence for
their structure and function, and even their existence,
remains inconclusive (for review see Hanley & Daut,
2005). Furthermore, the pharmacological agents used,
such as the opener diazoxide and the inhibitor 5-HD, exert
other well-documented actions that may question their
utility as selective tools to dissect the underlying signalling
mechanism of preconditioning (for review see Hanley &
Daut, 2005). Despite these concerns, using the selective
mitoKATP channel blocker 5-HD, our results indicate that
PKB is located downstream of mitoKATP channels, since
the protection induced by the PKB blocker inhibitor XI was
unaffected by 5-HD. Other investigators have shown that
mitoKATP channel openers BMS-191095 and diazoxide
induce PKB phosphorylation (Wang et al. 2004; Ahmad
et al. 2006), suggesting location of the kinase downstream
of the channel. However, it is notable that the effect of
diazoxide on PKB-phosphorylation reported by Wang
et al. (2004) was not blocked by 5-HD. In contrast, the work
of Garlid’s group suggests that PKB is located upstream of
the mitoKATP channel (Garlid et al. 2009).

Here we have also demonstrated that the protection
induced by the PKB inhibitor XI can be completely
abrogated by the p38 MAPK blocker (blocking the α and
β isoforms) SB203580, suggesting that PKB is upstream
of p38 MAPK. Previously, using an identical experimental
model, we have shown that p38 MAPK is downstream of
PKC and mitoKATP channels in the human myocardium
(Loubani & Galiñanes, 2002).

The role of the p38 MAPK pathway in ischaemic
preconditioning is also controversial since either
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activation or inhibition of this protein kinase
reportedly promotes cardioprotection (Schulz et al. 2002;
Steenbergen, 2002). This may reflect distinct roles for p38
MAPK isoforms since studies have shown that the p38α

isoform contributes to cell death whereas the p38β isoform
mediates cell hypertrophy (Wang et al. 1998). Both p38
MAPKα and p38 MAPKβ isoform activities are increased
by the induction of ischaemia, although with prolonged
ischaemia p38β activity decreases towards baseline levels
in non-preconditioned hearts, and remains elevated in
preconditioned hearts (Schulz et al. 2003). However,
the apparent controversy surrounding p38 MAPK and
indeed many of the other protein kinases implicated in
cardioprotection strengthens our observations reported
in this study concerning the apparent detrimental role
of PKB activation during ischaemic injury. The reasons
for these differences could include: (i) the use of varying
in vivo and in vitro model systems; (ii) the timing
of kinase activation/inhibition during the experimental
protocol; (iii) the selectivity and/or concentration of
the protein kinase inhibitors used, and (iv) ‘cross-talk’
between different protein kinase cascades.

The molecular interactions between PKB, mitoKATP

channels and p38 MAPK are not clear. As mentioned
above, there is evidence that mitoKATP channel opening
increases reactive oxygen species production (Pain et al.
2000) leading to the activation of protein kinases such as
PKCε (Garlid et al. 2009). However, at present it is not
known if PKB activity is directly or indirectly regulated

via mitoKATP channel opening, despite reports describing
activation of PKB by diazoxide (Wang et al. 2004; Ahmad
et al. 2006). As described by Heusch et al. (2008), PKB
can also interact with a number of different mediators,
depending on the stimuli. PKB plays a critical role in
cardioprotection (Heusch, 2009) but its effect may depend
on the species and experimental model used (Skyschally
et al. 2009). Clearly further studies are required to explore
the complex interplay between PKB, PKC, p38 MAPK and
mitoKATP channels.

PKB inhibition overcomes the deficit of diabetes
for cardioprotection

Previously we have demonstrated that mitochondrial
dysfunction is the cause of the unresponsiveness of
the diabetic myocardium to protection by IP (Ghosh
et al. 2001) and the present finding that PKB blockade
overcomes this deficit confirms the location of PKB being
downstream of the mitoKATP channels. Similar results
were obtained in our laboratory when activators of PKC
and p38 MAPK were used (Loubani & Galiñanes, 2002),
further supporting the location of these kinases beyond the
mitochondria. These results may have clinical relevance
since the manipulation of the activity of these protein
kinases may reduce the ischaemic injury in subjects with
diabetes and suffering an acute coronary syndrome or
undergoing cardiac surgery.

Figure 8. Western blot analysis of PKB Ser473

phosphorylation in rat ventricular myocardium
Representative immunoblot (A) and quantitative analysis
(B) of PKB Ser473 phosphorylation in samples obtained
from the following protocols: aerobic control (AC);
ischaemia/reoxygenation (I/R); ischaemic
preconditioning (IP); 20 min pre-treatment with
wortmannin (0.1 μM) or PKB inhibitor XI (1 μM) prior to
AC and inhibitor XI treatment during the equilibration
and ischaemic preconditioning (IP + inhibitor XI).
Insulin-induced PKB Ser473 phosphorylation from
DDT1MF-2 cells was used as a positive control. Data
represent the mean ± S.E.M. from 4 independent
experiments and are expressed as a percentage of the
aerobic control values. ∗P < 0.05 vs. aerobic control.
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Study limitations

The present studies were performed in an in vitro model
and therefore care must be taken when extrapolating the
present results to clinical conditions. The use of such an
in vitro model has the important advantage of achieving
better control of the experimental conditions than in
more complex biological systems; however, the use of in
vitro preparations may also be associated with inadvertent
phosphorylation of survival kinases (Stensløkken et al.
2009) that could influence the results and be responsible
for some of the conflicting findings reported in the
literature. It is worth noting that despite the existing
differences between the atrial and ventricular tissues, the
myocardium from the rat left ventricle and from the
human right atrial appendage responded in an identical
manner. Finally, although the PKB inhibitors used in this
study reportedly exhibit high specificity and selectivity
for PKB (Zhao et al. 2005; Barve et al. 2006), it cannot
be entirely ruled out that the results obtained could
reflect modulation of alternative cell survival pathways.
Studies using transgenic technology also report opposing
results and, therefore, in the future it may be necessary
that a combination of approaches, pharmacological and
transgenic modifications, and also an expanded and
comprehensive number of functional, biochemical
and genetic markers are used in a complementary manner.

Conclusions

In conclusion, blockade of PKB activity protects the
mammalian myocardium against ischaemic injury and its
location beyond the mitoKATP channels make it a target
for clinical use, particularly in the presence of diabetes
where dysfunctional mitochondria are responsible for the
unresponsiveness to cardioprotection.
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