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mitoKATP channel = mitochondrial ATP-sensitive K channel  

ODQ = 1H-[1,2,4]oxadiazole[4,3-a]quinoxalin-1-one  

PC = ischemic preconditioning  

PI3K = phosphatidylinositol-3 kinase  

PKC = protein kinase C  

SOCS = suppressor of cytokine signaling  

STAT = signal transducers and activators of transcription 
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Abstract 

Post-infarct remodeling impairs mechanisms of ischemic preconditioning.  We examined 

whether myocardial response to activation of the erythropoietin (EPO) receptor is modified 

by post-infarct remodeling.  Four weeks after induction of myocardial infarction by 

coronary ligation in post-MI group (post-MI) or a sham operation in sham group (Sham), rat 

hearts were isolated and subjected to 25-min global ischemia/2-hr reperfusion.  Infarct size 

was expressed as a percent of risk area (i.e., left ventricle) from which scarred infarct was 

excluded (%I/R).  The heart weight was 15% larger in post-MI, but there was no 

inter-group difference in plasma EPO levels or myocardial EPO receptor levels.  EPO 

infusion (5 U/ml) significantly reduced %I/R from 59.9±4.1 to 36.2±4.2 in Sham and from 

58.1±5.0 to 35.2±4.0 in post-MI.  This EPO-induced protection was sensitive to a PI3K 

inhibitor, LY-294002, in Sham.  However, neither LY-294002 nor wortmannin inhibited the 

EPO-induced protection in post-MI.  Phosphorylation of JAK2 by EPO was attenuated and 

phosphorylation of Akt was not detected in post-MI.  A guanylyl cyclase inhibitor, 

1H-[1,2,4]oxadiazole[4,3-a]quinoxalin-1-one, and a mitoKATP channel blocker, 

5-hydroxydecanoate, inhibited EPO-induced protection in both Sham and post-MI.  

Suppressor of cytokine signaling (SOCS)-1 protein level was higher by 50% in post-MI 

than in Sham, though SOCS-3 levels were similar.  These findings suggest that post-infarct 

remodeling disrupts cellular signaling from the EPO receptor to PI3K presumably by 

increased SOCS-1.  However, in the remodeled myocardium, lack of PI3K/Akt activation 

by the EPO receptor appears to be compensated by a mechanism upstream of the guanylyl 

cyclase/mitoKATP channel pathway to achieve EPO-induced protection. 
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Introduction 

Erythropoietin (EPO) is an erythropoietic hormone that is produced primarily in 

juxtatubular cells of the kidney in response to hypoxia, and administration of recombinant 

human EPO has been used as a standard therapy for renal anemia for a decade.  Recently, 

broad cytoprotective effects of EPO in various tissues have received attention (Maiese et al., 

2005).  In studies using rat and rabbit hearts, recombinant human EPO as well as 

derivatives of EPO administered before or at the time of ischemia suppressed myocardial 

necrosis and apoptosis, ventricular dysfunction and ventricular remodeling after 

ischemia/reperfusion (Calvillo et al., 2003; Moon et al., 2003; Parsa et al., 2003; Lipsic et 

al., 2004; Wright et al., 2004; Fiordaliso et al., 2005).  Furthermore, these studies 

consistently showed that the phosphatidylinositol-3 kinase (PI3K)-Akt pathway plays a 

crucial role in the EPO-induced cardioprotection (Parsa et al., 2003; Cai and Semenza, 

2004; Bullard et al., 2005; Hanlon et al., 2005; Rafiee et al., 2005), though involvement of 

MAP kinase, protein kinase C (PKC) and mitochondrial ATP-sensitive K channel (mitoKATP 

channel) has also been suggested (Shi et al., 2004; Bullard et al., 2005; Hanlon et al., 2005; 

Rafiee et al., 2005).  However, since normal myocardium was used in all these earlier 

studies to assess EPO-induced alteration in response to ischemia/reperfusion injury, it 

remains unknown whether EPO can afford cardioprotection to diseased hearts. 

In the present study, we assessed whether EPO protects the myocardium in post- 

infarct hearts with ventricular remodeling.  Myocardial infarction provokes remodeling of 

the heart over a period of several weeks or months, resulting in hypertrophy and interstitial 

fibrosis in the non-infarcted regions and dilation of the left ventricle.  Intracellular 

signaling pathways responsible for the post-infarct remodeling potentially interact with 

intracellular signaling that induces cytoprotection.  In fact, our previous studies have 

demonstrated that post-infarct ventricular remodeling made the myocardium refractory to 

ischemic preconditioning (PC) by disrupting signal transduction from the G-protein-coupled 

receptor to PKC-ε (Miki et al., 2000; Miki et al., 2003).  Since there are overlaps in 

signaling pathways provoked by PC and activated EPO receptors (Fisher, 2003; Smith et al., 
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2003; Yellon and Downey, 2003), it is possible that signals relevant to the remodeling 

process may also interfere with the mechanism of EPO-induced protection.  Results of the 

present study suggest that post-infarct remodeling impairs the signaling pathway from 

activated EPO receptors to the PI3K/Akt pathway but that a compensatory mechanism 

upstream of guanylyl cyclase maintains the infarct size-limiting effect of EPO. 
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Methods 

This study was conducted in accordance with The Guide for the Care and Use of 

Laboratory Animals published by the US National Institutes of Health (NIH publication No. 

85-23, revised 1996) and was approved by the Animal Use Committee of Sapporo Medical 

University. 

 

Preparation of myocardial infarction and isolated heart perfusion  

Male Sprague-Dawley rats (8-10 weeks old) were anesthetized with a mixture of 

ketamine (90 mg/kg, i.p.) and xylazine (10 mg/kg, i.p.).  The rats were intubated with an 

endotracheal tube and ventilated using a Harvard respirator (model 683, South Natick, MA) 

with supplemented oxygen.  After a left thoracotomy, a 5.0 silk thread was passed around a 

marginal branch of the left coronary artery.  Rats were then divided into two groups: sham 

and post-MI groups.  In the sham group, the coronary artery was not ligated.  In the 

post-MI group, the coronary branch was permanently ligated to induce myocardial 

infarction.  The surgical wounds were repaired, and 10 mg ampicillin and 10 mg 

cloxacillin were injected intramuscularly for prophylaxis of infection, and the rats were then 

returned to their cages for recovery.  Four weeks (Protocol 1) or two weeks (Protocol 2) 

after surgery, each rat was brought into the laboratory and re-anesthetized with sodium 

pentobarbital (80 mg/kg, i.p.) and the heart was quickly excised for isolated heart 

preparation.  In 28 randomly selected rats (13 rats in the sham group and 15 rats in the 

4-week post-MI group), systemic blood pressure and pulse rate were measured in a 

conscious state using the tail-cuff method (BP-98A, Softran, Tokyo, Japan) and blood 

samples were collected from the tail vein before isolation of the heart.  Plasma EPO level 

was determined by a radioimmunoassay (Recombigen EPO kit, Mitsubishi Kagaku Iatron, 

Tokyo, Japan).  The excised heart was perfused at a pressure of 75 mmHg with 

non-circulating Krebs-Henseleit buffer (NaCl 118.5, KCl 4.7, MgSO4 1.2, KH2PO4 1.2, 

NaHCO3 24.8, CaCl2 2.5 and glucose 10 mmol/L).  The buffer was gassed with 95% O2/ 

5% CO2, and the temperature of the perfusate was maintained at 37°C.  A fluid-filled latex 
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balloon with a PE-50 polyethylene tube was inserted into the left ventricle and was 

connected to an SCK-580 transducer (Nihon-Kohden, Tokyo, Japan).  Coronary flow was 

measured by timed collection of perfusate dripping from the heart. 

 

Experimental protocol and measurement of infarct size 

Protocol 1: In this protocol, hearts isolated 4 weeks after surgery were examined.  After a 

20-min stabilization period, all hearts were subjected to 25-min global ischemia and 2-hr 

reperfusion.  Before global ischemia, each heart in the sham group was subjected to one of 

eight treatments: no pretreatment (control), infusion of 5 U/ml recombinant human EPO, 

LY-294002 (2-[4-Morpholinyl]-8-phenyl-4H-1-benzopyran-4-one; 5 µM), a PI3K inhibitor, 

EPO plus LY-294002, 1H-[1,2,4]oxadiazole[4,3-a]quinoxalin-1-one (ODQ, 2 µM), a 

guanylyl cyclase inhibitor, EPO plus ODQ, 5-hydroxydecanoate (5-HD, 100 µM), a blocker 

of mitoKATP channel, or EPO plus 5-HD.  In the post-MI group, each heart was subjected 

to no pretreatment (control), EPO, EPO plus LY-294002, EPO plus wortmannin (100 nM), 

another PI3K inhibitor, EPO plus ODQ, or EPO plus 5-HD.  EPO and each inhibitor were 

infused for 15 min commencing 15 min before the global ischemia. 

Protocol 2: Since results of Protocol 1 showed that EPO-induced protective mechanisms 

were altered at 4 weeks after infarction (see Results), we examined whether such alteration 

in myocardial response to EPO develops during the earlier period after infarction.  In this 

protocol, rat hearts were isolated at 2 weeks after coronary ligation and subjected to no 

pretreatment (control), infusion of EPO, or EPO plus LY-294002.  Doses of EPO and 

LY-294002 and timings of infusion of these agents were the same as those in Protocol 1.  

All hearts in this protocol were used for infarct size experiments. 

After 2 hr of reperfusion, hearts were weighed, frozen, and cut into 1.5-mm-thick 

sections from apex to base.  Infarcts in the heart slices were visualized by tetrazolium 

staining as previously reported (Miki et al., 2000; Tanno et al., 2000; Miki et al., 2003).  

Fresh infarcts, scar areas due to coronary ligation, and outlines of the ventricle were traced 

on a clear acetate sheet.  The scarred infarct due to coronary ligation was transmural and 
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clearly distinguished from other areas of the left ventricle (Figure 1), and the scar area was 

excluded from infarct size measurement.   

 

Immunoblot assays 

In this series of experiments, possible differences in cellular signaling after 

stimulation of the EPO receptor between post-MI hearts and sham-operated hearts were 

examined.  Left ventricular biopsy samples (0.2~0.3 g) were taken from the isolated 

perfused hearts using sharp ophthalmology scissors at baseline, at 15 min after EPO 

infusion, or after 25-min ischemia/5-min reperfusion.  In the post-MI group, tissues for 

immunoblotting were taken from the lateral ~ posterior wall since scarred infarct was 

located in the anterior wall ~ septum of the ventricle.  Thus, tissues were sampled from the 

same regions in the sham group.  We carefully excluded border zone tissues (i.e., 

apparently viable tissues within 1 mm next to scarred infarct) from tissue samples in the 

post-MI group.  Since scarred regions were clearly distinguished from viable myocardium 

at 4 weeks after the coronary ligation, it was easy to obtain tissue samples exclusively from 

the non-infarcted areas in rat hearts.  The tissues were frozen immediately after sampling 

in liquid nitrogen and stored at -80˚C till biochemical analysis.  Frozen heart samples were 

homogenized in ice-cold buffer containing 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM 

Na2EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM 

β-glycerophosphate, 1 mM Na3VO4, 1 µg/ml leupeptin, 50 µg/ml phenylmethylsulfonyl 

fluoride, and a protease inhibitor cocktail tablet (Complete, Roche Applied Science, 

Penzberg, Germany).  The homogenate was centrifuged at 13,000 g for 15 min to obtain 

the supernatant.  Protein concentration was determined using a Bio-Rad Protein Assay Kit 

(Bio-Rad, Hercules, CA).  Equal amounts of protein were analyzed by immunoblot assays 

with the use of antibodies that recognize the following: EPO receptor, suppressor of 

cytokine signaling (SOCS)-1 and SOCS-3 (Santa Cruz Biotechnology, Santa Cruz, CA), 

phosphorylated JAK2 (Tyr1007/1008) and total JAK2, phosphorylated Akt (Ser473) and 

total Akt, and phosphorylated eNOS (Ser1177) and total eNOS (Cell Signaling Technology, 
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Danvers, MA).  After detection of phosphorylated proteins, PVDF membranes were 

stripped from their bound antibodies using a Re-blot Western blot recycling kit (Chemicon, 

Temecula, CA).  The membranes were then blotted with antibodies to total JAK2, Akt, or 

eNOS.  Levels of proteins in immnoblots were determined by densitometric analysis using 

SigmaGel (SPSS, Chicago, IL).  Equal loading of protein onto each lane in the gel was 

confirmed later from comparable levels of vinculin detected by re-blotting with an 

anti-vinculin antibody (Sigma, St. Louis, USA) and/or comparable densitometric levels of 

116-kDa bands (which correspond to vinculin) in the gels stained with Coomasie Brilliant 

Blue. 

 

Chemicals 

LY-294002 was purchased from Carbiochem (Darmstadt, Germany), and ODQ, 

5-HD and wortmannin were obtained from Sigma.  Recombinant human EPO was kindly 

provided by Chugai Pharmaceutical Co. (Tokyo, Japan). 

 

Statistics 

All data are presented as means±SEM.  One-way analysis of variance (ANOVA) 

combined with the Student Newman-Keuls post hoc test was used to test for differences in 

heart weight, plasma EPO level and infarct size between treatment groups.  Repeated 

measures ANOVA was used to test for differences in cardiac functions in any given group.  

These statistical analyses were performed by using SigmaStat (SPSS, Chicago, IL).  The 

difference was considered significant if the p value was less than 0.05. 
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Results 

Mortality and complete blood counts 

A total of 150 rats were initially entered into this experiment.  One rat in the sham 

group and 19 rats in the post-MI group died in their cages after surgery, probably due to 

atelectasis in the lungs and/or heart failure.  Therefore, 130 surviving rats, 59 in the sham 

group and 71 in the post-MI group, contributed to the following analysis. 

There were no significant differences in the numbers of white blood cells, red 

blood cells and platelets between the sham and post-MI groups (Table 1).  Plasma EPO 

level in the sham group was 14.5±1.1 mU/ml and the level was not changed at 4 weeks after 

MI.  Mean blood pressures and heart rates in situ before isolation of the hearts at 4 weeks 

after surgery were also similar in the two groups.  Heart weight, however, was 

significantly larger in the post-MI group than in the sham group, indicating ventricular 

remodeling after MI (Table 1). 

 

Data on cardiac functions 

Protocol 1 

Table 2 summarizes parameters of cardiac functions in the sham group.  There 

were no significant differences in baseline heart rate and left ventricular developed pressure 

(LVDP) among the pretreatment groups, though coronary flow levels in hearts in the 

LY-294002 and EPO+5-HD groups were slightly higher than that in the control group.  

Treatment with EPO and/or each blocker did not alter the hemodynamic parameters before 

the 25-min global ischemia.  EPO treatment tended to improve LVDP after reperfusion, 

though the difference between LVDPs in the control and EPO-treated groups did not reach 

statistical significance.  Coronary flow after reperfusion was decreased in all groups 

without significant inter-group differences. 

In the post-MI hearts, baseline heart rate, LVDP, and coronary flow were 

comparable in pretreatment groups, though LVDP in the post-MI hearts was slightly lower 

than that in the sham-operated hearts (Table 3).  LVDP and coronary flow after reperfusion 
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were decreased in all pretreatment groups as in the sham group. 

 

Protocol 2 

Under baseline conditions, heart rate, LVDP, and coronary flow levels were 278±7 

bpm, 103±7 mmHg, and 17.7±0.5 ml/min, respectively, in post-MI hearts entered this 

protocol.  Alterations of these parameters after ischemia/reperfusion were similar to those 

observed in post-MI hearts in Protocol 1 (data not shown). 

 

Infarct size data 

Protocol 1 

As shown in Table 4, risk area sizes were comparable in the hearts in the sham and 

post-MI groups that were subjected to pretreatments.  In the sham group, pretreatment with 

EPO significantly reduced infarct size as a percentage of risk area (%I/R) from 59.9±4.1% 

in controls to 36.2±4.2%.  This EPO-induced protection was blocked by LY-294002, ODQ 

or 5-HD, although these blockers by themselves did not modify infarct size.  In the 

post-MI group, there was no significant difference in the sizes of scarred infarct, ranging 

from 12 to 19% of the left ventricular mass.  These sizes of scarred infarcts appear to be 

small but actually are underestimates of infarct sizes at the acute phase, since both thinning 

of scarred infarct and hypertrophy of non-infarct myocardium during the period of 4 weeks 

after infarction should have reduced volume percentages of the infarcted region.  In the 

post-MI group, size of infarct after 25-min ischemia with no pretreatment (%I/R in control 

= 58.1±5.0%) was comparable with that in the sham group.  EPO limited infarct size (%I/R 

= 35.2±4.0%) as in the sham group and this infarct size-limiting effect of EPO was 

insensitive to PI3K inhibitors; neither LY-294002 nor wortmannin abolished the 

EPO-induced infarct size limitation.  ODQ and 5-HD abolished the EPO-induced 

protection in the post-MI hearts as in the sham-operated hearts.  After completion of this 

protocol, we additionally used three post-MI hearts to assess effects of LY-294002 alone on 

infarct size.  In this LY-294002-treated post-MI group, %I/R was 61.6±4.1%, which was 
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similar to the %I/R level in the post-MI controls. 

Using separate groups of rats, we examined the effect of PC on infarct size in the 

post-MI group to confirm that post-infarct ventricular remodeling impairs the PC 

mechanism in rat hearts as we reported for rabbit hearts (Miki et al., 2000; Miki et al., 2003).  

As expected, PC with 2 cycles of 5-min ischemia/5-min reperfusion failed to limit infarct 

size (%I/R = 53.1±5.2%, n=3) in the post-MI hearts. 

Protocol 2 

Heart weight was 1.74±0.03 g in the rats 2 weeks after MI, which was only slightly 

smaller than the heart weight at 4 weeks after MI (Protocol 1), suggesting that substantial 

remodeling had occurred during a 2-week post-infarct period in the rats.  EPO significantly 

reduced %I/R from 65.0±5.8% to 39.8±4.5%.  This EPO-induced protection was not 

blocked by LY-294002 (Table 4). 

 

Immunoblot assays 

EPO receptor protein was detected in the rat myocardium (Figure 2), and its level 

was not altered by post-infarct ventricular remodeling or acute ischemia/reperfusion.  

There was no significant difference in levels of total JAK2, total Akt and total eNOS in the 

study groups, and thus levels of phospho-JAK2, phospho-Akt and phospho-eNOS were 

normalized by their total protein levels.  EPO increased the level of phospho-JAK2 in 

sham hearts, but the increase in phosphorylation levels of JAK2 by EPO was significantly 

attenuated in post-MI hearts (Figure 3).  The baseline level of phospho-Akt was not 

different in the sham-operated and post-MI hearts.  As shown in Figure 4A, EPO 

significantly increased the level of phospho-Akt in sham hearts and this increase was 

completely blocked by co-infusion of LY-294002.  The level of phospho-Akt was elevated 

after ischemia/reperfusion compared with the baseline level in the sham group, and this Akt 

phosphorylation was not enhanced by pre-treatment with EPO (Figure 4B).  However, 

such phosphorylation of Akt by EPO was not observed in the post-MI hearts.  EPO tended 

to increase phospho-eNOS levels both in the sham and MI groups, and this change was 
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diminished by LY-294002 in the sham group but not in the MI group (Figure 5A).  There 

was no significant difference between phospho-eNOS levels after ischemia/reperfusion in 

EPO-treated and untreated hearts (Figure 5B).  SOCS-1 and SOCS-3 levels were higher by 

54% and 12%, respectively, in the post-MI group than in the sham group, though only the 

difference in SOCS-1 levels was statistically significant (Figure 6).  Ischemia/reperfusion 

with or without EPO pretreatment did not modify the levels of SOCS-1 and SOCS-3. 
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Discussion 

In contrast to PC, EPO protected the myocardium in post-MI hearts from 

myocardial necrosis after ischemia/reperfusion, and this EPO-induced protection was 

equivalent to that in the normal myocardium.  However, it was shown that the mechanism 

by which EPO induced infarct size limitation in the post-MI remodeled hearts was different 

from that in normal hearts; activation of PI3K and Akt, important signaling steps in 

protection of sham-operated hearts, was not detected in the myocardium of remodeled 

hearts.  On the other hand, guanylyl cyclase and mitoKATP channel, which function 

downstream of Akt (Krieg et al., 2004; Oldenburg et al., 2004; Costa et al., 2005; Krieg et 

al., 2005), were thought to participate in EPO-induced protection in both the normal 

myocardium and remodeled myocardium. 

EPO has been shown to activate a number of cell survival pathways, including 

those mediated by JAK-STAT, PI3K-Akt, ERK1/2, and PKC (Parsa et al., 2003; Smith et al., 

2003; Cai and Semenza, 2004; Shi et al., 2004; Bullard et al., 2005; Hanlon et al., 2005; 

Rafiee et al., 2005).  Although the role of each of these signaling molecules in 

EPO-induced protection has not been completely clarified, contribution of the PI3K-Akt 

pathway to the myocardial protection is supported by a number of earlier findings (Parsa et 

al., 2003; Cai and Semenza, 2004; Bullard et al., 2005; Hanlon et al., 2005; Rafiee et al., 

2005).  For example, in a study by Parsa et al. (2003), EPO administration resulted in 

activation of JAK1, STAT3, Akt and ERK1/2 in H9c2 cells 15 to 60 min after 

administration, and EPO-induced reduction in anoxic cell death was eliminated by a PI3K 

inhibitor but not by an ERK inhibitor.  Consistent with these earlier findings, 15-min 

infusion of EPO induced Akt phosphorylation and cardioprotection, both of which were 

sensitive to LY-294002, a PI3K inhibitor, in normal (i.e., sham-operated) hearts in this study 

(Figure 4, Table 4).  However, such EPO-induced Akt activation was not detected in the 

myocardium remodeled 4 weeks after infarction (Figure 4), although EPO protected the 

myocardium from infarction.  Furthermore, neither LY-294002 nor wortmannin inhibited 

the EPO-induced protection in post-MI hearts.  Failure of LY-294002 to abolish the infarct 
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size-limiting effect of EPO was observed also in the hearts 2 weeks after infarction, 

suggesting that response of Akt to EPO receptor activation is impaired at the early phase of 

post-infarct ventricular remodeling. 

The mechanism by which myocardial PI3K/Akt lost response to EPO receptor 

stimulation after development of post-infarct remodeling remains unclear.  However, 

down-regulation of EPO receptor expression can be excluded from possible mechanisms, 

since the level of the EPO receptor protein was not reduced in the myocardium remodeled 4 

weeks after infarction (Figure 2).  One explanation is that up-regulated SOCS proteins 

suppressed signaling from activated EPO receptors to PI3K.  SOCS is a family consisting 

of 8 proteins that function as suppressors of cytokine signaling, and SOCS-1 and SOCS-3 

have been shown to negatively regulate JAK activation by EPO and other cytokines 

(Jegalian and Wu, 2002; Tan and Rabkin, 2005).  Indeed, activation of JAK2 by EPO was 

significantly attenuated in the remodeled myocardium (Figure 3), in which SOCS-1 level 

was significantly elevated by 50% (Figure 6).  The level of SOCS-3, which is known to be 

up-regulated by angiotensin II (Calegari et al., 2003; Calegari et al., 2005), was slightly 

higher in the myocardium after 4 weeks of remodeling than in the control, but this 

difference was not statistically significant.  The reason for SOCS-1 selective up-regulation 

in the present model of post-infarct remodeling remains to be investigated.  Activation of 

the TNF-α receptor might have been involved in the SOCS-1 up-regulation, since the serum 

level of TNF-α and myocardial TNF-α mRNA level were shown to be elevated in rats after 

myocardial infarction (Ono et al., 1998; Berthonneche et al., 2004; Schulz et al., 2004; Tan 

and Rabkin, 2005). 

Despite lack of Akt activation, EPO afforded cardioprotection against infarction to 

post-infarct hearts, and the extent of cardioprotection was equivalent to that in the normal 

myocardium.  These results suggest that there is a mechanism in post-infarct hearts to 

compensate the lack of signal input from the activated PI3K/Akt pathway, sending signals 

to downstream mediators of cell protection.  As an important mechanism of cell protective 

signals distal to Akt, opening of the mitoKATP channel by protein kinase G (PKG) has been 
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suggested by a series of studies on mechanisms of PC against infarction (Krieg et al., 2004; 

Oldenburg et al., 2004; Costa et al., 2005; Krieg et al., 2005).  Krieg et al. (2004) showed 

that an Akt inhibitor and transfection of dominant negative Akt abolished NO-mediated 

activation of the mitoKATP channel in response to PC triggered by bradykinin receptors.  A 

recent study by Costa et al. (2005) demonstrated opening of the mitoKATP channel in 

isolated mitochondria by addition of exogenous active PKG.  Furthermore, it has been 

reported that EPO was capable of stimulating NO production in the rat hippocampus and 

endothelial cells (Beleslin-Cokic et al, 2004; Yamamoto et al., 2004).  Unfortunately, we 

could not demonstrate significant elevation of phospho-eNOS level by EPO, though there 

was a trend for increase by 10% in the present study.  However, a larger difference may 

have been detected at later time points as it was in a study by Bullard et al. (2005), who 

observed a 2-fold increase in phospho-eNOS induced by EPO in rat hearts 15 min after 

reperfusion, and the possibility of involvement of other NO-producing mechanisms also 

cannot be excluded.  Nevertheless, we found for the first time that ODQ, a guanylyl 

cyclase inhibitor, abolished cardioprotection afforded by EPO similarly in both 

sham-operated and post-infarct hearts.  Furthermore, this effect of ODQ was mimicked by 

5-HD, a mitoKATP channel blocker.  Together with the results obtained by using PI3K 

inhibitors, these findings provide pharmacological evidence supporting the notion that 

PKG-mediated opening of the mitoKATP channel is downstream of PI3K-Akt in 

EPO-induced cardioprotection and that compensation for the lack of Akt activation in 

post-infarct hearts is induced upstream of guanylyl cyclase. 

It has been reported that EPO induced intracellular translocation of PKC-ε in 

buffer-perfused rabbit and rat hearts and that the infarct size-limiting effect of EPO was 

blocked by chelerythrine, a selective PKC inhibitor, indicating contribution of PKC to 

EPO-induced protection (Shi et al., 2004; Hanlon et al., 2005; Rafiee et al., 2005).  PKC-ε 

is thought to elicit opening of the mitoKATP channel, leading to cardioprotection (Sato et al., 

1998; Yellon and Downey, 2003).  However, our previous studies (Miki et al., 2000; Miki 

et al., 2003) have shown that PC fails to elicit PKC-ε translocation and enhancement of 
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anti-infarct tolerance in rabbit hearts remodeled after infarction.  We confirmed lack of 

myocardial response to PC in post-infarct rat hearts also using infarct size as an end-point.  

Therefore, it is unlikely that PKC is involved in maintenance of myocardial response to 

EPO in post-infarct hearts. 

In the present study, EPO was infused before ischemia and responses of signaling 

molecules during the pretreatment period were correlated with infarct tolerance of the 

myocardium.  No significant difference was detected in the level of phospho-Akt upon 

reperfusion between the control group and EPO-pretreated group, though infarct size was 

significantly smaller in the EPO-treated group.  However, efficacy of EPO for suppressing 

lethal reperfusion injury has been examined recently in several studies (Lipsic et al., 2004; 

Bullard et al., 2005; Hanlon et al., 2005).  Administration of EPO at the time of 

reperfusion resulted in infarct size limitation to an extent similar to that achieved by 

pretreatment with EPO in those studies (Lipsic et al., 2004; Hanlon et al., 2005).  

Furthermore, the importance of activation of signaling pathways at the time of reperfusion, 

including the PI3K-Akt pathway, for myocardial salvage has been suggested in 

cardioprotection afforded by preconditioning (Hausenloy and Yellon, 2004).  These 

findings suggest the possibility of clinical use of EPO for patients with acute myocardial 

infarction as an adjunct therapy to coronary reperfusion.  Furthermore, a study by 

Namiuchi et al. (2005) showed that serum EPO level was an independent predictor for 

cumulative CK release in patients with first acute myocardial infarction, suggesting a 

cardioprotective role of endogenous EPO.  In the present rat preparation, the role of 

endogenous EPO in protection against ischemic injury could not be assessed since plasma 

EPO level was not significantly changed 4 weeks after infarction.  The effects of EPO 

administration at the time of reperfusion on myocardial necrosis and cell signaling in hearts 

remodeled after infarction warrant further investigation. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on December 23, 2005 as DOI: 10.1124/jpet.105.095745

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET#95745 
 

 19

References 

Beleslin-Cokic BB, Cokic VP, Yu X, Weksler BB, Schechter AN, and Noguchi CT (2004)  

Erythropoietin and hypoxia stimulate erythropoietin receptor and nitric oxide production by 

endothelial cells.  Blood 104:2073-2080. 

 

Berthonneche C, Sulpice T, Boucher F, Gouraud L, de Leiris J, O'Connor SE, Herbert JM, 

Janiak P (2004)  New insights into the pathological role of TNF-α in early cardiac 

dysfunction and subsequent heart failure after infarction in rats.  Am J Physiol 

287:H340-H350. 

 

Bullard AJ, Govewalla P, and Yellon DM (2005)  Erythropoietin protects the myocardium 

against reperfusion injury in vitro and in vivo.  Basic Res Cardiol 100:397-403. 

 

Cai Z and Semenza GL (2004)  Phosphatidylinositol-3-kinase signaling is required for 

erythropoietin-mediated acute protection against myocardial ischemia/reperfusion injury.  

Circulation 109:2050-2053. 

 

Calegari VC, Alves M, Picardi PK, Inoue RY, Franchini KG, Saad MJ, and Velloso LA (2005)  

Suppressor of cytokine signaling-3 provides a novel interface in the cross-talk between 

angiotensin II and insulin signaling systems.  Endocrinology 146:579-588. 

 

Calegari VC, Bezerra RM, Torsoni MA, Torsoni AS, Franchini KG, Saad MJ, and Velloso LA 

(2003)  Suppressor of cytokine signaling 3 is induced by angiotensin II in heart and isolated 

cardiomyocytes, and participates in desensitization.  Endocrinology 144:4586-4596. 

 

Calvillo L, Latini R, Kajstura J, Leri A, Anversa P, Ghezzi P, Salio M, Cerami A, and Brines 

M (2003) Recombinant human erythropoietin protects the myocardium from 

ischemia-reperfusion injury and promotes beneficial remodeling.  Proc Natl Acad Sci USA 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on December 23, 2005 as DOI: 10.1124/jpet.105.095745

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET#95745 
 

 20

100:4802-4806. 

 

Costa AD, Garlid KD, West IC, Lincoln TM, Downey JM, Cohen MV, and Critz SD (2005)  

Protein kinase G transmits the cardioprotective signal from cytosol to mitochondria.  Circ 

Res 97:329-336. 

 

Fiordaliso F, Chimenti S, Staszewsky L, Bai A, Carlo E, Cuccovillo I, Doni M, Mengozzi M, 

Tonelli R, Ghezzi P, Coleman T, Brines M, Cerami A, and Latini R (2005)  A 

nonerythropoietic derivative of erythropoietin protects the myocardium from 

ischemia-reperfusion injury.  Proc Natl Acad Sci U S A 102:2046-2051. 

 

Fisher JW (2003)  Erythropoietin: physiology and pharmacology update.  Exp Biol Med 

228:1-14. 

 

Hanlon PR, Fu P, Wright GL, Steenbergen C, Arcasoy MO, and Murphy E (2005)  

Mechanisms of erythropoietin-mediated cardioprotection during ischemia-reperfusion injury: 

role of protein kinase C and phosphatidylinositol 3-kinase signaling.  FASEB J 

19:1323-1325. 

 

Hausenloy DJ and Yellon DM (2004)  New directions for protecting the heart against 

ischemia-reperfusion injury: targeting the reperfusion injury salvage kinase (RISK)-pathway.  

Cardiovasc Res 61:448-460. 

 

Jegalian AG and Wu H (2002)  Differential roles of SOCS family members in EpoR signal 

transduction.  J Interferon Cytokine Res 22:853-860. 

 

Krieg T, Philipp S, Cui L, Dostmann WR, Downey JM, and Cohen MV (2005)  Peptide 

blockers of PKG inhibit ROS generation by acetylcholine and bradykinin in cardiomyocytes 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on December 23, 2005 as DOI: 10.1124/jpet.105.095745

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET#95745 
 

 21

but fail to block protection in the whole heart.  Am J Physiol 288:H1976-H1981. 

 

Krieg T, Qin Q, Philipp S, Alexeyev MF, Cohen MV, and Downey JM (2004) Acetylcholine 

and bradykinin trigger preconditioning in the heart through a pathway that includes Akt and 

NOS.  Am J Physiol 287:H2606-H2611. 

 

Lipsic E, van der Meer P, Henning RH, Suurmeijer AJ, Boddeus KM, van Veldhuisen DJ, van 

Gilst WH, and Schoemaker RG (2004)  Timing of erythropoietin treatment for 

cardioprotection in ischemia/reperfusion.  J Cardiovasc Pharmacol 44:473-479. 

 

Maiese K, Li F, and Chong ZZ (2005)  New avenues of exploration for erythropoietin.  

JAMA 293:90-95. 

 

Miki T, Miura T, Tanno M, Sakamoto J, Kuno A, Genda S, Matsumoto T, Ichikawa Y, and 

Shimamoto K (2003)  Interruption of signal transduction between G protein and PKC-ε 

underlies the impaired myocardial response to ischemic preconditioning in postinfarct 

remodeled hearts.  Mol Cell Biochem 247:185-193. 

 

Miki T, Miura T, Tsuchida A, Nakano A, Hasegawa T, Fukuma T, and Shimamoto K (2000)  

Cardioprotective mechanism of ischemic preconditioning is impaired by postinfarct 

ventricular remodeling through angiotensin II type 1 receptor activation.  Circulation 

102:458-463. 

 

Moon C, Krawczyk M, Ahn D, Ahmet I, Paik D, Lakatta EG, and Talan MI (2003)  

Erythropoietin reduces myocardial infarction and left ventricular functional decline after 

coronary artery ligation in rats.  Proc Natl Acad Sci USA 100:11612-11617. 

 

Namiuchi S, Kagaya Y, Ohta J, Shiba N, Sugi M, Oikawa M, Kunii H, Yamao H, Komatsu N, 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on December 23, 2005 as DOI: 10.1124/jpet.105.095745

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET#95745 
 

 22

Yui M, Tada H, Sakuma M, Watanabe J, Ichihara T, and Shirato K (2005)  High serum 

erythropoietin level is associated with smaller infarct size in patients with acute myocardial 

infarction who undergo successful primary percutaneous coronary intervention.  J Am Coll 

Cardiol 45:1406-1412. 

 

Oldenburg O, Qin Q, Krieg T, Yang XM, Philipp S, Critz SD, Cohen MV, and Downey JM 

(2004)  Bradykinin induces mitochondrial ROS generation via NO, cGMP, PKG, and 

mitoKATP channel opening and leads to cardioprotection.  Am J Physiol 286:H468-H476. 

 

Ono K, Matsumori A, Shioi T, Furukawa Y, Sasayama S (1998)  Cytokine gene expression 

after myocardial infarction in rat hearts: possible implication in left ventricular remodeling. 

Circulation 98:149-56. 

 

Parsa CJ, Matsumoto A, Kim J, Riel RU, Pascal LS, Walton GB, Thompson RB, Petrofski JA, 

Annex BH, Stamler JS, and Koch WJ (2003)  A novel protective effect of erythropoietin in 

the infarcted heart.  J Clin Invest 112:999-1007. 

 

Rafiee P, Shi Y, Su J, Pritchard KA, Tweddell JS, and Baker JE (2005)  Erythropoietin 

protects the infant heart against ischemia-reperfusion injury by triggering multiple signaling 

pathways.  Basic Res Cardiol 100:57-63. 

 

Sato T, O'Rourke B, and Marban E (1998)  Modulation of mitochondrial ATP-dependent K+ 

channels by protein kinase C.  Circ Res 83:110-114. 

 

Schulz R, Aker S, Belosjorow S, and Heusch G (2004)  TNFα in ischemia/reperfusion injury 

and heart failure.  Basic Res Cardiol 99:8-11. 

 

Shi Y, Rafiee P, Su J, Pritchard KA, Tweddell JS, and Baker JE (2004)  Acute 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on December 23, 2005 as DOI: 10.1124/jpet.105.095745

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET#95745 
 

 23

cardioprotective effects of erythropoietin in infant rabbits are mediated by activation of 

protein kinases and potassium channels.  Basic Res Cardiol 99:173-182. 

 

Smith KJ, Bleyer AJ, Little WC, and Sane DC (2003)  The cardiovascular effects of 

erythropoietin. Cardiovasc Res 59:538-548. 

 

Tan JC and Rabkin R (2005)  Suppressors of cytokine signaling in health and disease.  

Pediatr Nephrol 20:567-575. 

 

Tanno M, Tsuchida A, Nozawa Y, Matsumoto T, Hasegawa T, Miura T, and Shimamoto K 

(2000)  Roles of tyrosine kinase and protein kinase C in infarct size limitation by repetitive 

ischemic preconditioning in the rat.  J Cardiovasc Pharmacol 35:345-352. 

 

Wright GL, Hanlon P, Amin K, Steenbergen C, Murphy E, and Arcasoy MO (2004)  

Erythropoietin receptor expression in adult rat cardiomyocytes is associated with an acute 

cardioprotective effect for recombinant erythropoietin during ischemia-reperfusion injury.  

FASEB J 18: 1031-1033. 

 

Yamamoto M, Koshimura K, Sohmiya M, Murakami Y, and Kato Y (2004)  Effect of 

erythropoietin on nitric oxide production in the rat hippocampus using in vivo brain 

microdialysis.  Neuroscience 128:163-168. 

 

Yellon DM and Downey JM (2003)  Preconditioning the myocardium: from cellular 

physiology to clinical cardiology.  Physiol Rev 83:1113-1151. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on December 23, 2005 as DOI: 10.1124/jpet.105.095745

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET#95745 
 

 24

Footnotes 

This study was supported by a grant from Sapporo Medical University Academic 

Foundation, Sapporo, Japan, a grant from Northern Advancement Center for Science & 

Technology, Sapporo, Japan and a grant from Chugai Pharmaceutical Co., Tokyo, Japan. 

This study was presented, in part, at Scientific Sessions 2005 of the American 

Heart Association, Dallas. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on December 23, 2005 as DOI: 10.1124/jpet.105.095745

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET#95745 
 

 25

Legends for figures 

Figure 1.  Photograph of slices of a control heart (i.e., untreated heart) in the post-MI 

group after 25-min global ischemia/2-hr reperfusion.  Infarcted areas are 

visualized by tetrazolium staining. 

 

Figure 2.  EPO receptor (EPO-R) protein levels after ischemia/reperfusion (IR) with or 

without EPO treatment in sham-operated hearts (Sham) and hearts 4 weeks after 

myocardial infarction (Post-MI).  Representative Western blots and 

summarized data are presented for each group.  Values are expressed as 

arbitrary units (AU) and as means±SEM.  N=3~6.  Blots for vinculin are 

loading controls. 

 

Figure 3.  Phosphorylation of JAK2 after EPO infusion (5 U/ml).  Representative Western 

blots and summarized data are presented for each treatment group.  Values are 

expressed as ratios of phospho-JAK2 protein to total JAK2 protein and as 

means±SEM.  *P<0.05 vs. baseline.  N=5 

 

Figure 4.  Phosphorylation of Akt.  A: Effects of EPO infusion (5 U/ml) and infusion of 

EPO+LY-294002 (5 µM).  B: Effects of ischemia/reperfusion (IR) with or 

without EPO.  Representative Western blots and summarized data are presented 

for each treatment group.  Values are expressed as ratios of phospho-Akt 

protein to total Akt protein and as means±SEM.  *P<0.05 vs. baseline.  

N=3~4. 

 

Figure 5.  Phosphorylation of eNOS.  A: Effects of EPO infusion (5 U/ml) and infusion 

of EPO+LY-294002 (5 µM).  B: Effects of ischemia/reperfusion (IR) with or 

without EPO.  Representative Western blots and summarized data are presented 

for each treatment group.  Values are expressed as ratios of phospho-eNOS 
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protein to total eNOS protein and as means±SEM.  N=3~5. 

 

Figure 6.  Suppressor of cytokine signaling (SOCS)-1 and SOCS-3 protein levels after 

ischemia/reperfusion (IR) with or without EPO treatment in sham-operated 

hearts (Sham) and hearts 4 weeks after myocardial infarction (Post-MI).  

Representative Western blots and summarized data are presented for each group.  

Values are expressed as arbitrary units (AU) and as means±SEM.  *P<0.05 vs. 

Sham.  N=3~6.  Blots for vinculin are loading controls. 
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Table 1.  Hematological and hemodynamic parameters at 4 weeks after surgery (in situ)  

 WBC RBC Platelets EPO BW HW HR MBP 

 (/µL) (x104/µL) (x104/µL) (mU/mL) (g) (g) (bpm) (mmHg) 

Sham 7908±342 840±16 70.1±2.2 14.5±1.1 456.7±9.5 1.56±0.03 347±10 114±2 

Post-MI 7820±436 856±17 72.9±4.4 14.4±0.5 450.7±4.2 1.79±0.03* 338± 9 112±2 

 Data are means±SEM.  * P<0.05 vs. Sham       

 WBC= white blood cells,  RBC= red blood cells,  EPO= plasma erythropoietin level,   

 BW= body weight,  HW= heart weight,  HR= heart rate,  MBP= mean blood pressure   
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Table 2.  Summary of data on cardiac functions in isolated sham hearts  

Sham Baseline Treatment Reperfusion 

HR (bpm)    

 Control 292±10 291±10 287± 7  

 EPO 277±11 272±10 272±19 

 LY 272± 5  269± 7  278± 7  

 EPO+LY 283± 8  272± 9  288± 2  

 ODQ 292±16 292±27 281±16 

 EPO+ODQ 295±16 291±15 269±14 

 5-HD 285±13 286±14 277± 9  

 EPO+5-HD 269±14 273±13 267±12 

LVDP (mmHg)    

 Control 126± 4  126± 4   49± 4* 

 EPO 126± 5  122± 4   66± 7*  

 LY 134±17 132±16  45± 9*  

 EPO+LY 126±15 121±14  33± 7*  

 ODQ 127±18 113±11  40± 5* 

 EPO+ODQ 128± 6  127± 5   39±12* 

 5-HD 128±11 123± 9   42± 8* 

 EPO+5-HD 140± 7  140± 9   32±10* 

CF (ml/min)    

 Control 17.5±0.8 17.2±0.8  7.9±0.5* 

 EPO 19.2±0.6 19.2±0.8 10.6±0.7* 

 LY  22.0±0.7†  23.0±0.7† 10.8±0.5* 

 EPO+LY 18.0±0.4 17.5±0.7  9.0±0.6* 

 ODQ 16.3±0.5 15.3±0.8  7.5±0.5* 

 EPO+ODQ 19.2±1.0 19.0±0.8  9.8±0.5* 

 5-HD 19.0±0.4 18.0±0.8  8.8±1.2* 

 EPO+5-HD  20.4±1.2† 19.8±1.1 10.4±1.0* 

 Data are means±SEM.  * P<0.05 vs. Baseline,  † P<0.05 vs. Control 

 HR= heart rate,  LVDP= left ventricular developed pressure,  CF= coronary flow, 

 Treatment= 1 min before global ischemia,  Reperfusion= 120 min after reperfusion, 

 EPO= erythropoietin,  LY= LY-294002,  ODQ= 1H-[1,2,4]oxadiazole[4,3-a]quinoxalin-1-one, 

 5-HD= 5-hydroxydecanoate   
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Table 3.  Summary of data on cardiac functions in isolated post-MI hearts 

Post-MI Baseline Treatment Reperfusion 

HR (bpm)    

 Control 279±11 278±12 272±10  

 EPO 282± 7  278±13  252±10* 

 EPO+LY 279±13 271±14 264±12 

 EPO+WM 272± 5   244± 6*  257± 9* 

 EPO+ODQ 285± 8  278± 9 287±12  

 EPO+5-HD 280± 8  279±12  250± 8* 

LVDP (mmHg)    

 Control 92±11 91±10 37± 8* 

 EPO 106± 9  101±10 49± 8* 

 EPO+LY 101±10 105±11 40± 4* 

 EPO+WM 99± 6  102± 4 45± 8* 

 EPO+ODQ 95± 4  87± 1 35±10* 

 EPO+5-HD 100±12 101±13 38± 8* 

CF (ml/min)    

 Control 20.9±1.2 20.7±1.1 11.8±1.6* 

 EPO 18.5±1.2 18.2±1.2  9.6±0.9* 

 EPO+LY 19.7±0.8 20.7±0.9 11.3±1.8* 

 EPO+WM 19.2±1.0 18.3±1.1 10.3±1.1* 

 EPO+ODQ 19.0±0.3 18.4±0.9  9.6±0.7* 

 EPO+5-HD 16.7±0.7 16.2±0.8  8.3±0.6* 

 Data are means±SEM.  * P<0.05 vs. Baseline,   

 HR= heart rate,  LVDP= left ventricular developed pressure,  CF= coronary flow, 

 Treatment= 1 min before global ischemia,  Reperfusion= 120 min after reperfusion, 

 EPO= erythropoietin,  LY= LY-294002,  WM= wortmannin,   

 ODQ= 1H-[1,2,4]oxadiazole[4,3-a]quinoxalin-1-one,  5-HD= 5-hydroxydecanoate 
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Table 4.  Infarct size data    

 n Risk (cm3) Infarct (cm3) %I/R (%) %Scar/LV (%) 
Protocol 1 (4 weeks)    

Sham      

 Control 8 0.43±0.02 0.25±0.01 59.9±4.1  

 EPO 7 0.42±0.03  0.15±0.02*  36.2±4.2*  

 LY 4 0.46±0.02 0.26±0.02 57.1±6.2  

 EPO+LY 6 0.43±0.01 0.26±0.02 60.8±3.4  

 ODQ 4 0.42±0.01 0.29±0.02 68.5±4.4  

 EPO+ODQ 5 0.39±0.03 0.24±0.04 60.2±7.3  

 5-HD 5 0.41±0.02 0.26±0.02 64.0±2.8  

 EPO+5-HD 6 0.45±0.01 0.27±0.03 61.0±6.8  

Post-MI      

 Control 8 0.39±0.03 0.23±0.03 58.1±5.0 15.2±1.7 

 EPO 6 0.36±0.02 0.13±0.02  35.2±4.0* 17.2±2.7 

 EPO+LY 6 0.36±0.02 0.15±0.03  39.2±6.5* 17.8±2.6 

 EPO+WM 6 0.39±0.02 0.14±0.02  37.2±5.1* 18.3±2.0 

 EPO+ODQ 5 0.39±0.02 0.23±0.02 59.2±4.9 18.7±2.4 

 EPO+5-HD 6 0.37±0.01 0.23±0.02 60.2±5.0 12.1±2.9 

Protocol 2 (2 weeks)    

Post-MI      

 Control 4 0.36±0.02 0.23±0.01  65.0±5.8 15.5±2.7 

 EPO 4 0.32±0.01  0.13±0.02*  39.8±4.5* 16.1±2.0 

 EPO+LY 4 0.33±0.01  0.14±0.01*  41.6±2.6* 12.2±1.1 

 Data are mean±SEM.  *P<0.05 vs. Control in each group  

 %I/R= infarct size as a percentage of risk area,   

 %Scar/LV= scar area as a percentage of left ventricle  

 EPO= erythropoietin, LY= LY-294002, WM= wortmannin,    

 ODQ= 1H-[1,2,4]oxadiazole[4,3-a]quinoxalin-1-one, 5-HD= 5-hydroxydecanoate 
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