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Abstract

Ouabain preconditioning (OPC) initiated by low concentrations of the cardiac glycoside (CG) 

ouabain binding to Na/K-ATPase is relayed by a unique intracellular signaling and protects 

cardiac myocytes against ischemia/reperfusion (IR) injury. To explore more clinically applicable 

protocols based on CG properties, we tested whether the FDA-approved CG digoxin could 

trigger cardioprotective effects comparable to those of ouabain using PC and PostC protocols 

in the Langendorff-perfused mouse heart subjected to global ischemia and reperfusion. Ouabain 

or digoxin at 10 µmol/L inhibited Na/K-ATPase activity by about 30% and activated PKCε 
translocation by about 50%. Digoxin-induced preconditioning (DigPC), initiated by a transient 

exposure prior to 40 min of ischemia, was as effective as OPC as suggested by the recovery of 

left ventricle developed pressure (LVDP), end-diastolic pressure (EDP) and cardiac Na/K-ATPase 

activity after 30 min of reperfusion. DigPC also significantly decreased LDH release and reduced 

infarct size, comparable to OPC. PostC protocols consisting of a single bolus injection of 100 

nmoles of ouabain or digoxin in the coronary tree at the beginning of reperfusion both improved 

significantly the recovery of LVDP and decreased LDH release, demonstrating a functional and 

structural protection comparable to the one provided by OPC. Given the unique signaling triggered 

by OPC, these results suggest that DigPostC could be considered for patients with risk factors 

and/or concurrent treatments that may limit effectiveness of Ischemic PostC.
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Introduction

The Na/K-ATPase is the membrane-spanning enzyme complex that establishes and 

maintains cellular ion homeostasis through the active transport of Na+ and K+ ions against 

their electrochemical gradients [1, 2]. Cardiac glycosides (CG) are specific inhibitors of 

Na/K-ATPase ion-pumping function, which results in subsequent increase in intracellular 

Na+, increased Na+/Ca2+ exchange, and cardiac positive inotropic action [3, 4]. CG also 

initiate Na/K-ATPase signaling, and the activation of specific intracellular pathways leads 

to additional cardiac actions such as hypertrophic growth [5, 6] or resistance to ischemia-

reperfusion injury. The latter can be triggered by exposure to either inotropic [7] or sub-

inotropic concentrations of the CG ouabain prior to global ischemia in the isolated perfused 

mouse-, rat-, and rabbit hearts, or in primary culture of rat neonatal cardiac myocytes [7–11]. 

By analogy to ischemic preconditioning (IPC), which was the first form of preconditioning 

(PC) described in 1986 [12], cardioprotection by exposure to a low concentration of ouabain 

prior to a prolonged ischemic insult is referred to as ouabain preconditioning (OPC). In 

various systems, we have shown that OPC is relayed through a pathway initiated by ouabain 

binding to the Na/K-ATPase protein complex and transmitted from the sarcolemma to the 

mitochondria via key mediators that include Src, PKCε, PI3K-IA, mitochondrial KATP 

channel, and reactive oxygen species [7, 11, 13, 14].

In contrast to IPC, ischemic postconditioning (IPostC) can be triggered by a few very brief 

(< 1 min) bouts of ischemia and reperfusion at the onset of reperfusion, as discovered by 

Zhao, et al. in 2003 [15]. Because the onset of ischemia is unpredictable, postconditioning 

is more applicable in the context of myocardial infarction to reduce reperfusion injury 

during percutaneous interventions [16–19]. In the past few years, phase II trials have shown 

cardioprotective effects of IPostC in patients with acute myocardial infarction. However, 

there is also evidence that not all patients may benefit from IPostC given the potential 

influence of comorbidities and medication on IPostC cardioprotective signaling, as recently 

re-emphasized by Hausenloy and co-authors [20]. Our previous study in mouse heart has 

suggested that OPC, unlike IPC and many other forms of PC, does not require PI3K–IB or 

Akt activation [11]. Since disease states and/or medication differentially affect the integrity 

of those pathways in the heart, a CG-based approach could be a suitable alternative to 

IPostC in those cases, if clinically applicable. Accordingly, the present study was undertaken 

to assess whether the only FDA-approved CG, digoxin, could trigger cardioprotective effects 

comparable to those of ouabain using PC and PostC protocols in the Langendorff-perfused 

mouse heart subjected to global ischemia and reperfusion.

Material and Methods

Langendorff-perfused isolated mouse heart model

All animal care and experiments were approved by the Marshall University Institutional 

Animal Care and Use Committee (IACUC) in accordance with the National Institutes of 

Health (NIH) Guide for the Care and Use of Laboratory Animals. C57BL/6J male mice 

obtained 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–
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Henseleit solution and mounted on a non-recirculating Langendorff apparatus. Retrograde 

perfusion was performed using an oxygenated Krebs–Henseleit buffer containing (in 

mmol/L) 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), at 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 ~ 70 mm Hg as described [21] 

[22]. Isovolumic left ventricular developed pressure (LVDP) was measured by inserting 

a water-filled polyethylene balloon into the left ventricle connected to a P23XL Becton 

Dickinson pressure transducer, a CP122 AC/DC strain gage amplifier and PowerLab 2/26 

recording system (ADInstruments, Sydney, Australia). End diastolic pressure (EDP) was 

adjusted initially at 5–10 mm Hg. Hearts were paced at 9.7 Hz (4 V) with bipolar electrodes 

attached to the left ventricle using a Grass SD9 stimulator, and pacing was maintained 

throughout the experiment. After 10 to 15 min of equilibration, one of the protocols shown 

in Figure 1 was initiated, and LVDP and EDP were monitored throughout the experiment.

Experimental protocols

Hearts were subjected to control or ischemia/reperfusion protocols with or without 

preconditioning or postconditioning as shown in Figure 1. The control group (C) was 

perfused continuously for 115 min. The ischemia–reperfusion group (IR) was perfused for 

45 min, subjected to 40-min zero-flow ischemia, and reperfused. Preconditioning treatments 

(OPC, DigPC) were induced by 4 min of 10µM ouabain or digoxin (Sigma, Saint-Louis, 

MO, USA) that ended 8 min before ischemia. Postconditioning treatments were induced by 

a bolus of 100nmoles of ouabain or digoxin at the onset of reperfusion. Digoxin perfusates 

contained 0.1% dimethyl sulfoxide (DMSO). Hence, corresponding DMSO groups were 

added and used as controls for DigPC and DigPostC. After ischemia, all hearts were 

reperfused with oxygenated Krebs-Henseleit solution for 30 min or 120 min (for infarct 

size measurements).

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 Cytotoxicity Detection Kit 

(Roche Applied Science, Indianapolis, IN, USA) as described [7].

Infarct Size Measurement

After 120 min of reperfusion, hearts were frozen (−20 °C) for 20 min, sliced into 

approximately 2 mm thick transverse sections and incubated in triphenyltetrazolium chloride 

solution (TTC, 1% in phosphate buffer, pH 7.4) at 37 °C for 20 min, then further incubated 

for 20 min in 10% buffered formalin phosphate (SF100-4, Fisher Scientific Co., Fair Lawn, 

NJ, USA). TTC stains the viable tissue in a bright-red color, and leaves nonviable as pale 

yellow. Quantitation was obtained the protocol that we have previously reported and that 

is based on Ythehus et al recommendations [23]. Briefly, the stained slices were scanned 

and quantified by image J (version 1.42q) software (National Institutes of Health, USA 

http://rsb.info.nih.gov/ij/). The area of infarct was calculated as a sum of infarct areas from 

all sections from the same heart using a macro as we have previously reported [24] and 

expressed as percentage of the area at risk (equivalent to total cardiac muscle).
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Tissue Preparation, Protein Electrophoresis and Immunodetection of Na/K-ATPase 
isoforms

Hearts were quick-frozen in liquid nitrogen at 115 min of their respective protocols 

(Figure 1). Left ventricles were powdered and 100 mg of tissue were added to 1 ml of 

ice-cold radioimmunoprecipitation assay buffer (RIPA- 50mM Tris-base, 150mM NaCl, 

1% IGEPAL, 0.25% sodium deoxycholate, 1 mM EDTA and 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, 

and supernatants (60 mg) were dissolved in Laemmli sample buffer, incubated at 37 °C for 

20min, separated on 10% SDS-PAGE, transferred to a nitrocellulose membrane and probe 

with anti- Na/K-ATPase α1 (α6f, Developmental Studies Hybridoma Bank at the University 

of Iowa), anti- Na/K-ATPase α2 (AB9094. Millipore, Billerica, MA), anti-Na/K-ATPase α3 

(anti-TED antibody, a gift from Dr. T. A. Pressley, Texas Tech University Health Science 

Campus, Lubbock, TX), anti- Na/K-ATPase β1 (05–382. Millipore, Billerica, MA) or anti-

GAPDH (sc20357, Santa Cruz, CA, USA) as described previously [7, 8].

PKCε translocation from cytosolic to particulate fraction

At time 37min of the preconditioning protocols indicated in Figure 1, hearts from different 

groups were snap frozen in liquid nitrogen and homogenized in buffer A containing 

(in mmol/L) EGTA(10), EDTA(1), DTT(0.5), PMSF(1), proteinase inhibitor cocktail, Tris-

HCl(20), pH 7.5. Homogenates were centrifuged at 100,000 ×g for 1 h at 4 °C. The 

supernatant designated as the cytosolic fraction was removed and saved. The pellet was 

sonicated and centrifuged at 25,000 ×g in buffer A containing 1% Triton. The supernatant 

was collected as the particulate fraction as we previously described [7]. Cytosolic and 

particulate fractions were used in SDS-PAGE and immunoblotting using the anti-PKCε 
antibody C-15 (Santa Cruz, CA, USA).

Na/K-ATPase Activity

Hearts were frozen in liquid nitrogen. One hundred mg of powdered heart tissue were 

placed into 10ml ice-cold 1M KCl and homogenized in a 30 ml homogenizer by 15 times 

up-and-down strokes and again with a polytron PT-10/ST for 30s. The homogenates were 

centrifuged at 1000g for 10 min. The sediment was washed once with a solution containing 

50 mM KCl and 50 mM Tris-HCl (pH 7.4), and twice with 50 mM Tris-HCl (pH 7.4). The 

final pellet was suspended in 1mM Tris-EDTA (pH 7.4). The resulting crude homogenates 

were incubated with the ionophore alamethicin (0.5mg/mg protein) for 10 minutes at 25°C 

prior to ouabain sensitive ATPase activity measurement as previously described [25, 26]. 

This alamethicin treatment is necessary to insure the access of substrates and inhibitors to 

both the ATP- and ouabain- binding sites of the enzyme in closed membrane vesicles that 

may form in crude homogenates. Na/K-ATPase activity was measured in 50µg of protein 

of alamethicin-pretreated samples by colorimetric determination of inorganic phosphate 

released after incubation of 10 minutes at 37°C in a reaction buffer containing (in mmol/L) 

Tris-HCl (20), MgCl2 (1), NaCl (100), KCl (20), EGTA-Tris (1), and NaN3(5). After 

addition of 2 mmol/L Mg2+/ATP, the enzymatic reaction was allowed to run for 10 min 
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before the addition of 1 mL ice-cold 8% tricholoroacetic acid to terminate the reaction. The 

amount of phosphate released was determined by using an inorganic phosphate detection 

kit (AK-111, Biomol Research Laboratories, Inc., Plymouth Meeting, PA, USA), according 

to the manufacturer’s recommendation. Ouabain insensitive activity was measured in a 

separate reaction in the presence of 1 mmol/L ouabain in the same buffer. Ouabain sensitive 

Na/K-ATPase activity was then determined by substracting ouabain insensitive from total 

ATPase activity. To establish the ouabain dose-response curve, 50mg control hearts tissue 

was prepared as described above, and 13 concentrations of ouabain (ranging from 10−9 

to 10−3 mol/L) were added in the reaction buffer. The resulting data were analyzed 

by nonlinear regression and best fitted with biphasic curve using GraphPad Prism 5.0 

(GraphPad Software, Inc, La Jolla, CA).

Statistical Analysis

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

comparison post hoc test. P<0.05 was considered statistically significant.

Results

Characterization of the cardiac glycoside sensitivity and the isoenzyme composition of 
hearts of C57BL/6J male mice

The catalytic activity of the entire pool of cellular Na/K-ATPase was measured in crude 

homogenates of hearts prepared using a high salt solution as detailed in Methods. The 

ouabain-sensitive ATPase activity corresponding to Na/K-ATPase activity was 7.8±0.6 µmol 

Phosphate (Pi)/h/mg protein. The dose-response curve to ouabain measured as described in 

Methods revealed a biphasic inhibitory curve after best-fit analysis, indicating at least two 

isoforms with differed ouabain sensitivity. As shown in Figure 2A,a site of high affinity 

with an IC50 of 6.3 × 10−8 mol/L accounted for about 29% of the total Na/K-ATPase 

activity, with the remaining 71% corresponding to the activity of the site of low affinity (1.0 

× 10−4 mol/L) typically observed in rodent tissues. These findings are in accordance with 

what has been reported in the literature [27]. Generally speaking, 71% corresponding to the 

activity of the site of low affinity is viewed as the ouabain-resistant rodent α1 predominant 

isoform (about 80%) of the α-catalytic subunit in the adult rodent heart, the remainder 

being ouabain-sensitive α2 [27–30]. However, expression of ouabain-sensitive α3 has also 

been reported in adult mice heart [31]. Thus, possible expression of α3 was also carefully 

considered in this study. The molecular identity of Na/K-ATPase isoenzymes composed of 

α and β subunits in the C57BL/6J mouse heart was assessed by western blotting using 

isoform-specific antibodies in whole heart homogenates. As shown in Figure 2B, the three 

isoforms of the catalytic subunit were detected in the mouse brain, which was used as a 

positive control. In the C57BL/6J heart, Na/K-ATPase α1, α2 and β1 were readily detected, 

but not α3. Alpha 3 remained undetectable when the amount of heart lysate proteins was 

increased from 50 to 150 µg. These argued against a significant expression of the α3 isoform 

in the C57BL/6J heart.
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Comparative effects of Ouabain and Digoxin on Na/K-ATPase enzyme and signaling 
functions

As shown in Figure 3A, addition of 10µmol/L ouabain and digoxin to a crude cardiac 

homogenate resulted in a comparable inhibition of the Na/K-ATPase of about 30% (ouabain 

29.5±1.2 % and digoxin 28.2±1.6 %) compared to their respective controls. Although 

DMSO 0.1% was used as a control for the digoxin group, it is important to note that 

no difference was observed between Na/K-ATPase activities measured in the presence of 

absence of 0.1% DMSO (not shown). We further tested whether exposure to 4 min of 

digoxin 10µmol/L could trigger PKCε translocation from the cytosolic to the particulate 

fraction, a required step of the ouabain preconditioning pathway [24]. The data presented in 

Figure 3B suggest that indeed, this treatment of digoxin led to PKCε response comparable to 

that observed when ouabain was given in the same conditions.

Comparative effects of Ouabain and Digoxin Preconditioning on Cardiac Contractile 
Function

Following a 10–30 min equilibration period, cardiac performance of Langendorff-perfused 

C57BL/6J mouse hearts was stable and randomly assigned to different treatment groups. 

In control hearts, LVDP was 58±1.4 mmHg, EDP was 9.7±0.7, and dP/dt was 5238 ±112 

mmHg/s, with less than 10% variation over the 205 min perfusion period (not shown). 

There was no significant difference in baseline contractile performance between groups (not 

shown). Four min of exposure to 10µmol/L ouabain or digoxin caused a similar transient 

increase in LVDP (21.2±2.1 % and 23.4±6.1 %, respectively) with return to basal level after 

8 min of washout (time-point 45 min, Figure 1). Ischemia resulted in cardiac arrest in all 

groups. At reperfusion, cardiac function was significantly compromised in all groups, and 

the rigor-type ischemic contracture was observed as shown by the significant raise in EDP 

(time = 75 min, Figure 3B). Cardiac contracture resumed within seconds of reperfusion 

in all groups. OPC and DigPC improved cardiac contractile performance within minutes 

of reperfusion. At the end of 30 min of reperfusion, the LVDP recovery was 29.6±3.7% 

in the non-treated group and 33.8±3.4% in the DMSO group, again suggesting that the 

trace amount of DMSO used to increase digoxin solubility did not affect IR injury in these 

conditions. OPC and DigPC treatments yielded to significantly higher recoveries of LVDP at 

30 min (62.1±1.4 % and 62.5±1.9 %, respectively, P<0.05 vs. respective controls). This was 

correlated with a similar protection against IR-induced increased in EDP of about 25% by 

OPC and DigPC (P< 0.05 vs. respective controls), as shown in Figure 4B at t=120 min.

Reduced Myocardial Cell Death in Ouabain and Digoxin Preconditioned Hearts

To further test whether tissue viability was preserved by the preconditioning treatments, 

lactate dehydrogenase release was measured at reperfusion as detailed in Methods. The 

amount of LDH released during the first 30 min of reperfusion (calculated as the area under 

the curve) was comparable in the IR and DMSO groups (Figure 5), suggesting that the 

small amount of DMSO used as vehicle did not interfere with the assay or significantly 

affect cell viability. DigPC-induced decrease in LDH released was significantly lower than 

IR, undistinguishable from that measured in the OPC group (Figure 5). These findings 

were corroborated by infarct size measurements after triphenyltetrazolium chloride (TTC) 
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staining in hearts reperfused for two hours (Figure 6). Indeed, infarcts resulting from 40 min 

of global ischemia and 2 hours of reperfusion were comparable in untreated hearts and in 

hearts treated with DMSO only (52.3±2.2% and 52.1±1.4% of the area at risk, respectively 

(Figure 6), but significantly decreased in OPC (35.3±3.7 % P<0.001 vs. IR) and DigPC 

hearts (34.4±1.6 %, P<0.001 vs. DMSO).

Preserved Post-ischemic Cardiac Na/K-ATPase Enzymatic Activity with Ouabain or Digoxin 
Preconditioning

To test whether treatment with the selected CG could protect mouse myocardial Na/K-

ATPase against IR-induced alteration, the maximal ouabain-sensitive Na/K-ATPase activity 

was measured in crude homogenates prepared from hearts exposed to 40 min of ischemia 

and 30 min of reperfusion. As expected, Na/K-ATPase activity was significantly decreased 

by about 60% in IR and DMSO-IR groups (3.2±0.9 µmol Pi/h/mg and 3.3±1.2 µmol 

Pi/h/mg, P<0.01 compared to 7.8±0.6 µmol Pi/h/mg in control hearts). As shown in 

Figure 7, OPC and DigPC had a significantly higher Na/K-ATPase activity (7.3±0.3 µmol 

Pi/h/mg and 6.9±0.2 µmol Pi/h/mg, P<0.05 vs. IR or DMSO+IR). This activity was 

undistinguishable from that of control hearts (P>0.05). As depicted in Figure 7, these 

changes in activity following ischemia/reperfusion or preconditioning were not associated 

to any detectable change in Na/K-ATPase α1, α2 or β1/GAPDH ratios in whole heart 

homogenates, suggesting that changes in total protein levels of Na/K-ATPase subunits did 

not occur.

Cardioprotective Effects of Post-conditioning by Ouabain and Digoxin

Many substances that can trigger preconditioning (PC) are also able to trigger 

postconditioning (PostC) through similar signaling pathways [16–19]. To test whether 

selected CG could also trigger postconditioning, a bolus infusion of 100 nmoles ouabain was 

given just before the beginning of reperfusion (Figure 1). As shown in Figure 8, at the end 

of 30min reperfusion, the LVDP in ouabain postconditioning (OPostC) group was recovered 

significantly compared to IR group (62.5 ±1.4 % vs. 29.6±3.7%, P< 0.001) and the extent 

of recovery was comparable to that of OPC (62.1±1.4 %). Accordingly, the total amount of 

LDH released during 30min reperfusion was also decreased significantly in OPostC group to 

30.8±2.8% of the amount in IR group (P<0.001) . The decrease of LDH in OPostC was also 

comparable to OPC group (32.3±5.0 % of IR). These results indicated that OPostC was as 

potent as OPC in terms of cardioprotection in face of ischemia-reperfusion injury. Due to the 

similarity between ouabain and digoxin in biochemical and signaling properties as shown 

in Fig. 3, the same PostC protocol was used for digoxin (bolus injection of 100nmoles 

digoxin). At the end of 30 min reperfusion, DigPostC also significantly improved LVDP 

recovery (62.2±5.5%, 29.6±3.7% in IR, P<0.001) and significantly lowered LDH release 

(36.2±4.6% of IR, P<0.001 vs. IR). Compared to OPostC, the LVDP and LDH release 

in DigPostC were very similar. These results suggest that OPostC and DigPostC afforded 

comparable levels of protection against ischemia-reperfusion injury.
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Discussion

Basic and clinical ischemic-reperfusion research continues to support effectiveness 

and feasibility of cardioprotection beyond timely reperfusion, but there is still no 

cardioprotective drug available [32]. Translation of experimental results into the clinical 

setting has been challenging for a number of reasons, the least of which is the impact 

of cardiovascular co-morbidities such as hypertension or diabetes and their treatments on 

most known cardioprotective mechanisms [33]. Based on our 2015 study [11], the specific 

signaling pathway triggered by OPC would be uniquely suited for patients with diseases 

and/or treatments that impair PI3-KIA or Akt-dependent signaling. Before any further 

consideration could be given to this concept, two key questions had to be addressed. First, 

could cardioprotective signaling and favorable tissue response be triggered with digoxin, the 

only FDA-approved CG, which has been used clinically in the management of heart failure 

and atrial fibrillation for decades [34]. The second question, also translational in nature, was 

whether or not a CG-based post-conditioning (DigPostC) protocol could be established and 

afford a significant cardioprotection comparable to that of an ischemic post-conditioning 

protocol.

Given the many features shared by all CG, the answer to the first question may seem 

predictable at first. Indeed, all CG share a unique core structure. More specifically, digoxin 

and ouabain share the same five-membered lactone ring, but have different hydroxyl group 

substitutes and different glycosylation connected to the steroid core [35]. All CG are also 

known to bind to and inhibit Na/K-ATPase and increase the cardiac force of contraction. On 

the other hand, they are numerous reports that CG do trigger diverse-, if not antagonistic, 

biological responses [36]. The underlying mechanisms, but also the crucial physiological 

and pharmacological consequences of this diversity are currently the focus of intense 

investigation; particularly in cardiovascular and cancer research [35, 37, 38]. In terms of 

cardioprotective signaling against ischemia-reperfusion injury, the focus has been on OPC 

and the underlying pathway involving Src kinase, PKCε, mitoK-ATP opening, and PI3K–IA 

[11]. Although encouraging initial results have been reported by d’Urso et al. [9], it has 

remained unknown whether a transient exposure to a subinotropic concentration of digoxin 

would trigger PKCε translocation and subsequent preconditioning. As shown in figure 3, 

ouabain and digoxin at a concentration of 10 µmol/L produced a similar level of inhibition 

of the mouse cardiac Na/K-ATPase when applied to a crude extract. At this concentration, 

they also triggered a comparable stimulation of about 50% of the cardioprotective PKCε 
translocation from the cytosolic to the particulate fraction after 4 min. DigPC with 10 

µmol/L digoxin afforded protection against I/R induced cardiac dysfunction and cell death, 

as well as a protection of Na/K-ATPase activity comparable to OPC.

Accordingly, we set out to address the second objective of this study, which was to test 

whether a CG-based post conditioning protocol could be developed with digoxin. Perhaps 

not surprisingly, initial attempts using 10 µmol/L of ouabain for 4 minutes at the onset of 

reperfusion yielded negative results (data not shown). Based on our recent study in the rat 

[14], this concentration of ouabain may have triggered an unsustainable level of inhibition 

of Na/K-ATPase α2- and α1-containing isoenzymes in the ischemic heart and hinder the 

recovery of ion homeostasis at reperfusion. This initial finding, along with hints from IPostC 
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algorithms and pharmacological PostC reporting brief intermittent periods of exposure to 

treatment as most effective at reperfusion, especially in small species [39], prompted us to 

opt for a brief, one-time (bolus) injection of 100 nmoles of ouabain at reperfusion. As shown 

in figure 8, this postconditioning protocol was as effective as OPC in protecting cardiac 

structure and function, and could be triggered by both ouabain and digoxin.

Based on in vitro studies in epithelial cells [40], Na/K-ATPase α1, rather than α2, 

would be the critical receptor for CG-based postconditioning. Although this remains to 

be firmly established, our findings suggest that CG-induced cardioprotective signaling is still 

achievable despite the isoform-specific endocytosis of Na/K-ATPase α1 that we and others 

have observed early during the ischemia reperfusion process [10, 41].

In sum, we report a novel DigPostC protocol that is highly protective against IR injury in the 

Langendorff-perfused mouse heart. Further pre-clinical investigation in vivo is warranted, 

and we propose that it should focus on digoxin rather than ouabain as a trigger. Indeed, 

decades of use of FDA-approved digoxin, still prescribed as the only oral inotropic agent 

available and the only inotropic agent associated with favorable effects on outcomes 

in patients with heart failure [42–45], shall greatly facilitate further translation of this 

cardioprotective effects into the clinical arena. Additionally, with DigPostC effects observed 

with a very small bolus injection in the coronary tree (Figure 8), concerns of toxicity 

associated with digoxin’s relatively low therapeutic index would be significantly curtailed.
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Figure 1. Experimental protocols
Hearts from 10–14 week old C57BL/6J male mice were isolated and perfused as shown. 

With the exception of the control group, all hearts were subjected to 40 min of zero-flow 

ischemia followed by 30 min (enzyme release and biochemical analysis) or 120 min of 

reperfusion (TTC staining) with Krebs-Henseleit (KH) buffer. Hearts in the preconditioning 

group (OPC, DigPC) were exposed to 4 min ouabain or digoxin at the indicated 

concentrations, followed by 8 min washout before ischemia. Hearts in the postconditioning 

group (OPostC, DigPostC) received 100 nmoles of the indicated drug as a bolus of 100 µL 

given through the aortic cannula at the onset of reperfusion. To control for possible effects 
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of the small amount of dimethyl sulfoxide (DMSO 0.1%) present in the digoxin perfusate, a 

DMSO group was perfused as shown.
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Figure 2. Cardiac glycosides sensitivity and isoenzyme composition of cardiac Na/K-ATPase in 
C57BL/6J male mice
A. Dose-response curve of Na/K-ATPase activity vs. ouabain concentrations. Heart 

crude homogenates were prepared as described in Methods. Na/K-ATPase activity was 

measured in the presence of the ionophore alamethicin and the indicated concentrations of 

ouabain. Values are mean ± SEM (n=4). B. Na/K-ATPase isoform detection in heart and 
brain crude homogenates. Representative blots from 3 independent experiments are shown.
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Figure 3. Comparative effects of Ouabain and Digoxin on Na/K-ATPase enzyme and signaling 
functions
A. Na/K-ATPase Activity. Residual Na/K-ATPase activity was compared in crude mouse 

heart homogenates subjected to 10 µmol/L ouabain or digoxin. Values are mean ± SEM 

of residual Na/K-ATPase-specific activity expressed as percentage of total Na/K-ATPase-

specific activity (n=4–6). B. Na/K-ATPase signaling. Mouse hearts were perfused for 4 

min with or without ouabain or digoxin 10 µmol/L and frozen in liquid nitrogen. Cytosolic 

(C) and particulate (P) fractions were prepared from heart lysates as described in Methods 
and P/C ratios of PKCε contents were compared. Values are mean ± SEM of 4–7 separate 
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experiments. *P < 0.05 and **P< 0.01 vs. control. Con: control, Oua: ouabain 10 µmol/L; 

Dig: digoxin 10 µmol/L.
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Figure 4. Comparative effects of OPC and DigPC on Left ventricular developed pressure (LVDP, 
A) and end diastolic pressure (EDP, B) recovery
Mice hearts were retroperfused in Langendorff mode and subjected to 40 min of global 

ischemia and 30 min of reperfusion without preconditioning treatment (IR or DMSO), or 

following exposure to ouabain preconditioning (OPC), or digoxin preconditioning (DigPC) 

according to the protocols described in Figure 1. Values are means ± SEM (n=5–6). *** 

P<0.001 vs. IR, ### P<0.001 vs. DMSO.
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Figure 5. Comparative effects of OPC and DigPC on Ischemia/Reperfusion-induced lactate 
dehydrogenase (LDH) release in coronary effluents
A. Time-dependent release of LDH in coronary effluents throughout the 30min of 

reperfusion. B. Total LDH release calculated from the 30 min area-under-the curves and 

expressed as percentage of the IR group. Values are means ± SEM (n=5–6). * P<0.05 vs. 

IR, # P<0.05 vs. DMSO. IR: ischemia/reperfusion, OPC: ouabain preconditioning, DMSO: 

DMSO + ischemia/reperfusion, DigPC: digoxin preconditioning.
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Figure 6. Comparative effects of OPC and DigPC on Ischemia/Reperfusion-induced infarction
Infarct sizes are expressed as percentage of the area risk (equivalent to whole myocardium) 

and representative center cross-sections are shown. Bars represent means ± SEM of 6 

independent experiments for each group. *** P<0.01 vs. IR, ### P<0.01 vs. DMSO. 

IR: ischemia/reperfusion, OPC: ouabain preconditioning, DMSO: DMSO + ischemia/

reperfusion, DigPC: digoxin preconditioning.
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Figure 7. Comparative effects of ouabain and digoxin post conditioning on cardiac Na/K-ATPase 
activity and subunit expression
A. Na/K-ATPase activity. Mouse hearts were Langendorff-perfused according to the 

protocols described in Figure 1. After 30 min of reperfusion, crude homogenates were 

prepared and Na/K-ATPase activity was measured in the presence of the ionophore 

alamethicin as described in Methods. Values are means ± SEM (n=3). * P<0.05 vs. IR, # 

P<0.05 vs. DMSO. B. Na/K-ATPase isoform expression. Mouse hearts were Langendorff-

perfused according to the protocols described in Figure 1. After 30 min of reperfusion, heart 

lysates were prepared and subjected to western blot analysis with Na/K-ATPase isoform-

specific antibodies. Representative blots and compiled Na/K-ATPase alpha1/GAPDH, 
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alpha2/GAPDH, and beta1/GAPDH ratios expressed as percentage of control are shown. 

Values are means ± SEM (n=4). No significant difference was detected.
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Figure 8. Comparative effects of OPostC and DigPostC on Left ventricular developed pressure 
(LVDP, A) recovery and LDH release (B)
Mice hearts were retroperfused in Langendorff mode and subjected to 40 min of global 

ischemia and 30 min of reperfusion without postconditioning treatment (IR), or following 

exposure to ouabain postconditioning (OPostC) or digoxin preconditioning (DigPostC) 

according to the protocols described in Figure 1. Values are means ± SEM (n=5–6). *** 

P<0.001 vs. IR.
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