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Abstract

Acute myocardial infarction, the clinical manifestation of ischemia-reperfusion (IR) injury, is a 

leading cause of death worldwide. Like ischemic preconditioning (IPC) induced by brief episodes 

of ischemia and reperfusion, ouabain preconditioning (OPC) mediated by Na/K-ATPase signaling 

protects the heart against IR injury. Class I PI3K activation is required for IPC, but its role in OPC 

has not been investigated. While PI3K-IB is critical to IPC, studies have suggested that ouabain 

signaling is PI3K-IA-specific. Hence, a pharmacological approach was used to test the hypothesis 

that OPC and IPC rely on distinct PI3K-I isoforms. In Langendorff-perfused mouse hearts, OPC 

was initiated by 4 min of ouabain 10 μM and IPC was triggered by 4 cycles of 5 min ischemia and 

reperfusion prior to 40 min of global ischemia and 30 min of reperfusion. Without affecting PI3K-

IB, ouabain doubled PI3K-IA activity and Akt phosphorylation at Ser473. IPC and OPC 

significantly preserved cardiac contractile function and tissue viability as evidenced by left 

ventricular developed pressure and end-diastolic pressure recovery, reduced lactate dehydrogenase 

release, and decreased infarct size. OPC protection was blunted by the PI3K-IA inhibitor PI-103, 

but not by the PI3K-IB inhibitor AS-604850. In contrast, IPC-mediated protection was not 

affected by PI-103 but was blocked by AS-604850, suggesting that PI3K-IA activation is required 

for OPC while PI3K-IB activation is needed for IPC. Mechanistically, PI3K-IA activity is required 

for ouabain-induced Akt activation but not PKCε translocation. However, in contrast to PKCε 

translocation which is critical to protection, Akt activity was not required for OPC. Further studies 

shall reveal the identity of the downstream targets of this new PI3K IA-dependent branch of OPC. 

These findings may be of clinical relevance in patients at risk for myocardial infarction with 
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underlying diseases and/or medication that could differentially affect the integrity of cardiac PI3K-

IA and IB pathways.
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1. Introduction

Cardiac glycosides such as ouabain or digoxin are classically known as specific inhibitors of 

the Na/K-ATPase ion-pumping function. This inhibition, which results in subsequent 

increase in intracellular Na+ and increased Na+/Ca2+ exchange, is required for their well-

known cardiac positive inotropic action [1, 2]. Binding of ouabain to the catalytic α-subunit 

of the Na/KATPase protein complex also initiates a cascade of intracellular signaling events 

that trigger protection against ischemia-reperfusion (IR) injury [3-9]. By analogy to 

ischemic preconditioning (IPC) induced by several brief episodes of ischemia before a 

prolonged ischemia, this protection against IR induced by ouabain is referred to as ouabain 

preconditioning (OPC). Known signaling events downstream from Na/K-ATPase that are 

critical to OPC include the activation of Src kinase and PKCε, opening of mitoK-ATP 

channels, and production of ROS [3, 4]. However, a possible role of Class I phosphoinositide 

3-kinases (PI3K) in OPC has not been investigated. Emerging concepts in preconditioning 

and interventions against IR, as well as recent key findings in cardiac ouabain signaling 

centered on PI3K prompted us to address this question. Indeed, shortly after we reported 

OPC in the rat heart [3, 4], Liu et al observed a ouabain induced activation of the class I 

PI3K/Akt pathway in rat neonatal cardiac myocytes [10]. From a mechanistic stand-point, a 

main finding of the Liu paper was that ouabain-induced PI3K activation is class IA-specific. 

Class IA and IB PI3Ks are both important regulators of metabolism, survival, differentiation 

and growth in numerous cell types, including cardiac myocytes [11-14]. PI3K IA and IB 

also differ in key functional and structural characteristics. Class IA catalytic subunits 

(p110α, β and δ) form a complex with the regulatory subunit p85 and are activated through 

tyrosine kinase signaling. Class IB catalytic subunits (p110γ) associate with the regulatory 

subunit p101 and are typically activated by G-protein-coupled receptors [15]. In the heart, 

PI3K IA and IB have been associated with distinct processes. Activation of PI3K IA in 

response to stimuli such as insulin, IGF or exercise is associated with physiological 

hypertrophy [16, 17]. In contrast, PI3K IB activation by isoproterenol, endothelin, or cardiac 

overload leads to pathological hypertrophy [18, 19]. Both canonical PI3K IA- (insulin, 

insulin-like growth factor, epidermal growth factor) and IB- (acetylcholine, opioid, 

bradykinin) activators can trigger preconditioning, but the respective roles of PI3K IA and 

IB in different forms of preconditioning have not been specifically evaluated in most 

instances [6, 18, 20-24]. Exceptions include IPC, in which PI3K IB requirement has been 

established [25, 26], as well as adenosine (PI3K-IB) [25], and epoxyeicosatrienoic acid 

(PI3K-IA) [27]. At least theoretically, distinct PI3K Class I requirements could influence the 

efficiency of preconditioning treatments in subsets of patients at risk for myocardial 

infarction and presenting with medication and comorbidities that differentially affect Class 

IA and IB PI3K [28-30]. Likewise, selective PI3K isoform inhibitors used in the treatment of 
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inflammatory diseases and cancer [31-33] may affect the efficacy of preconditioning 

treatments in the heart of these patients.

Taken together, these more recently recognized aspects of Na/K-ATPase and PI3K-I 

signaling in cardiac IR prompted us to evaluate the role of PI3K IA vs. IB in OPC-induced 

protection against IR. Specifically, we used a pharmacological approach to test the 

hypothesis that OPC and IPC rely on distinct PI3K-I isoforms.

2. Material and Methods

2.1 Langendorff perfusion

Experiments were conducted in accordance with the Guide for the Care and Use of 

Laboratory Animals published by the US National Institute of Health (NIH Publication No. 

85-23, revised 1996). All mice were housed in pathogen-free conditions and maintained with 

12 h dark/light cycle with free access to food and water. C57BL/6J male mice from Jackson 

Laboratories (Bar Harbor, ME) were 10–14 week old at the time of experimentation. Mice 

were injected intraperitoneally with pentobarbital (70mg/kg) and heparin (1000 IU/kg). 

Hearts were rapidly removed, placed into ice cold (4 °C) Krebs–Henseleit (KH) buffer and 

mounted on a non-recirculating Langendorff apparatus. Retrograde perfusion was performed 

using oxygenated KH buffer containing (in mM) NaCl (118.0), KCl (4.0), CaCl2 (1.65), 

KH2PO4 (1.3), MgSO4 (1.2), Ethylene glycol bis (2-aminoethylether)-N, N, N′, N′-

tetraacetic acid (0.3), NaHCO3 (25), D-glucose (11.0), with a pH of 7.4. The perfusion flow 

rate was kept constant at about 2.5 mL/min, initially set to obtain a coronary perfusion 

pressure of about 70 mmHg as described [1, 34]. Hearts were paced at 9.7 Hz (4 V) 

throughout the experimental protocol. Isovolumic left ventricular developed pressure 

(LVDP) and end diastolic pressure (EDP) were recorded throughout the protocol [34]. After 

10 to 15 min of equilibration, one of the protocols detailed below was initiated.

2.2 Experimental protocol

(Figure 1). Protocol A was applied to study signaling events initiated by ouabain. Protocol 
B was applied to assess IR injury. The IR group was perfused with KH buffer for 45 min, 

subjected to 40-min zero-flow ischemia, and reperfused for 30 min with KH. IPC was 

induced by 4 cycles of 5 min ischemia followed by 5 min of reperfusion before the onset of 

ischemia. OPC was induced by 4 min of perfusion with ouabain (Sigma, Saint-Louis, MO, 

USA) 10 μM that ended 8 min before ischemia. For infarct size measurement, 90 min of 

reperfusion were added to protocol B.

2.3 Lactate dehydrogenase (LDH) activity measurement

Coronary effluent was collected for 30 s at 0, 1, 2, 3, 4, 5, 10, 15, 20, and 30 min of 

reperfusion. LDH activity was determined colorimetrically using a Cytotoxicity Detection 

Kit (Roche Applied Science, Indianapolis, IN, USA) as described [3].

2.4 Tissue Preparation

Hearts were quick-frozen in liquid nitrogen at the end of protocol A (Fig. 1). The left 

ventricle was powdered and ~100 mg of tissue were added to 1 ml of ice-cold 
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radioimmunoprecipitation assay buffer (RIPA- 50mM Tris-base, 150 mM NaCl, 1% 

IGEPAL, 0.25% sodium deoxycholate, 1 mM EDTA, pH 7.4) containing 1 mM 

phenylmethylsulfonyl fluoride, 1 mM sodium orthovanadate, 1 mM NaF, 10 nM okadaic 

acid, 10 μg/ml aprotinin, 10 μg/ml leupeptin, and homogenized in a 10 ml homogenizer by 

15 up-and-down strokes. The resulting lysates were centrifuged at 14,000×g for 15 min [9].

2.5 PI3 Kinase activity assay

One mg of heart lysate proteins were incubated with anti PI3K p85α Antibody B-9 (Santa 

cruz, CA, USA) to assess PI3K IA activity, or with anti PI3K p110γ Antibody H-199 (Santa 

Cruz, CA, USA) to assess PI3K IB activity. Following overnight incubation at 4°C, 

prewashed Protein A Agarose beads (Millipore, MA, USA) were added and incubated for 3h 

at 4°C. The immune complex was then washed four times with buffer A (100 mM NaCl, 1 

mM Na3VO4, and 20 mM HEPES, pH 7.5) and resuspended in buffer B (180 mM NaCl-20 

mM HEPES, pH 7.5). PI3K activity in immunoprecipitates was assayed directly on the 

beads by a standard procedure as previously described [10], using phosphatidylinositol 

(Avanti Polar Lipids, Alabaster, AL, USA) and [γ -32P]ATP as substrates. All reactions were 

performed at room temperature and stopped after 10 min by addition of 1 M HCl. The lipids 

were extracted with chloroform-methanol (1:1), spotted on a thin-layer chromatography 

plate, and separated with chloroform-acetone-methanol-glacial acetic acid-H2O 

(40:15:13:12:8). The radioactivity of the phosphorylated lipid products was quantified by a 

PhosphorImager (Molecular Dynamics, CA, USA).

2.6 Protein Electrophoresis and Immunoblotting

Protein in tissue lysates were added to Laemmli sample buffer, boiled for 5 min, separated 

on 10% SDS-PAGE, transferred onto a nitrocellulose membrane and probed with anti 

phospho-Akt (Ser473, Cell Signaling Technology, MA, USA). The blots were then stripped 

and probed with anti total Akt (Cell Signaling Technology, MA, USA), as described 

previously [1]. Immunoblots were then quantified, and the ratios of p-Akt to Akt were 

calculated. The ratio of band density of each group was then divided by untreated controls to 

calculate the -fold increase/decrease from multiple independent experiments.

2.7 PKCε translocation from cytosolic to particulate fraction

After perfusion according to Protocol A (Figure 1), hearts were snap frozen in liquid 

nitrogen and homogenized in buffer 1 containing (in mM) EGTA(10), EDTA(1), DTT(0.5), 

PMSF(1), proteinase inhibitor cocktail, Tris-HCl(20), pH 7.5. Homogenates were then 

centrifuged at 100,000 ×g for 1h at 4°C. The supernatants designated as the cytosolic 

fractions were removed and saved. The pellets were sonicated and centrifuged at 25,000×g 

in buffer 1 containing 1% Triton. The supernatants were collected as the particulate 

fractions. Cytosolic and particulate fractions were used in SDS-PAGE and immunoblotting 

using the anti-PKCε antibody C-15 (Santa Cruz, CA, USA) as we have previously described 

[3].
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2.8 Statistical Analysis

Statistical analysis was performed using one-way ANOVA followed by Tukey's multiple 

comparison post hoc test, or by Student t-test. P<0.05 was considered statistically 

significant.

3. Results

3.1 Activation of the PI3K/Akt Pathway

Ouabain is known to activate PI3K-IA but not PI3K-IB in rat cardiac tissue and mouse 

cardiac myocytes [1, 10]. However, whether such PI3K IA-specific activation occurs in the 

intact mouse heart exposed to ouabain at the concentration and duration of our established 

OPC protocol was unknown. Hence, we first tested the effect of a treatment of 4 min with 10 

μM ouabain on PI3K- IA and PI3K-IB activities as well as on Akt phosphorylation. As 

shown in figure 2, PI3K IA but not IB activity was significantly enhanced upon ouabain 

treatment. This activation was blunted by co-treatment with 100 nM PI-103, a PI3K inhibitor 

with well described PI3K IA specificity [35]. Consistent with the above observation, the 

ouabain treatment also induced Akt phosphorylation at Ser 473 in a PI3K IA-dependent 

manner (Figure 2B).

3.2 Characterization of OPC in the mouse heart

Next, we assessed the impact of OPC triggered by a protocol that we have previously used in 

the rat heart [3], and compared it to the protective effect of a well-established IPC protocol 

[36]. As shown in figure 3, baseline parameters were identical in the IR, IPC and OPC 

groups (t=0). Exposure to 4 min of ouabain 10 μM caused a transient modest increase in 

LVDP, with a peak detected at t=35 min (66.9±3.6 vs.58.4±1.1, N.S.), followed by a return 

to baseline value at least 5 min prior to the initiation of ischemia (Figure 3A, t=40-45 min). 

The LVDP trace for hearts exposed to the IPC protocol presented a typical pattern, with each 

5-min ischemic episode producing a transient depression of LVDP and the subsequent 5-min 

reperfusion period allowing for a recovery to 70-90% of the basal value (Figure 3A). As 

expected, ischemia resulted in cardiac arrest in all groups. Although cardiac performance 

resumed within seconds of reperfusion, it was significantly compromised in all groups as 

shown by the significant decrease in LVDP (Figure 3A) and the increase in EDP (Figure 

3B). However, significant protection by OPC and IPC was clearly detected within 10 min of 

reperfusion for both LVDP and EDP. After 30 min of reperfusion, LVDP recovery was 

29.6±3.7% of the pre-ischemic value in untreated hearts (IR), compared to 62.1±1.4% for 

OPC (P<0.001 vs. IR) and 63.9 ± 3.8% for IPC (P<0.001 vs. IR). Likewise, the recovery of 

EDP was significantly better in OPC (26.2±1.5 mmHg) and IPC (27.4±4.5 mmHg) than IR 

(51.5±5.9 mmHg). To assess post-ischemic cardiac tissue damage, LDH release was 

evaluated in coronary effluent collected throughout the 30 min of reperfusion. Bar graphs in 

figure 4B show the total amount of LDH released over the 30 min of reperfusion (calculated 

from areas under the curves presented in Fig. 4A). The total amount of LDH released was 

19.3±2.3 U in the IR group, and significantly reduced to 3.9±0.5 U (P<0.001 vs. IR) and 

4.2±1.0 U (P<0.001 vs. IR) in the OPC and IPC groups, respectively. Quantitative analysis 

of TTC stained left ventricular cross sections revealed a significant reduction of 14-17% of 

the infarct size in hearts exposed to OPC and IPC (35.3±3.7 and 38.8±2.5) compared to IR 

Duan et al. Page 5

J Mol Cell Cardiol. Author manuscript; available in PMC 2016 April 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(52.9±2.2, P<0.01). Taken together, these data suggest that OPC-induced protection against 

IR in the mouse heart is comparable to that of a standard IPC protocol.

3.3 Effect of PI3K activity modulation on OPC and IPC-induced protection

The above results suggested that PI3K IA but not IB is activated during the trigger phase of 

OPC and that OPC affords an IPC-like protection against IR. They did not reveal, however, 

whether PI3K IA activity plays a role in the trigger phase of OPC-induced protection. To 

address this question and test the hypothesis that OPC and IPC rely on distinct PI3K-I 

isoforms, a pharmacological approach was used.

3.3.1 Effect of pharmacological inhibition of PI3K IA and IB with LY294002 (LY)
—The PI3K inhibitor LY294002 (15μM) was co-perfused with ouabain as shown in figure 1 

(protocol B, OPC/LY group). This LY treatment was selected because it has been previously 

used successfully in a Langendorff-perfused rat heart model to investigate the role of the 

PI3K/Akt pathway in the trigger phase of IPC [37]. Consistent with the findings reported by 

Yang et al. in rat hearts, we did not observe any significant change in basal cardiac function 

or recovery from IR with this treatment (not shown). As shown in 5A, co-administration of 

LY did not affect ouabain-induced increase in LVDP either (t= 33 to 37 min). However, it 

did significantly blunt OPC-induced post-ischemic recovery. In fact, at the end of 30 min 

reperfusion period, LVDP in the OPC/LY group was 32.5±2.0%, indistinguishable from that 

of the untreated IR group (29.3±3.7%, N.S.). Likewise, LY did not affect basal EDP (5B, left 

graph) but blunted OPC-induced protection against IR (5B, right graph, 48.3±1.3 mmHg vs. 

26.2±1.5 mmHg, P<0.001). Consistent with a complete blockade of OPC-induced 

protection, the release of LDH from OPC/LY hearts was 16.2±1.6 U, significantly increased 

from OPC (P<0.001) and comparable to the IR level (19.3±2.3 U).

3.3.2 Effect of pharmacological inhibition of PI3K IA with PI-103—At 100 nM, 

addition of PI-103 did not affect basal contractility or recovery after IR (not shown), 

consistent with previous reports [27]. Comparable to LY, co-administration of PI-103 did not 

affect ouabain-induced increased in LVDP (6A, t= 33 to 37 min), but significantly blunted 

OPC-induced post-ischemic recovery. Consistently, this blocking effect was also clear on 

EDP (Figure 6B, right graph, OPC/PI group vs. OPC) and tissue injury as assessed by LDH 

release (Figure 6C, OPC/PI vs. OPC). In contrast, PI-103 (co-administered as shown in 

figure 1, IPC/PI-103 in Protocol B) did not significantly affect IPC-induced protection of 

LVDP (6A), EDP (6B) or tissue injury (LDH release, 6C).

3.3.3 Effect of pharmacological inhibition of PI3K IB with AS-604850—
AS-604850 was used at 1 μM to specifically inhibit p110γ [38]. This AS-604850 treatment 

did not affect basal cardiac function or recovery after ischemia (not shown). Co-treatment 

with AS-604850 and ouabain did not alter LVDP (62.0±5.2% vs. 62.1±1.4% in OPC, N.S) 

or EDP recovery (34.9±5.4 mmHg vs. 26.2±1.5 mmHg, N.s.) after IR compared to OPC. 

Consistently, LDH release from AS/OPC hearts was low (7.0±1.3 U vs. 19.3±2.3 U in IR, 

P<0.01) and comparable to OPC (7.0±1.3 U vs. 4.0±0.5 U, N.s.). In contrast, addition of 

AS-604850 during IPC did blunt the protective effect on both LVDP (24.1±5.1% vs. 

63.9±3.8% in IPC, P<0.001) and EDP (60.7±5.1 vs. 27.4±4.5 in IPC, P<0.001). 
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Consistently, LDH release was significantly higher than that observed in IPC (17.1±1.3 vs. 

4.2±1.0, P<0.001).

3.4 Effect of PI3K IA inhibition on ouabain-induced PKCε translocation

In rat cardiac tissue, 4 min of treatment with ouabain 10 μM induced PKCε activation as 

evidenced by translocation from the cytosolic to the particulate fraction [3]. In that model, 

OPC protection was blunted by a PKCε translocation inhibitor, suggesting that PKCε 

translocation is required for OPC [3]. To test whether PI3K IA inhibition blunted OPC by 

interfering with PKCε translocation, PKCε content was assayed in cytosolic (C) and 

particulate (P) fractions from hearts treated for 4 min with or without ouabain and/or PI-103. 

The results presented in figure 8 show that ouabain treatment did increase the PKCε content 

in the particulate fraction by about 60% (P<0.001 vs. C), comparable to our previous finding 

in rat hearts [3]. However, PI-103 did not affect basal P/C ratios of PKCε in the presence or 

absence of ouabain treatment, suggesting that PI3K IA activity was not required for PKCε 

translocation.

3.5 Effect of Akt inhibition on OPC and IPC-induced protection

At 5μM, addition of the pan-Akt inhibitor MK-2206 did not affect basal contractility or 

recovery after IR (not shown), but significantly reduced Akt phosphorylation at Ser 473 

(figure 9D). Co-treatment with MK-2206 and ouabain did not alter LVDP (9A) or EDP 

recovery (9B) after IR compared to OPC. Consistently, LDH release from OPC/MK hearts 

was low and comparable to OPC (9C). In contrast, addition of MK-2206 during IPC did 

blunt the protective effect on both LVDP (9A) and EDP (9B, P<0.05 vs IPC). Consistently, 

LDH release was significantly higher than that observed in IPC (P<0.001).

4. Discussion

Using a combination of highly selective PI3K isoform inhibitors in Langendorff-perfused 

mouse heart preparations, this study was designed to test the hypothesis that OPC and IPC 

are relayed by distinct PI3K isoforms. We found that, in contrast to IPC, OPC was blunted 

by the PI3K-IA inhibitor PI-103. Conversely, OPC was not affected by the addition of the 

PI3K-IB inhibitor AS-604850, a treatment that did hinder IPC. This study also revealed that 

PI3K-IA activation is not required for PKCε activation in the OPC signaling cascade.

Using the approach described in figure 1, we investigated the role of PI3K-IA and IB in the 

trigger phase (i.e. pre-ischemic period) of IPC and OPC. Because 1) all inhibitors used are 

known to be reversible [31, 39, 40] and 2) all protocols included a wash-out sequence at the 

end of the pre-ischemic period (figure 1), PI3K IA and/or IB inhibition was in all likelihood 

lifted before ischemia began. Consistent with this assumption, we observed that PI3K-IA-

dependent Akt phosphorylation was triggered by ouabain applied after an 8 min wash-out 

following PI-103 treatment (not shown). Consequently, possible effects of PI3K-IA and/or 

IB inhibition during ischemia and/or reperfusion need not be considered here. This 

substantially simplifies interpretation, considering the complex and sometimes paradoxical 

roles of important intracellular players of preconditioning during different phases of IR (i.e. 
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pre-ischemia vs. ischemia vs. reperfusion). Src [41], PKC [42] and ROS [43, 44] are among 

the best described examples of such complex patterns.

The choice of a pharmacological approach also stemmed from a need to circumvent the use 

of mouse models with altered expression/function of PI3K isoforms. Studies where the class 

IA PI3Kα and/or the class IB PI3Kγ were targeted have illustrated the prominent role of 

these proteins in cardiac structure and function and the complexity of the resulting 

phenotypes. In particular, probing preconditioning pathways has proved difficult, owing to 

altered basal sensitivity to IR in these models [25, 26, 45].

A few aspects of the pharmacology of the selected inhibitors should also be noted. The 

selectivity of ATP-competitive PI3K-IA inhibitor PI-103 towards PI3K-IA is known to be 20 

times over PI3K-IB [39]. AS-604850, also an ATP-competitive PI3Kγ inhibitor, has a 

selectivity of 80-fold for PI3Kγ over PI3Kδ/β, and 18-fold for PI3Kγ over PI3Kα [31]. Such 

degrees of selectivity, combined with the design of the protocol, were critical for this study. 

In vitro, PI-103 was also shown to inhibit DNA-PK, the rapamycin-sensitive (mTORC1) and 

rapamycin-insensitive (mTORC2) complexes of the protein kinase mTOR [39]. Hence, 

effects of PI-103 unrelated to PI3K-IA inhibition in this study cannot be excluded. However, 

such effects are unlikely candidates to explain the PI-103-mediated inhibition of OPC. In 

fact, mTORC1 inhibition would be expected to do just the opposite, as it is typically 

protective against IR, as illustrated by the well-known effect of rapamycin [46]. Consistent 

with a minimal impact in this study, we did not observe any significant functional effect of 

the transient pre-ischemic exposure in the IR or the IPC group. Conversely, an inhibition of 

DNA-PK or mTORC2 could lead to increased damage [47, 48], but again the absence of 

effect in the IR (not shown) and IPC groups argue against a significant effect in the 

conditions of this study.

Mechanistically, we found that ouabain-induced PI3K-IA activation is required for 

protection by OPC. Of note, this PI3K-IA activation is not required for ouabain-induced 

PKCε activation (fig 8), which underscores the need for further characterization of the 

respective roles and interplay between PI3K-IA and PKCε, as well as other previously 

identified players in OPC such as Src, ROS, and the mitochondrial ATP-dependent K+ 

channel [3, 4, 49]. Since inhibition of either PKCε [3, 49] or PI3K-IA (present study) blunts 

OPC-induced protection, one wonders if and where cross talks between the two occur and/or 

whether they converge to the regulation of a key single effector or target multiple cellular 

functions critical to OPC-induced salvage. Downstream from PI3K-IA, the data in figure 2 

corroborated previous findings of PI3K-IA-dependent activation of Akt by ouabain in 

cardiac tissue [10], but a potential role of Akt in OPC-induced protection was subsequently 

ruled out using pharmacological inhibition (figure 9). This was somewhat surprising, given 

the central role of the PI3K/Akt pathway in the regulation of cell survival and substrate 

utilization, which are in turn critical in IR injury and in mechanisms of protection. This new 

and rather unique feature of OPC warrant future investigation of the role of ouabain-induced 

Akt activation in OPC beyond the trigger phase.

Taken together, the results from the present study are consistent with previous reports and 

reveal new mechanistic distinctions between OPC and IPC pathways upstream and 
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downstream from PI3K. Specifically, IPC is known to trigger the release of GPCR ligands 

(bradykinin, opioid peptides, and adenosine) [50]. The vast majority of GPCRs are 

associated with PI3K p110γ signaling, consistent with the PI3K-IB but not PI3K-IA 

requirement for IPC protection [25, 51]. In contrast, ouabain signaling is specific of PI3K-IA 

[10]. The proposed but not established mechanism for this effect is a ouabain-induced 

interaction of a proline-rich domain of the α-subunit of Na(+)/K(+)-ATPase with the SH3 

domain of the p85 subunit of PI3K-IA [52]. Consistently, we observed that PI3K-IA but not 

IB activity is required for OPC. In IPC, early events downstream from PI3K-IB include the 

activation of Akt, which is in turn required for the activation of a endothelial nitric oxide 

synthase (eNOS)/ guanylyl cyclase (GC)/ cGMP-dependent protein kinase (PKG) sequence 

[25, 50, 53, 54]. In contrast, the present study revealed that Akt is not involved downstream 

from PI3K-IA in OPC. This finding is consistent with a previous report which excluded a 

major role for GC or PKG in OPC [4]. Of note, a number of similarities have also been 

reported between IPC and OPC intracellular pathways, which include PKCε, the 

mitochondrial K-ATP channel, and the generation of oxygen radicals [3, 4, 22, 55, 56].

Because this study reveals that OPC operates through PI3K-IA rather than IB as observed 

for IPC, it is tempting to speculate that OPC can trigger “insulin-like” protective effects 

related to substrate utilization or cell survival, which may result in protection where IPC 

efficiency has been shown reduced or abolished [57-59]. On the other hand, the somewhat 

unexpected lack of requirement for Akt warrant further investigation into the mechanism 

involved downstream from PI3K-IA. These new mechanistic insights into two modalities of 

preconditioning that are rarely used or not used at all clinically suggest that novel single or 

combinatory approaches may be devised for patients at risk for myocardial infarction with 

underlying diseases and/or medication that could differentially affect the integrity of cardiac 

PI3K-IA and IB pathways.
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Highlights

• Inhibition of PI3K-IA but not PI3K-IB blocked ouabain preconditioning (OPC).

• Inhibition of PI3K-IB but not PI3K-IA blocked ischemic preconditioning (IPC).

• Pre-ischemic inhibition of Akt inhibited IPC but not OPC.

• Ouabain induced PKCε activation was not altered by PI3K inhibition.

• PKCε translocation is necessary but not sufficient for OPC.
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Figure 1. Perfusion protocols
Hearts from 10-14 week old C57/Bl6 male mouse were studied. Protocol A was used to 

assess trigger phase signaling (PI3K, Akt and PKCε). Protocol B was used to evaluate 

ischemia/reperfusion (IR) injury. After equilibration, IR was triggered by 40 min of zero-

flow ischemia followed by 30 min of reperfusion, unless otherwise stated. Ischemic 

preconditioning (IPC) was induced by 4 cycles of 5min zero-flow ischemia and 5 min 

reperfusion. Ouabain preconditioning (OPC) was induced by 4min of exposure to ouabain 

10μM followed by 8min washout before ischemia. KH: Krebs Henseleit buffer.
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Figure 2. OPC-induced activation of the PI3K-IA/Akt Pathway
Mouse hearts were perfused with ouabain 10μM for 4 min in the presence or absence of 

PI-103 100 nM and frozen in liquid nitrogen (Protocol A in figure 1). 2A. PI3K-IA&IB 
Activity was measured as described in Methods. 2B. Akt. Total Akt and Ser473 

phosphorylated Akt (pAkt) contents were evaluated. Values are mean ± SEM (n=3-4). * 

P<0.05 and ** P < 0.01 vs. control.
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Figure 3. Effect of OPC and IPC on Myocardial Function during and after IR
Representative traces of left ventricular pressures throughout the protocols (3A). Left 

ventricular developed pressure (LVDP, 3B) and end diastolic pressure (EDP, 3C) were 

continuously measured and compared in preparations exposed to a IR, IPC or OPC (figure 

1). Values are means ± SEM of 5 independent experiments for each group. *** P < 0.001 vs. 

IR.
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Figure 4. Effect of OPC and IPC on myocardial cell survival after IR
4A. Time-dependent release of lactate dehydrogenase (LDH) in coronary effluents 

throughout the 30 min of reperfusion. 4B. Total LDH release calculated from the 30 min 

area-under-the curves. Values are means ± SEM (n=5). 4C. Infarct size as determined in 

hearts stained with TTC as described in Methods. Infarct size was expressed as percentage 

of the area risk. Values are means ± SEM (n=6). * P<0.05 and *** P<0.001 vs. IR.
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Figure 5. Effect of dual pharmacological inhibition of PI3K-IA and IB by LY-294002 on OPC-
induced myocardial protection
Transient exposure to ouabain was performed in the presence or absence of LY-294002 

(Protocol B, figure 1). LVDP (5A), basal and final EDP (5B) and LDH release (5C) are 

shown. Values are mean ± SEM (n=5). *** P<0.001 vs. OPC.
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Figure 6. Effect of pharmacological inhibition of PI3K IA by PI-103 on OPC and IPC-induced 
myocardial protections
PI-103 100 nM was co-administered with OPC or IPC treatment prior to ischemia (figure 1). 

Left ventricular developed pressure (LVDP, 6A), basal and final end diastolic pressures 

(EDP, 6B) and lactate dehydrogenase release (LDH, 6C) are shown. Values are mean ± SEM 

(n=5). *** P<0.001 vs. OPC.
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Figure 7. Effect of PI3K IB pharmacological inhibition by AS-604850 on OPC and IPC-induced 
myocardial protections
AS-604850 1 μM was co-administered with OPC or IPC treatment prior to ischemia (figure 

1). Left ventricular developed pressure (LVDP, 7A), basal and final end diastolic pressures 

(EDP, 7B) and lactate dehydrogenase release (LDH, 7C) are shown. Values are mean ± SEM 

(n=5). *** P<0.001 vs. IPC.
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Figure 8. Effect of PI3K-IA inhibition by PI-103 on ouabain-induced PKCε activation
Hearts were perfused for 4 min with or without ouabain and/or PI-103 according to Protocol 

A (Figure 1). Cytosolic (C) and particulate (P) fractions were prepared from heart lysates as 

described in Methods and P/C ratios of PKCε contents were compared. Upper panel: 
representative western blot. Lower panel: means ± SEM of 3-5 separate experiments. *** P< 

0.001 vs. C, ## P < 0.01 vs. PI-103.
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Figure 9. Effect of Akt pharmacological inhibition by MK-2206 on OPC and IPC-induced-
myocardial protections
MK-2206 5 μM was co-administered with OPC or IPC treatment prior to ischemia (figure 

1). Left ventricular developed pressure (LVDP, 9A), basal and final end diastolic pressures 

(EDP, 9B) and lactate dehydrogenase release (LDH, 9C) are shown. Values are mean ± 

SEM. * P<0.05 or ** P<0.01 vs. IPC. 9D. Akt. Hearts were perfused for 4 min with or 

without ouabain and/or MK-2206 according to Protocol A (Figure 1). Total Akt and Ser473 

phosphorylated Akt (pAkt) contents were evaluated. Upper panel: representative western 

blot. Lower panel: means ± SEM of 3-5 separate experiments. *** P< 0.001 vs. C, ### P < 

0.01 vs. OUA.
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