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Abstract

Objectives: Recruitment of the survival kinase cascades, PI3K–Akt and Raf–MEK1/2–Erk1/2, at the time of reperfusion, following a

lethal ischemic insult, may mediate the protection associated with ischemic preconditioning (IPC). The exact interplay between these two

kinase cascades in mediating this effect is not clear. We examine the ‘cross-talk’ between these kinase cascades in their contribution to IPC-

induced protection. Methods and results: In isolated perfused rat hearts subjected to 35 min of lethal ischemiaF ischemic preconditioning,

the phosphorylation states of Akt, Erk1/2, p70S6K were determined after 15 min of reperfusion, and infarct size was measured after 120 min

of reperfusion. IPC induced a threefold increase in Akt, Erk1/2, and p70S6K phosphorylation, at reperfusion. We found that inhibiting the

PI3K–Akt (using LY294008) at reperfusion induced the phosphorylation of Erk1/2–p70S6K, and conversely, that inhibiting the MEK1/2–

Erk1/2 pathway (using PD 98059) at reperfusion, induced the phosphorylation of Akt, suggesting ‘cross-talk’ between the two kinase

pathways. However, this effect was not accompanied by a reduction in infarct size (43.1F 7.2% with LY 294008 and 57.7F 7.0% with PD

98059 vs. 46.3F 5.8% in control; P=NS), suggesting that both the kinase cascades may need to be activated to mediate IPC-induced

protection. IPC reduced the infarct– risk volume ratio to 17.8F 2.3% from 46.3F 5.8% in control (P< 0.01). Inhibiting p70S6K, a kinase

situated downstream of both PI3K and Erk1/2, using rapamycin, abolished IPC-induced protection (46.0F 7.7% with IPC +RAPA vs.

17.8F 2.3% with IPC; P< 0.01). Conclusions: We report that, the survival kinase cascades PI3K–Akt and MEK1/2–Erk1/2, which are

recruited at the time of reperfusion in response to ischemic preconditioning, exhibit ‘cross-talk’ such that inhibiting one cascade activates the

other and vice versa. Furthermore, at the time of reperfusion, these kinase cascades mediate IPC-induced protection, by acting in concert via

p70S6K.
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1. Introduction

The phosphatidylinositol 3-OH kinase (PI3K)–Akt [1,2],

and the Raf–mitogen activated protein kinase (MAPK),

extracellular signal-regulated kinase (Raf –MEK1/2–

Erk1/2) cascades [3], are activated in response to ischemia

reperfusion injury, where they mediate protection through

the recruitment of downstream antiapoptotic pathways of

cellular survival. These include the phosphorylation and

inactivation of proapoptotic proteins such as BAD [4],
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Bax [5,6], Bim [6], and caspases [7,8], and the phosphor-

ylation and activation of endothelial nitric oxide synthase

(eNOS) [9], p70S6 kinase [10,11], and protein kinase C

(PKC) [12].

We and others have previously demonstrated that phar-

macologically activating these kinase cascades at the time of

reperfusion, by administering growth factors or other agents

during the first few min of reperfusion, confers cardiopro-

tection by limiting both the apoptotic and necrotic compo-

nents of cell death [13,14]. Recruitment of these kinase

cascades also occurs in the setting of ischemic precondition-

ing (IPC) [15,16], the phenomenon in which transient

episodes of ischemia/reperfusion render the myocardium

resistant to a subsequent episode of lethal ischemia [17].

In this scenario, the kinase cascades are activated in the
d by Elsevier B.V. All rights reserved.



D.J. Hausenloy et al. / Cardiovascula306

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/article/63/2/305/273918 by guest on 09 A
preconditioning phase and they relay the preconditioning

signal from the cell membrane to mediators situated further

downstream on the signalling pathway [15,16].

Furthermore, we have recently demonstrated that the

activation of these kinase cascades at the time of reperfusion

may mediate IPC-induced protection, suggesting an addi-

tional role for these kinases in the setting of myocardial

preconditioning [18]. In that study, IPC resulted in the

activation, at the time of reperfusion, of both the PI3K–

Akt and the Raf–MEK1/2–Erk1/2 cascades. Interestingly,

inhibiting the activation of either Akt or Erk1/2 at the time

of reperfusion abolished protection, suggesting that IPC-

induced protection may require the activation of both the

kinase cascades [18].

The exact interplay that exists between the PI3K–Akt

and Raf–MEK1/2–Erk1/2 kinase cascades in mediating

their protective effect is unclear, and their interaction at

the time of reperfusion has not been previously examined.

In various immortal cell lines, these kinase cascades have

been demonstrated to exhibit a variety of complex, some-

times contradictory, interactions which enable mutual am-

plification or inhibition of the signal. For example: (i) the G-

protein Ras can stimulate both the PI3K–Akt and Raf–

MEK1/2–Erk1/2 kinase cascades [19]; (ii) it has been

demonstrated that the PI3K–Akt cascade can both inhibit

[20,21] and facilitate [22–24] the Raf–MEK1/2–Erk1/2

kinase cascade; (iii) the Raf–MEK1/2–Erk1/2 pathway can

activate the PI3K–Akt–p70S6K cascade [25,26]; and (iv)

signalling through these kinases cascades may converge on

a distal target, such as the proapoptotic protein, BAD

[25,26].

However, the cross-talk between these kinase cascades

has not been investigated in the setting of myocardial

ischemia-reperfusion. Therefore, the aim of the present

study is to examine the interactions that exist between

the PI3K–Akt and Raf–MEK1/2–Erk1/2 kinase cascades,

at the time of reperfusion, in their contribution to IPC-

induced protection. Furthermore, we examine the role of

p70S6K, at the time of reperfusion, as a possible point of

convergence for these kinase cascades in IPC-induced

protection.
 pril 2024
2. Methods

2.1. Animals

A total of 72 male Sprague–Dawley rats (300F 50 g

body weight) were used. All animals were obtained from

Charles River UK, (Margate, UK), and received humane

care in accordance with The Guidance on the Operation of

the Animals (Scientific Procedures) Act 1986 (The Statio-

nery Office, London, UK). The investigation conforms with

the Guide for the Use of Laboratory Animals published by

the US National Institutes of Health (NIH Publication No.

85-23, revised 1996).
2.2. Materials

Rapamycin (Tocris), LY 294008 (Tocris), and PD 98059

(Tocris) were dissolved in dimethyl sulphoxide (DMSO)

and added to the Krebs–Henseleit buffer such that the final

DMSO concentration was less than 0.02%. All other

reagents were of standard analytical grade.

2.3. Western blot analysis

Hearts excised from male Sprague–Dawley rats were

Langendorff-perfused with Krebs–Henseleit buffer, accord-

ing to the method outlined in a previous study [29], and

were subjected to 35 min regional ischemia followed by 15

min of reperfusion, after which, samples taken from the

region-at-risk were snap-frozen in liquid nitrogen for sub-

sequent Western blot analysis for Akt, Erk1/2, and p70S6K

phosphorylation (N = 6 per group). Isolated rat hearts were

randomly assigned to treatment groups 1–4 (as outlined in

Fig. 1).

For each extracted protein sample, the tissue was

homogenised on ice in 250 Al of suspension buffer, which

comprised (in mmol/l): NaCl 100, TRIS 10 (pH 7.6),

EDTA 1 (pH 8.0), sodium pyrophosphate 2, sodium

fluoride 2, h-glycerophosphate 2, phenyl methyl sulphonyl

fluoride (PMSF) 0.1 Ag/ml, and 1 Ag/ml each of aprotonin,

leupeptin, trypsin inhibitor, and protease inhibitor. The

homogenised samples were then centrifuged at 10,000

rpm for 10 min at 4 jC and the pellet discarded. The

protein content of the supernatant from each protein

sample was determined using the Bicinchoninic acid-based

(BCAk) protein assay reagent system (Pierce, Rockford,

USA). The protein sample was then diluted in 2� sample

buffer, comprising (in mmol/l): Tris 100 (pH 6.8), dithio-

threitol (DTT) 200 mM, sodium dodecylsulphate (SDS)

2%, bromophenol blue 0.2%, and glycerol 20%, and

subsequently heated for 10 min at 100jC, and then stored

at � 70 jC for later analysis.

Western blot analysis was performed as previously de-

scribed [16]. Briefly, for each sample, 30 Ag of protein/lane

was loaded onto a 12.5% SDS–PAGE gel and subsequently

transferred onto a Hybond ECL nitrocellulose membrane

(Amersham, UK). Adequate transfer of proteins was con-

firmed by Coomassie blue staining of the gel and Ponceau

Red staining (Sigma) of the membrane. Equal protein

loading was confirmed by probing for h-actin.
The membranes were probed with polyclonal antibodies

(1:1000 dilution) for phospho–Erk1/2 (Thr202/Thr204),

phospho–Akt (Ser473), phospho–p70S6 kinase (Thr389)

and phospho–p70S6 kinase (Thr421/Ser424), and were

used in accordance with the manufacturer’s instructions

(Cell Signalling, Hitchin, Kent). The membranes were

subsequently probed with horse radish peroxidase-conjugat-

ed antirabbit antibody (1:2000). Proteins were detected

using enhanced chemiluminescence ECL Western blotting

detection reagent and bands were visualized by exposure to

r Research 63 (2004) 305–312



Fig. 1. Treatment protocols for isolated perfused rat heart studies (TTC-triphenyltetrazolium–chloride. LY-LY 294002, PD-PD 98059).
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photographic film. The developed films were scanned, and

the relative densitometry was assessed using the National

Institutes of Health (NIH) Shareware program, NIH Image

1.63.

2.4. Langendorff-perfused rat heart studies

Hearts excised from male Sprague–Dawley rats were

Langendorff-perfused with Krebs–Henseleit buffer and

subjected to 35 min regional ischemia followed by 120

min of reperfusion, after which, the infarct–risk volume

ratio was determined by triphenyltetrazolium–chloride

staining.

Isolated rat hearts were randomly assigned to one of the

following treatment groups (n = 6 per group; see Fig. 1):

(1) Control hearts received either 0.02% DMSO or Krebs–

Henseleit buffer alone for the first 15 min of reperfusion;

(2) IPC hearts were treated with two 5-min periods of global

ischemia with an intervening 10-min period of reperfu-

sion prior to the lethal ischemic insult;

(3) Hearts were given LY 294008 (LY, 15 Amol/l) alone

for the first 15 min of reperfusion. At this concentra-

tion, LY 294008 has been shown to act as a specific

inhibitor of PI3K [30] and has been demonstrated to

inhibit Akt phosphorylation in the isolated perfused rat

heart [16];

(4) Hearts were given PD 98059 (PD, 10 Amol/l) alone

for the first 15 min of reperfusion. This concentration

of PD 98059 has been demonstrated to inhibit Erk1/2

phosphorylation in the isolated perfused rat heart

[16];
(5) IPC hearts were given rapamycin (RAPA, 0.5 nmol/l)

for the first 15 min of reperfusion. This concentration of

rapamycin has been shown to inhibit p70S6K phos-

phorylation in the isolated perfused rat heart [31];

(6) Hearts were given rapamycin alone for the first 15 min

of reperfusion.

2.5. Statistical analysis

All values are expressed as meanF S.E.M. Data were

analyzed using one-way analysis of variance and the Fish-

er’s protected least significant difference test for multiple

comparisons. A P < 0.05 was considered significant.
3. Results

3.1. Ischemic preconditioning induces Akt–p70S6K and

Erk1/2–p70S6K phosphorylation at the time of reperfusion

In hearts subjected to IPC, there was a threefold increase in

Akt phosphorylation at the time of reperfusion (relative

densitometry in arbitrary units [a.u.]: 891F 99 with IPC vs.

281F 58 a.u. in control; P < 0.001; Fig. 2a), as well as an

eightfold increase in phosphorylation of p70S6K at Thr389,

the site phosphorylated by Akt–mTOR [10,11] (1343F 259

a.u. with IPC vs. 163F 41 a.u. in control; P < 0.001; Fig. 2b).

The presence of LY 294008 for the first 15 min of reperfusion

abolished the IPC-induced phosphorylation of Akt (1343F
259 a.u. with IPC vs. 226F 28 a.u. in IPC +LY; P < 0.001;

Fig. 2a), confirming the inhibitory effect of LY 294008 on

PI3K.



Fig. 2. Representative Western blots and relative densitometry showing that IPC results in the activation of (a) Akt and (b) p70S6K at Thr389 (the site

phosphorylated by Akt–mTOR) at the time of reperfusion. The lower bands of the Western blot shown in (b) represent p70S6K and the upper bands depict

p85S6K. Inhibiting MEK1/2, using PD 98059 (PD), at the time of reperfusion, results in the phosphorylation of (a) Akt and (b) p70S6K (N= 6 per group.

*: P < 0.05 compared to control).
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IPC also induced the phosphorylation of Erk1/2

(1122F 79 a.u. with IPC vs. 334F 67 a.u. in control;

P < 0.001; Fig. 3a), and p70S6K at Thr421/Ser424, the sites

phosphorylated by Erk1/2 [10,11] (1906F 110 a.u. with

IPC vs. 450F 34 a.u. in control; P < 0.01; Fig. 3b), at the

time of reperfusion. The presence PD 98059 for the first 15

min of reperfusion abolished the IPC-induced phosphoryla-

tion of Erk1/2 (1906F 110 a.u. with IPC vs. 446F 117 a.u.

in IPC + PD; P < 0.001; Fig. 3a), confirming the inhibitory

effect of PD 98059 on MEK1/2.
Fig. 3. Representative Western blots and relative densitometry showing that IPC r

sites phosphorylated by Erk1/2) at the time of reperfusion. Inhibiting PI3K, using L

(a) Erk1/2 and (b) p70S6K (N = 6 per group. *: P < 0.05 compared to control. #:
3.2. ‘Cross-talk’ between the PI3K–Akt and MEK1/2–

Erk1/2 kinase cascades at the time of reperfusion

Inhibiting MEK1/2 in control hearts, during the reperfu-

sion phase, using PD 98059 alone, resulted in the phos-

phorylation of Akt (785F 78 a.u. with PD alone vs.

281F 58 a.u. in control; P < 0.01; Fig. 2a) and a nonsignif-

icant increase in phosphorylation of the downstream

p70S6K at Thr389 (356F 52 a.u. with PD alone vs.

163F 41 a.u. in control; P = NS; Fig. 2b). Inhibiting
esults in the activation of (a) Erk1/2 and (b) p70S6K at Thr421/Ser424 (the

Y 294008 (LY), at the time of reperfusion, results in the phosphorylation of

P < 0.05 compared to IPC treatment).

05/273918 by guest on 09 April 2024
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MEK1/2 at reperfusion in IPC-treated hearts did not in-

crease Akt phosphorylation above that observed in hearts

that had only received IPC treatment (914F 18 a.u. in

IPC + PD vs. 891F 99 a.u. in IPC; P=NS; Fig. 2a).

Conversely, inhibiting PI3K in control hearts, during the

reperfusion phase, using LY 294002, resulted in the phos-

phorylation of Erk1/2 (913F 225 a.u. with LY alone vs.

334F 67 a.u. in control; P < 0.01; Fig. 3a) and the down-

stream p70S6K at Thr421, Ser424 (1260F 60 a.u. with LY

alone vs. 450F 34 a.u. in control; P < 0.01; Fig. 3b).

Interestingly, in this case, the inhibition of PI3K at the time

of reperfusion resulted in the activation of Erk1/2 over and

above that induced by IPC alone (1442F 134 a.u. in

IPC +LY vs. 1122F 79 a.u. in IPC; P < 0.001; Fig. 3a).

3.3. The ‘cross-talk’ demonstrated between the PI3K–Akt

and MEK1/2–Erk1/2 kinase cascades is not associated with

protection

In order to determine whether the PD 98059-induced

phosphorylation of Akt and the LY 294008-induced phos-

phorylation of Erk1/2 are associated with protection at the

time of reperfusion, we examined the effect of these kinases

on infarct size. Inhibiting PI3K, using LY 294002 for the

first 15 min of reperfusion in control hearts, did not

influence infarct size (43.1F 7.2% with LY vs. 46.3F
5.8% in control; P=NS; Fig. 4a), suggesting that the LY

294002-induced Erk1/2 phosphorylation (as seen in Fig. 3a)

is not sufficient in itself to induce protection. Similarly,

inhibiting MEK1/2, using PD 98059 for the first 15 min of

reperfusion in control hearts did not influence infarct size

(57.7F 7.0% in PD vs. 46.3F 5.8% in control; P=NS; Fig.
Fig. 4. Inhibiting PI3K, MEK1/2 or p70S6K using LY 294008 (LY), PD 98059 (PD

hearts does not influence infarct size. However, inhibiting p70S6K, using rapamyc

mediated reduction in infarct– risk volume ratio (N= 6 per group. *: P < 0.01 com
4a), suggesting that the PD 98059-induced Akt phosphory-

lation (as seen in Fig. 3b) is also not sufficient in itself to

induce protection.

3.4. Inhibiting p70S6K phosphorylation at the time of

reperfusion abrogates the IPC-mediated reduction in infarct

size

IPC reduced infarct size to 17.8F 2.3% from 46.3F
5.8% in control (P < 0.01; Fig. 4). The presence of rapa-

mycin (the p70S6K inhibitor) for the first 15 min of

reperfusion abrogated the IPC-induced reduction in infarct

size (46.0F 7.7% with IPC +RAPA vs. 17.8F 2.3% with

IPC; P < 0.01; Fig. 4b), suggesting that the activation of

p70S6K may be a mediator of IPC-induced protection.

Rapamycin given alone at time of reperfusion to control

hearts did not influence infarct size (36.0F 5.4% with

RAPA vs. 46.3F 5.8% in control; P=NS; Fig. 4b). DMSO

vehicle (0.02%) did not influence either infarct size or

kinase phosphorylation.
4. Discussion

In the present study, we demonstrate that the PI3K–Akt

and Raf–MEK1/2–Erk1/2 kinase cascades, which are acti-

vated at the time of reperfusion in response to ischemic

preconditioning, exhibit ‘cross-talk’. We found that, inhibit-

ing PI3K, using LY 294002, at the time of reperfusion

resulted in the activation of the MEK1/2–Erk1/2–p70S6K

kinase cascade, and that the inhibition of MEK1/2 with PD

98059 at the time of reperfusion resulted in the activation of
), or rapamycin (RAPA), respectively, at the time of reperfusion, in control

in at the time of reperfusion, abolishes the ischemic preconditioning (IPC)-

pared to control).

/305/273918 by guest on 09 April 2024



Fig. 5. Hypothetical scheme outlining the ‘cross-talk’ which occurs

between the PI3K–Akt–p70S6K and MEK1/2–Erk1/2–p70S6K cas-

cades, at the time of reperfusion, in response to ischemic preconditioning.

The existence of inhibitory pathways between the kinase cascades may

explain why the inhibition of one cascade using either LY 294008 or PD

98059 results in the activation of the other and vice versa. Convergence on

the downstream kinase p70S6K and the proapoptotic factor, BAD, may

explain the requirement for both kinase cascades to be activated to mediate

IPC-induced protection.
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the PI3K–Akt kinase cascade but not p70S6K. Interesting-

ly, this ‘cross-talk’ between the kinase cascades was not

associated with protection, in terms of a reduction in infarct

size, which suggests that the PI3K–Akt phosphorylation

induced by PD 98059 (the MEK1/2 inhibitor) and the

MEK1/2–Erk1/2–p70S6K phosphorylation induced by

LY 294008 (the PI3K inhibitor) were insufficient in them-

selves to induce protection, and indicates that both the

kinase cascades may be required to be activated at the time

of reperfusion to mediate IPC-induced protection.

Our previous study had demonstrated that inhibiting

either the Akt or the Erk1/2 activation that occurred at the

time of reperfusion, using LY 294008 or PD 98059,

respectively, completely abrogated IPC-induced protection,

also indicating the requirement for both kinase cascades to

mediate protection [18]. In the present study, we tested this

proposal by investigating p70S6K, which, because it is

downstream of both the PI3K–Akt and MEK1/2–Erk1/2

cascades, may act as a point of convergence for the signal

relayed through these kinase cascades. In the present study,

we demonstrated that IPC results in the activation of

p70S6K at phosphorylation sites specific for Akt (at Thr

389) and Erk1/2 (at Thr421, Ser424), at the time of

reperfusion [10,11]. We found that the presence of the

known p70S6K inhibitor, rapamycin, at the time of reper-

fusion completely abrogated IPC-induced protection, sug-

gesting that p70S6K may act as the point of convergence

for these kinase cascades. However, without including data

actually demonstrating rapamycin-mediated inhibition of

the IPC-induced phosphorylation of p70S6K, we cannot

categorically state that p70S6K is implicated in IPC-

induced protection, and we cannot exclude the possibility

of rapamycin blocking IPC-induced protection by a mech-

anism other that p70S6K inhibition. We speculate that the

activation of p70S6K requires the phosphorylation at both

Thr 389 (the site phosphorylated by Akt–mTOR) and

Thr421, Ser424 (the sites phosphorylated by Erk1/2),

which would necessitate the activation of both the

PI3K–Akt and MEK1/2–Erk1/2 pathways to mediate

IPC-induced protection.

Previous studies have demonstrated that signalling

through these kinase cascades can converge on another

distal target, the proapoptotic protein, BAD, the phosphor-

ylation and inactivation of which would mediate cellular

survival by an antiapoptotic mechanism [4,27,28]. These

kinase cascades may also phosphorylate and inactivate BAD

via the recruitment of p70S6K, providing a role for the latter

in cellular protection [32]. In this regard, we have previ-

ously demonstrated that the protection induced by insulin at

the time of reperfusion is mediated by activation of the

Akt–p70S6K–BAD pathway [31].

The phenomenon of ‘cross-talk’ observed between the

kinase cascades, in which the inhibition of one kinase

cascade results in the activation of the other and vice

versa, has been observed in other organ tissue, including

the lens [33] and neuronal cells [23]. In previous studies,
using immortal cell lines, it has been demonstrated that

Akt inhibits the Raf–MEK1/2–Erk1/2 kinase cascade by

phosphorylation and inactivation of Raf at Ser259 [20,21],

and this inhibitory pathway may be recruited at different

stages of cell development [20], or vary according to the

concentration and type of ligand exposure [24]. There-

fore, the inhibition of the PI3K–Akt pathway may

activate the Raf–MEK1/2–Erk1/2 cascade, providing a

form of ‘compensatory regulation’. This would explain

why the inhibition of PI3K at the time of reperfusion

induces the activation of MEK1/2–Erk1/2 as the inhibi-

tory pathway from Akt to Raf–MEK1/2–Erk1/2 is re-

moved (see Fig. 5).

Whether the corollary occurs, in which the activation of

Akt occurring in response to the inhibition of the Raf–

MEK1/2–Erk1/2 cascade is the result of the removal of an

inhibitory pathway from Erk1/2 on the PI3K–Akt path-

way, is unclear at present but has been suggested in a

previous study [33]. We did not find any evidence to

suggest that the PI3K–Akt cascade facilitates the Raf–

MEK1/2–Erk1/2 kinase cascade as has been shown in

previous studies [22–24]. Nor did we find evidence that

MEK1 activation activates the PI3K–Akt–p70S6K path-

way as been suggested by several studies [25,26]. The

disparity in findings may rest with the different experi-

mental models used and vary with the experimental

conditions [22].
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The hypothetical scheme in Fig. 5 demonstrates that, at

the time of reperfusion, both the PI3K–Akt–p70S6K and

MEK1/2–Erk1/2–p70S6K cascades are activated in re-

sponse to ischemic preconditioning. The existence of

inhibitory pathways between the kinase cascades may

explain why the inhibition of one cascade using either

LY294008 or PD98059 results in the activation of the

other and vice versa. Convergence on the downstream

kinase p70S6K and the proapoptotic factor, BAD, may

explain the requirement for both kinase cascades to be

activated to mediate IPC-induced protection.

Interestingly, the ‘cross-talk’ observed between the two

kinase cascades did not appear to be equal in that inhibit-

ing MEK1/2 at the time of reperfusion in control hearts

resulted in the phosphorylation of Akt but not p70S6K (at

Thr389). Furthermore, inhibiting MEK1/2 at the time of

reperfusion in IPC-treated hearts did not result in the

phosphorylation of either Akt or p70S6K (at Thr389) to

a greater level than that observed in hearts undergoing

IPC-alone. In direct contrast, we found that inhibiting

PI3K at the time of reperfusion in control hearts resulted

in the phosphorylation of Erk1/2 and its downstream

p70S6K (at Thr421/Ser424). Furthermore, inhibiting

PI3K at the time of reperfusion in IPC-treated hearts

resulted in the phosphorylation of Erk1/2 but not

p70S6K (at Thr421/Ser424) to a greater level than that

observed in hearts undergoing IPC-alone. These findings

would suggest that the cross-talk between the two kinase

cascades is not balanced and that in the scenario of cellular

survival, the PI3K–Akt cascade is the more dominant

cascade, with the MEK1/2–Erk1/2 cascade playing a more

significant role in mediating growth and hypertrophy.

This study relies on the specificity of the pharmacolog-

ical inhibitors used, and as such, the concentrations

employed in the study were taken from previous studies

[16]. More importantly, the concentrations used were well

within the concentration ranges required to inhibit these

kinases specifically [30,34]. However, we cannot categor-

ically exclude the effects of these drugs on other kinase

pathways, although we consider this unlikely at the con-

centrations used.

In conclusion, we report that the activation of the PI3K–

Akt and MEK1/2–Erk1/2 kinase cascades that occurs at the

time of reperfusion, in response to ischemic precondition-

ing, occurs in parallel, and that both kinase cascades are

required to act in concert to mediate IPC-induced protection.

The downstream kinase, p70S6K, may be a point of

convergence for the PI3K–Akt and MEK1/2–Erk1/2 kinase

cascades in mediating IPC-induced protection, although

further studies are required to confirm this. These two

pathways appear to interact in such a way that inhibiting

one kinase cascade upregulates the activity of the other

pathway, thereby acting as a compensatory safeguard,

ensuring the signal for cellular protection is executed.

Further work is needed to explore the intricate interactions

between these two kinase cascades at the time of reperfu-
sion, in the setting of IPC-induced protection. Therefore,

pharmacological manipulation of these survival kinases, at

the time of reperfusion, which attenuate lethal reperfusion

injury, may provide novel adjuncts to thrombolytic therapy

in the treatment of an acute myocardial infarction.
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