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Abstract

EphrinA1, a membrane-bound receptor tyrosine kinase ligand expressed in healthy car-

diomyocytes, is lost in injured cells following myocardial infarction. Previously, we have

reported that a single intramyocardial injection of chimeric ephrinA1-Fc at the time of ische-

mia reduced injury in the nonreperfused myocardium by 50% at 4 days post-MI by reducing

apoptosis and inflammatory cell infiltration. In a clinically relevant model of acute ischemia

(30min)/reperfusion (24hr or 4 days) injury, we now demonstrate that ephrinA1-Fc reduces

infarct size by 46% and completely preserves cardiac function (ejection fraction, fractional

shortening, and chamber dimensions) in the short-term (24hrs post-MI) as well as long-term

(4 days). At 24 hours post-MI, diminished serum inflammatory cell chemoattractants in

ephrinA1-Fc-treated mice reduces recruitment of neutrophils and leukocytes into the myo-

cardium. Differences in relative expression levels of EphA-Rs are described in the context of

their putative role in mediating cardioprotection. Validation byWestern blotting of selected

targets from mass spectrometry analyses of pooled samples of left ventricular tissue ho-

mogenates frommice that underwent 30min ischemia and 24hr of reperfusion (I/R) indicates

that ephrinA1-Fc administration alters several regulators of signaling pathways that attenu-

ate apoptosis, promote autophagy, and shift from FAmetabolism in favor of increased gly-

colysis to optimize anaerobic ATP production. Taken together, reduced injury is due a

combination of adaptive metabolic reprogramming, improved cell survival, and decreased

inflammatory cell recruitment, suggesting that ephrinA1-Fc enhances the capacity of the

heart to withstand an ischemic insult.

Introduction

Coronary heart disease is the leading cause of cardiovascular deaths nationally and globally.

Every year, in the United States alone 1 in 7 people that suffer from a heart attack die each year

at an annual cost of $316 billion dollars in direct expenditures and productivity losses nation-

ally and globally, this exceeds 17.3 million people and over $863 billion[1]. Occlusion of a cor-

onary artery due to the rupture of an unstable plaque is the most common cause of MI [2].

Myocardial necrosis begins within 40 min of coronary occlusion and becomes transmural

within 14 h [3, 4]. Structural remodeling of the myocardial architecture in both the infarcted
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area and non-infarcted area leads to progressive ventricular dilation, dysfunction, and a

decline in systolic function that eventually results in irreversible heart failure [4–7].

In addition, the heart is subject to global ischemia with possible subsequent reperfusion

injury during many cardiac surgical procedures such as coronary artery bypass graft (CABG).

The incidence of some degree of new myocardial necrosis ranges between 40% and 60% fol-

lowing CABG [8]. Reperfusion therapy has been the standard of care to reduce acute ischemic

injury, preserve left ventricular (LV) function, and reduce mortality since 1986. This therapy

must be applied within hours of the occlusive event and, paradoxically, it can worsen oxidative

injury [9, 10]. Its benefits have reached their outer limits, and agents currently used to slow the

progressive remodeling increase long-term survival but do not restore normal cardiac func-

tion. The CAESAR consortium, developed by NIH in 2011, is using a rigorous multicenter,

randomized model to identify potential cardioprotective therapeutic candidates [11]. Despite

this targeted approach and over 40 years of effort and investment, preclinical assessments of

prospective cardioprotective agents have failed to reduce infarct size. The critically short time

frame for treating ischemia to limit functional decline make it of paramount importance to

develop novel therapeutics that can be delivered during the ischemic event, whether its cause

is occlusive or surgical, to reduce the acute injury and prevent subsequent cardiac dysfunction.

The ideal intervention should also be effective irrespective of ongoing coronary artery disease,

gender, and associated comorbidities observed in these patients.

Numerous studies have shown that reducing inflammation, promoting angiogenesis and/

or grafting cells during the early stage of injury can reduce adverse remodeling and cardiac

dysfunction [12–15]. Recent evidence also suggests that manipulating the cell signaling that

regulate apoptosis, inflammation, autophagy and bioenergetics may enhance cardiomyocyte

survival and ultimately preserve function following MI [16–21]. During an ischemic event, the

oxygen deficit increases the demand for anaerobic production of ATP. This is met through a

combination of glycogenolysis and glycolysis. However, the capacity of cardiomyocytes to

store and mobilize glycogen is finite, so most of the regulatory potential lies in modulation of

glucose uptake via translocation of GLUT4 receptors to the plasma membrane [22–26]. Autop-

hagy, a constitutive process that preserves contractile function through clearance of damaged,

dysfunctional, or aged proteins, is an important pro-survival mechanism of terminally differ-

entiated cardiomyocytes during starvation or hypoxic stress [27]. Autophagy and tolerance to

oxidative stress can be modulated by sex steroids and age, and dysregulation of these processes

leads to chronic inflammation and increased susceptibility to age-related diseases [28, 29].

Although considerable research has been done to find a means by which to reduce acute ische-

mic injury, none have yet reached the clinical realm.

The Eph receptors (Eph-R) and their ligands, the ephrins, are the largest family of mem-

brane-bound receptor tyrosine kinases. Ephrin-Eph-R signaling regulates a variety of cell func-

tions, ranging from cell differentiation, proliferation, and migration during development [21,

30] to tumorigenesis [31–34]. EphrinA1 is an angiogenic protein stimulated by pro-inflamma-

tory cytokines [21, 35, 36]. Our lab and others have reported that ephrinA1-EphA-R signaling

can be manipulated to salvage cardiomyocyte structure and function after MI [37, 38]. Specifi-

cally, we have previously shown that intramyocardial administration of chimeric ephrinA1-Fc

limits tissue damage following a non reperfused myocardial infarction (MI) in mice and that

this is partially mediated through the EphA2-R [37]. Treatment with EphrinA1-Fc also in-

creased pAkt/Akt, decreased PARP cleavage, and increased BAG-1 expression, coordinately

indicative of improved cellular survival, likely via reduced apoptosis and enhanced autophagy

[37].

Based on these studies, we hypothesized that ephrinA1, normally expressed on healthy car-

diomyocytes, will alter EphA-R expression in a manner conducive to improved cell survival
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and metabolic efficiency during ischemia, thus leading to reduced tissue damage and preserva-

tion of cardiac function. Further, we predicted that ephrinA1-Fc will reduce injury due to

imbalanced substrate utilization, increased inflammation, and lipotoxicity, thus decreasing

cardiomyocyte vulnerability to injury. Our results demonstrate a clear and robust cardiopro-

tective role for exogenous EphrinA1-Fc administration during acute MI. We conclude that

ephrinA1-Fc presents a novel therapeutic approach for the treatment of acute MI.

Methods

Animals

Experimental research protocols were fully reviewed and approved by the East Carolina Uni-

versity Institutional Animal Care and Use Committee (IACUC) following the guidelines of the

National Institutes of Health for the Care and Use of Laboratory Animals. B6129SF2/J male

mice (stock #101045) (WT) were used. Female mice were not included in this study due to

confounds associated with the known cardioprotective effects of estrogen and potential inter-

actions with EphA-Rs [39, 40]. All mice were housed in ventilated cages and animal care was

maintained by the Department of Comparative Medicine at The Brody School of Medicine,

East Carolina University. Mice were exposed to 12h/12h light/dark cycle conditions and

received food and water ad libitum.

Surgical procedures, cardiac function, blood and tissue collection and
analyses

Male WTmice (8–12 weeks) were anesthetized with an intraperitoneal injection of 20 μl/g

body weight tribromoethanol (20 mg/ml) and mechanically ventilated. Surgical procedures for

coronary artery occlusion, reperfusion, blind injections of recombinant EphrinA1-Fc (E9902

Sigma) (6μg/6μl), or recombinant IgG-Fc (110 HG R&D) (6μg/6μl) as control into the border

zone, the distribution of the injectate zone, closure, and recovery are described in detail else-

where [37, 41]. Intramyocardial injection was the chosen route of administration to ensure

delivery to the heart and to demonstrate the low quantity needed to achieve an effect. The

injectate has not been found in lung, liver, or kidney. To minimize animal suffering and dis-

tress, two drops of 0.5%Marcaine were applied to the muscle before suturing the skin closed.

Normal grooming and mobility habits of all animals were monitored every hour for the first 8

hours post-operatively and the four hours preceding echocardiography and euthanasia. The

animals in the 4 day reperfusion group were also monitored daily in between surgery and at

time of euthanasia at the end of the experiment by laboratory personnel specially trained in

animal handling procedures by the Department of Comparative Medicine. All cages were

marked with a “watchdog” card to facilitate special attention by the animal care facility staff.

Of the 88 animals used in this study, all 11 animals that died during the first 24hrs post-opera-

tively (6 in 24hr group and 5 in 4 day group) were found dead the morning after the procedure,

presumably as a result of an arrhythmia as there were no other visible causes of death at the

time of necropsy.

Echocardiography was performed blindly at mid-papillary level (evidenced by the presence

of brush strokes at systole) on conscious, restrained mice at 24hrs or 4 days post-MI. A Visual-

Sonics Vevo 2100 diagnostic ultrasound, using M-mode and 30MHz probe, was used to obtain

LV dimensions in diastole and systole using standard procedures and calculations as previ-

ously described [42, 43].

Following echocardiography, the mice were anesthetized with a lethal intraperitoneal in-

jection of 0.1mL pentobarbital (390mg/mL). At the time of sacrifice, a pneumothorax was
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performed and blood was drawn by performing a right ventricular cardiac stick and spun

down to remove serum for subsequent cytokine array or ELISA analysis. Briefly, 20ul of serum

from each of 10 animals per group were combined for each of the 3 groups in the 30minI/

24hrR group and the proteome profiler mouse cytokine array kit, panel A (ARY006, R&D Sys-

tems, Inc) was used according to the manufacturer’s protocol. Based on the results of that

exploratory experiment, ELISAs for G-CSF, KC, and BLC (Life Technologies; EMCSF3,

EMCXCL1, and EMCXCL13 respectively) were run on 3 samples/group in duplicate for quan-

titative analysis of these cytokines accordingly to manufacturer protocol.

To assess infarct size, the heart was removed and the left ventricle was either retrogradely

perfused for pthalocyanine blue/TTC staining according to routine procedures [44] and mea-

sure were made blindly using ImageJ. Other hearts were subsequently fixed in Zn-based fixa-

tive for immunohistochemical analyses as described previously [37, 43] using Ly6G (BD

Pharmingen #550291) or CD45 (BD Pharmingen #550539). In each of the 4 sections from 5

hearts per group, 1 image was taken at 40x and the total number of positive cells was deter-

mined by 2 independent, blind observers and the data are represented an average of those 4

counts. For TUNEL counts, In Situ Cell Death Detection Kit (Roche, POD #11684817910) was

used for staining of apoptotic cells. TUNEL+ cardiomyocyte counts are expressed as a percent-

age of total cardiomyocyte nuclei in an average of 3 sections in each of 3 hearts from each

group. No counts were recorded in control animals since there are no positive cardiomyocyte

nuclei in uninjured hearts.

Another cohort of left ventricular tissues were snap frozen for RNA for gene expression

analyses or for protein extraction to conduct proteomic and western blotting analyses. Specifi-

cally, whole left ventricles of uninjured controls and I/R hearts were homogenized in Reagent

4 lysis buffer (Sigma) containing 1% protease and 1% phosphatase inhibitors. The Bradford

Assay was used to quantify the amount of protein. 200ug of total protein comprised of 40ug

from each of the 5 samples per group were pooled and sent to the Mass Spectrometry Labora-

tory at the University of Texas Health Science Center in San Antonio, Tx for proteomic analy-

sis. Briefly, 75ug of each of the 3 pooled samples were run on a BioRad Criterion XTMOPS

12% SDS-PAGE reducing 1-D gel and stained with blue silver stain. Six slices of the bands

from 10-250kDa were cut for extraction and subsequent identification using an HPLC-E-

SI-MS/MS on a ThermoFisher LTQ Orbitrap Velos. The data were reported using Scaffold

software and following DAVID, GO, KEGG, and TRANSFAC analyses, targets were selected

for validation byWestern blotting. The protein concentration in each sample was determined

using the Bio-Rad Bradford protein assay kit (Product #1856210). The samples were mixed

with 5X loading dye, heated at 95˚C for 5 mins, and then centrifuged briefly before loading.

40 μg of sample proteins were loaded in each lane and proteins were then transferred to

Bio-Rad Immuno-blot polyvinylidene difluoride (PVDF) membranes (Fisher, Product

#PV4HY00010). Blots were developed using the SuperSignal West Pico Chemiluminescent

Substrate (Thermo Scientific, Product #34080) or SuperSignal West Femto Maximum Sensi-

tivity Substrate (Thermo Scientific, Product #34095). Western blotting was performed using

probes for Bcl-2 (3498S), Bax (2772S), mTOR (2972S), p-mTOR (2971S), LC3 (12741S), and

GAPDH (2118S) from Cell Signaling. Pdk2 (PA35376), Pgam2 (PA5-24006), CD36 (MA5-

14112), HSP20 (PA5-26634), and MCD (PA5-22081) from ThermoFisher and were used as

per manufacturer recommendations (1:500–1000).

Statistics

Data was stored in Microsoft Excel files and analyzed using GraphPad Prism 3 (InStat3) soft-

ware. A one-way ANOVA with Student-Newman-Keuls multiple comparisons post-hoc test
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for the majority of analyses conducted. T-test were used when only IgG-Fc and ephrinA1-Fc

groups were compared (eg. TUNEL). All data was reported as the mean ± standard deviation.

These analyses were used to generate p values and Excel was used to generate the figures.

Results

Survival

There were no significant differences weight loss or survival in the 30minI/24hrR groups

(ephrinA1-Fc: 28/32 = 88%; IgG-Fc: 29/31 = 94%). In the 30minI/4 days R groups, survival of

the IgG-Fc-treated group was 71% (n = 10/14) whereas 91% of the ephrinA1-Fc-treated mice

survived (n = 10/11; NS) and there were no differences in post-operative weight loss between

groups at either time point.

Echocardiography

Echocardiographic data and representative M-mode traces for uninjured controls, IgG-Fc-

treated, and ephrinA1-Fc-treated mice that have undergone either 30 min of ischemia followed

by 24 h reperfusion or 30 min of ischemia followed by 4 d of reperfusion are shown in Fig 1A

and 1B respectively. Analysis of echocardiographic traces in IgG-Fc-treated animals 24 hours

post-MI identified a significant impairment in fractional shortening (FS) (57.58 ± 2.99%
�p< 0.01) and ejection fraction (EF) (87.92 ± 2.35%; �p< 0.01) compared to uninjured con-

trol mice. In contrast, mice treated with ephrinA1-Fc showed no change in FS (69.46 ± 1.45%;

p> 0.05) or EF (95.27 ± 0.64%; p> 0.05). Four days post-MI, IgG-Fc-treated animals display

further impairment in FS (48.75 ± 7.32%; † p< 0.001) and EF (81.08 ± 7.17%; † p< 0.001)

whereas ephrinA1-Fc-treated animals showed no significant difference in FS (63.52 ± 3.95%;

p> 0.05) or EF (92.94 ± 1.85%; p> 0.05). There were no differences in heart rate observed

between the groups at 24hrs (control: 598 ± 64, IgG-Fc: 638 ± 69, ephrinA1-Fc: 630 ± 36) or 4

days post-injury (control: 577 ± 53, IgG-Fc: 586 ± 57, ephrinA1-Fc: 563 ± 44).

Infarct size

Perfusion of excised hearts with TTC/pthalocyanine blue to differentiate viable, infarcted, and

at risk regions of the tissue revealed a marked drop in necrotic tissue as a percentage of the

area at risk in ephrinA1-Fc-treated mice (14.8 ± 4.6%) compared to IgG-Fc-treated mice

(28.0 ± 16.3) (Fig 2). There was no difference in area at risk between ephrinA1-Fc-treated ani-

mals (35.4 ± 4.5) and IgG-Fc-treated animals (29.8 ± 15.7).

Apoptosis and inflammatory cell infiltrate

Quantification of TUNEL staining in three tissue sections in the infarcted apical region showed

a significant reduction in TUNEL+ nuclei in ephrinA1-Fc-treated animals (62.7 ± 2.4%) com-

pared to ephrinA1-Fc-treated animals (42.3 ± 5.3%).

Average number of infiltrating cells/0.1mm2 (methyl green nuclei completely surrounded

by dark brown DAB staining) and representative images for each group are shown in Fig 3.

Ly6G+ cell density counts in the infarct zone of IgG-Fc-treated mice were 43 ± 7 but only

29 ± 7 in ephrinA1-Fc-treated hearts (control: 10 ± 1) and CD45+ cells were 45 ± 5 in the

infarct zone of IgG-Fc-treated hearts versus only 27 ± 5 in ephrinA1-treated hearts (control:

7 ± 1).
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Cytokine array and ELISA

3 antibody arrays, one for each group, were used to obtain relative levels of serum cytokines.

Of the 40 cytokines on the array, 12 cytokines were elevated in serum of both IgG-Fc and

ephrinA1-Fc-treated animals (BLC, C5/C5a, G-CSF, IL-16, IL-1ra, IL-1α, MCP-1, KC,

M-CSF, SDF-1, sICAM-1, and TIMP-1), but only 3 were different between the groups.

Fig 1. Echocardiographic data and representative M-mode traces for uninjured controls, IgG-Fc-
treated, and ephrinA1-Fc-treatedmice that have undergone with 30min of ischemia followed by 24 h
reperfusion (1a) or 30 min ischemic followed by 4 d of reperfusion (1b). Fractional shortening (FS)
(57.58 ± 2.99% †p < 0.01) and ejection fraction (EF) (87.92 ± 2.35%; *p < 0.05) was significantly impaired in
IgG-Fc-treated mice and systolic volume and diameter were increased. In contrast, mice treated with
ephrinA1-Fc showed no change in FS (69.46 ± 1.45%; p > 0.05) or EF (95.27 ± 0.64%; p > 0.05). After four
days of reperfusion, infarcted IgG-Fc-treated animals display further impairment in FS (48.75 ± 7.32%; †

p < 0.01) and EF (81.08 ± 7.17%; † p < 0.01) and both systolic and diastolic diameters and volumes were
significantly different from uninured control and ephrinA1-Fc-treated mice whereas ephrinA1-Fc-treated
animals showed no significant difference in FS (88.2 ± 5.5%; p > 0.05) or EF (96.6 ± 1.9%; p > 0.05). There
were no differences in heart rate observed between the groups (control: 598 ± 64, IgG-Fc: 638 ± 69,
ephrinA1-Fc: 630 ± 36) at 24hrs or 4days post-injury (control: 577 ± 53, IgG-Fc: 586 ± 57, ephrinA1-Fc:
563 ± 44). From left to right in the sham heart, blue lines denote anterior wall thickness, red lines denote
chamber diameter, and green lines denote posterior wall thickness at diastole and systole, respectively.

https://doi.org/10.1371/journal.pone.0189307.g001
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Specifically, in ephrinA1-Fc-treated mice there was a 15% decrease in BLC, a 30% decrease in

G-CSF, and a 35% decrease in KC compared to IgG-Fc-treated mice. ELISAs for BLC, G-CSF,

and KC were used to determine the quantitative differences between groups in 3 mice/group.

Results from these assays show that the cytokine with the largest differential relative expression

in the cytokine array, CXCL1, was the only one with measurable difference by ELISA. Specifi-

cally, KC in IgG-Fc-treated mice was increased 5-fold but only 3-fold in ephrinA1-Fc-treated

(Fig 3C). While there was an insignificant trend for G-CSF to be 30% higher in IgG-Fc-treated

mice, there was no detectable difference in BLC.

Proteomics andWestern blotting

Fig 4 panels a-c show expression levels (normalized to GAPDH) of EphA1, EphA4, and A7

respectively in uninjured controls, IgG-Fc-treated, and ephrinA1-Fc-treated hearts after

Fig 2. Area at risk and infarct size. Area at Risk (AAR) in IgG-Fc-treated hearts was not different from
ephrinA1-Fc-treated hearts whereas infarct size was 46% smaller in the ephrinA1-Fc-treated group (*p< 0.05)
compared to the IgG-Fc group.

https://doi.org/10.1371/journal.pone.0189307.g002

Fig 3. Inflammatory infiltrate in the infarct zone of IgG-Fc and ephrinA1-Fc treatedmouse hearts and
serumCXCL1 at 24hrs. The density of positively stained (A) Ly6G+ neutrophils and (B) CD45+macrophages
(methyl green stained nuclei completely surrounded by dark brown DAB staining) was decreased by 33% and
40% respectively in ephrinA1-Fc-treated compared to IgG-Fc-treated hearts. (C) CXCL1 in serum of
ephrinA1-Fc-treatedmice was significantly decreased by 39% compared to IgG-Fc-treated mice. *p<0.001
compared to control, †p<0.01 compared to control, ‡ p<0.05 compared to IgG-Fc.

https://doi.org/10.1371/journal.pone.0189307.g003
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30min/24hr (n = 4-5/group). These data indicate that there was a 16% increase in EphA1

protein expression (7.51 ± 0.49 vs 6.33 ± 0.3) and a 19% decrease in EphA4 (1.21 ± 0.09 vs

1.02 ± 0.06) in ephrinA1-Fc-treated mouse hearts compared with IgG-Fc-treated as well as

uninjured control mouse hearts. In contrast, there was a 34% decrease in EphA7 (0.14 ± 0.04

vs 0.19 ± 0.01) in IgG-Fc- mouse hearts compared to ephrinA1-Fc-treated mouse hearts which

remain nearly equivalent to uninjured controls.

As described above, proteomic analysis was performed on Reagent 4 extracted proteins that

were run on 2-DE gels and subsequently run on an HPLC-ESI-MS/MS on a ThermoFisher

Fig 4. Western blots of EphA1, EphA4, and EphA7 receptor expression in left ventricular
homogenates of control, IgG-Fc-treated, and ephrinA1-Fc-treatedmouse hearts at 24hrs. (a) EphA1-R
expression increased by 16% in ephrinA1-Fc-treated hearts compared to control hearts but were not different
from IgG-Fc-treated hearts. (b) EphA4-R protein expression decreased in ephrinA1-Fc-treated hearts
compared to IgG-Fc-treated hearts which were not difference from controls. (c) EphA7-R expression
decreased 33% in IgG-Fc-treated hearts compared to controls and was 26% higher in ephrinA1-Fc-treatred
hearts compared to IgG-Fc-treated hearts but not significantly different from control hearts. *p<0.05
compared to control, † p<0.05 compared to IgG-Fc, ‡ p<0.01 compared to control.

https://doi.org/10.1371/journal.pone.0189307.g004
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LTQ Orbitrap Velos. Scaffold software was subsequently used for protein identification and

changes were expressed as a ratio of ephrinA1-Fc/IgG-Fc were ranked. Antibodies against

BCL2, BAX, HSP20, LC3, p-mTOR, mTOR, CD36, MCD, PDK2, and PGAM2 were selected

based on the magnitude of the relative difference and pathway analysis as discussed in the

methods. Graphs depicting the densitometric values of the average ± SD for n = 4-5/group and

representative Western blots are shown in Fig 5A–5D.

In Fig 5A, BLC2/BAX ratio increased inephrinA1-Fc-treated hearts more than 2-fold rela-

tive the IgG-Fc-treated mouse hearts (3.96 ± 0.29 and 1.9 ± 0.31 respectively). Further, cardio-

protective HSP20 (HSPB6) expression was increased by 35% in ephrinA1-Fc treated LV as

compared with IgG-Fc treated hearts (0.60 ± 0.08 and 0.93 ± 0.10 respectively).

In Fig 5B, the ratio of LC3II/I was increased 27% in ephrinA1-Fc-treated mouse LV com-

pared to IgG-Fc-treated hearts (0.74 ± 0.03 and 1.01 ± 0.17 respectively). Similarly, p-mTOR/

mTOR ratio was decreased in ephrinA1-Fc-treated hearts compared to IgG-Fc-treated hearts

(0.59 ± 0.03 and 0.85 ± 0.04 respectively) by 44%.

Fig 5C, CD36, an important intermediary of lipid transport across the plasma membrane

into cardiomyocytes, was decreased by 35%, from 3.82 ± 0.46 in IgG-Fc-treated mice to

2.82 ± 0.57 in ephrinA1-Fc-Treated mice. Representative Western blot for MCD, a major regu-

lator of β-oxidation, shows that there was a 233% decrease in MCD expression in ephri-

nA1-Fc-treated hearts compared to IgG-Fc-treated hearts from1.05 ± 0.24 to 0.31 ± 0.19.

In Fig 5D, representative Western blots for PDK2 and PGAM2, important enzymes in the

glycolytic pathway that regulate ATP production, are both increased. EphrinA1-Fc treatment

increased PGAM2 by 15% (1.25 ± 0.05 and 1.06 ± 0.05 respectively) and PDK2 by 33%

(1.05 ± 0.11 and 0.7 ± 0.07 respectively) compared with IgG-Fc treatment.

Discussion

Cardiomyocytes are terminally differentiated, post-mitotic cells, which lack the ability to

regenerate the infarcted region following MI. Infarct size reduction and preservation of func-

tion following an ischemic insult requires cumulatively synchronized preservation of several

signaling pathways. Dysregulation of metabolic function during hypoxia leads to cellular dam-

age, resulting in release of recruitment signals into the circulatory system. Structural remodel-

ing of the myocardial architecture in both the infarcted area and non-infarcted area ensues,

leading to irreversible cardiomyocyte damage, progressive ventricular dilation, and a decline

in systolic function that ultimately leads to heart failure [4–7]. Simultaneous alteration of sig-

naling pathways that influence inflammation, apoptosis, autophagy, and cellular bioenergetics

may enhance cardiomyocyte survival post-MI ischemia [16–21, 45–47]. EphrinA1, stimulated

by pro-inflammatory cytokines, is an angiogenic protein that is expressed in the cardiomyo-

cyte plasma membrane and an intramyocardial administration of chimeric ephrinA1-Fc in

mice at the time of injury attenuates damage post-MI [21, 35–37, 43, 48–50]. In the present

study, using a clinically relevant model of acute ischemia/reperfusion in mice, our differential

Fig 5. Western blots of markers for apoptosis, autophagy, fatty acid metabolism, and glycolysis in left
ventricular homogenates of control, IgG-Fc-treated, and ephrinA1-Fc-treatedmouse hearts at 24hrs.
(a)The ratio of bcl2/bax increased 2-fold and HSP20 increased by 35%, both of which are indicative of
reduced apoptosis in ephrinA1-Fc treated mouse hearts compared to IgG-Fc. (b) The ratios of LC3II/LC3I
increased 28% and pmTOR/mTOR decreased by 31%, indicating increased autophagy in ephrinA1-Fc
relative to IgG-Fc-treated mouse hearts. (c) Decreased CD36 and MCD in ephrinA1-Fc-treated mice by 35%
and 70% respectively compared to IgG-Fc treatedmice is suggestive of reduced deleterious fatty acid
accumulation and increased (d) PGAM2 and PDK2 by 26% and 33% respectively indicate altered glycolytic
flux. *p<0.05 compared to control, ** p<0.05 compared to IgG-Fc, † p<0.01 compared to control, †† p<0.01
compared to IgG = Fc, ‡ p<0.001 compared to control, ‡‡ p<0.001 compared to IgG-Fc.

https://doi.org/10.1371/journal.pone.0189307.g005
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staining with TTC/pthalocyanine blue data show that infarct size was reduced by 46% and

there was complete preservation of cardiac function comparable to that of uninjured control

mouse hearts at both 24hrs and 4 days post-reperfusion. Of note, in the IgG-Fc-treated

infarcts, systolic function was significantly impaired at 24hr post-MI but diastolic function was

not yet affected. After 4 days of reperfusion however, diastolic function was also compromised,

findings which are in accordance with previous studies demonstrating time-dependent mani-

festation of functional changes [51, 52].

In the acute phase of ischemic myocardial injury, the release of cytokines from the infarct

region signals the recruitment of immune cells to initiate the immune response to the site of

injury. Quantification of Ly6G+ neutrophils and CD45+ pan-leukocytes via immunohisto-

chemical staining of in the infarct zone of LV tissue sections indicates a robust increase in

inflammatory cell recruitment in injured animals treated with IgG-Fc compared the uninjured

controls. However, ephrinA1-Fc administration was associated with a significant reduction in

the number of infiltrating inflammatory cells in the infarcted region at 24 hours post-MI.

Attenuation of the inflammatory response to injury is further corroborated by a significant

decrease in pro-inflammatory cytokines such as B lymphocyte chemoattractant (aka BLC or

CXCL13), granulocyte colony-stimulating factor (G-CSF), and chemokine ligand-1 (aka KC,

CXCL1, or IL-8) in the serum of ephrinA1-Fc-treated mice compared to the IgG treatment

group. These chemokines are chemoattractant factors that recruit and activate neutrophils and

B cells. B cells produce chemokines that elicit mobilization of monocytes to home to the site of

injury, thus increasing inflammation and injury [53]. IL-8 is a potent pro-inflammatory cyto-

kine that induce accumulation and activation of neutrophils, exacerbating tissue damage and

in humans, this correlates to worse prognosis following PCI in STEMI patients due to reperfu-

sion-related injury [54–56]. G-CSF enhances proliferation, differentiation, survival, and pro-

inflammatory function of neutrophils and works synergistically with IL-8 to intensify neutro-

phil mobilization [57, 58]. In the present study, reduction of these cytokines in the circulation

following ephrinA1-Fc treatment in I/R mice suggests that there is reduced injury and thus

diminished production of homing factors. While statistically significant confirmation could

only be obtained for KC by ELISA, the reduction in ischemic injury and concomitant inflam-

matory response point clearly to the robust cardioprotective potential of ephrinA1-Fc.

As further evidence to support of the cardioprotective properties of ephrinA1-Fc, we

observed less apoptotic cardiomyocyte nuclei in ephrinA1-Fc-treated mouse hearts. Addition-

ally, the ratio of the anti-apoptotic protein, BCL2, to the pro-apoptotic, BAX, is a key determi-

nant in the induction of apoptosis [59]. Relative to IgG-Fc-treated infarcted hearts, BCL2/BAX

is significantly elevated in response to ephrinA1-Fc treatment. We previously reported an

increase in AKT activation related to delivery of ephrinA1-Fc in a model of permanent occlu-

sion of the LAD [37]. This molecule has been established as a key intermediate involved in

stimulation of the reperfusion injury survival kinases pathways that have been characterized in

the context of ischemic preconditioning [60]. Additionally, we detected an increase in HSP20

(HSPB6), a highly expressed protein in the heart that is activated and phosphorylated by stress

and has been shown to be cardioprotective through a variety of mechanisms, including inhibi-

tion of apoptosis and NF-κB-mediated proinflammatory cytokine production, Ca+2 regula-

tion, and increased autophagy [61–65]. Taken together, less cardiac tissue damage subsequent

to ephrinA1-Fc treatment could result from both direct cardioprotective signaling in cardio-

myocytes and repulsion and/or decreased chemotaxis of inflammatory cells. Further investiga-

tion using isolated primary cells alone and in co-culture is in progress to identify the precise

mechanism linking ephrinA1-Fc to the conservation of cardiomyocyte viability and reduced

inflammation during I/R.
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In conjunction with the observed cardioprotective effects, we measured increased EphA1,

decreased EphA4, and preserved EphA7 protein expression in ephrinA1-Fc-treated mouse

hearts as compared with IgG-Fc-treated controls (Fig 4). Decreased EphA1 expression is asso-

ciated with increased leukocyte adhesion and extravasation [66], suggesting that increased

EphA1 expression in response to ephrinA1-Fc may provide repulsive signals to circulating leu-

kocytes, thereby preventing transmigration into the tissue. Similarly, Jellinghaus et al (2013)

showed that ephrinA1-Fc increased endothelial expression of EphA4 in atherosclerotic pla-

ques, rapidly increasing monocyte adhesion [67]. In our laboratory, decreased EphA4 receptor

expression in ephrinA1-Fc-treated mouse hearts correlates with decrease macrophage infiltra-

tion. Lastly, although the role and distribution of EphA7 is less well-defined, Leslie-Barbick

et al (2011) detected upregulation of proangiogenic EphA7 in studies of endothelial tubulogen-

esis in PEG hydrogels using laser scanning lithography [68]. Preservation of EphA7 expression

in the ephrinA1-Fc-treated mouse hearts post-MI implies maintenance of vascular integrity.

Aggregation of these changes suggest that inflammatory cell chemotaxis is inhibited by repul-

sive cues and vessel stabilization in myocardial tissue is maintained, both of which serve to

coordinately preserve structure and function during I/R.

Additional western blotting validation of selected targets from proteomics analyses affirm

that increased autophagy, decreased fatty acid oxidation and accumulation of toxic lipids in

conjunction with increased ATP production via glycolysis may coordinately preserve tissue

integrity and function (Fig 5). Autophagy, an essential intracellular catabolic process during

which normal or dysfunctional proteins are recycled to maintain homeostasis, serves a pro-

survival role during stressful conditions such as nutrient deprivation, hypoxia, and hyperglyce-

mia by reallocating nutrients to vital processes [17, 69, 70]. During hypoxia and starvation in

terminally differentiated cardiomyocytes, autophagy is an important, pro-survival mechanism.

Cytoplasmic LC3 protein is processed and integrated into autophagosomal membranes and

then fusion of the autophagosome with the lysosome results in the breakdown of the autopha-

gosome vesicle and its contents. An increase in the ratio of LC3II/LC3I, is commonly used as

an index of increased autophagy [71–75]. Our data show that ephrinA1-Fc treatment signifi-

cantly increased this ratio, implying that autophagy is upregulated. Moreover, inhibition of

mTOR by phosphorylation (a reduction in pmTOR/mTOR) suppresses protein synthesis and

stimulates autophagy which reduces ischemic injury and improves cardiac function in T2DM

[76–78]. We have measured a reduction in the ratio of pmTOR/mTOR in ephrinA1-Fc-treated

mouse hearts compared to IgG-Fc-treated infarcted myocardium, further corroborating the

increase in autophagy. While these data provide compelling evidence for the role of increased

autophagic flux in myocardial protection afforded by ephrinA1-Fc, further investigation of

the downstream mechanisms is required to maximize ephrinA1-Fc-mediated survival of

cardiomyocytes.

In a healthy heart, a transporter of long-chain FAs, CD36, moves away from the plasma

membrane and is replaced by GLUT4, representing a substantial shift from FA oxidation to gly-

colysis, which is associated with improved cardiac efficiency during ischemia [45–47]. However,

an increase in FA uptake under these conditions in diabetic animals, can be attributed to

increased expression of CD36, and is associated with impaired cardiac function [79]. Inhibition

of CD36 has been shown to prevent lipid accumulation and detrimental effects on contractile

function while preserving insulin signaling [80, 81]. Quantification of CD36 protein abundance

by western blot has shown a significant drop in CD36 expression in ephrinA1-Fc-treated hearts

compared to vehicle controls, suggesting reduced uptake of FAs into the cardiomyocytes after

ephrinA1-Fc treatment. This observation is made in conjunction with a dramatic reduction in

malonyl-CoA decarboxylase (MCD), the enzyme responsible for the conversion of malonyl-

coA to acetyl-coA, which decreases cardiac FA oxidation through allosteric regulation of the
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mitochondrial FA transporter, carnitine palmitoyltransferase 1 (CPT1) [82, 83]. Inhibition of

MCD resulting in increased malonyl-coA accumulation is associated with increased glucose

oxidation and cardioprotection from ischemia [82, 84–90]. Studies are underway to evaluate

ephrinA1-Fc-mediated substrate preference and energy production.

Changes in glucose oxidation correlate to both the duration of the ischemic event and the

substrates provided during reperfusion. Inclusion of fatty acids along with glucose has been

shown to decrease responsiveness compared to use of glucose as the sole substrate. Increasing

pyruvate has also been shown to improve the mechanical performance of the heart. Pyruvate

dehydrogenase kinase isozyme 2 (PDK2), a major regulator of the pyruvate dehydrogenase

complex (PDC), is highly expressed in the heart and play a pivotal role in coordinating the bal-

ance between glucose and FA metabolism [91]. Western blot analysis of ephrinA1-Fc-treated

hearts shows that PDK2 protein increased, likely resulting in increased negative regulation of

PDC which subsequently attenuated aerobic catabolism by shunting glucose-derived pyruvate

towards the formation of lactate. This is important in tissues with high ATP requirement.

Phosphoglycerate mutase 2 (PGAM2) is a glycolytic enzyme known to be expressed in

anaerobic tissues including skeletal muscle and cancers cells. Increased oxidative stress in

tumor cells stimulates PGAM2 activity which enhances glycolytic flux (the Warburg effect),

enabling cells to adapt to hypoxic conditions [92]. Deficiency of PGAM2 in muscle is associ-

ated with intolerance for strenuous exercise [93]. Although persistent overexpression in mouse

heart altered mitochondrial respiratory capacity and ROS generation resulting in less tolerance

to stress [94], ephrinA1-Fc treatment resulted in an increase in PGAM2, suggesting that acute

and/or transient upregulation is metabolically beneficial. Although we have not yet verified

differences in expression levels or performed substrate utilization assays, the mass spectrome-

try results from pooled samples indicate that lactate dehydrogenase, enolase 1,pyruvate dehy-

drogenase, and mitochondrial pyruvate carrier are all increased, whereas CPT1 is decreased

and CPT 2 and carnitine acetyltransferase (CrAT) are increased, providing further evidence

that ephrinA1-Fc causes shunting of substrates away from oxidation of fatty acids to oxidation

of glucose and lactate, leading to improved ATP production and reduced tissue damage [95–

102].

Collectively, these results defy conventional beliefs regarding the fragility of highly oxygen-

sensitive, terminally-differentiated cardiomyocytes and the mechanisms by which ischemia

can be acutely managed.

Conclusions and future studies

The current investigation demonstrates the cardioprotective efficacy of ephrinA1-Fc following

I/R in the adult male mouse myocardium. Real-time visualization and measurement of LV

chamber dimensions in conscious mice showed significantly impaired contractile function in

infarcted mice that received IgG-Fc, an effect that was rescued by the provision of ephrinA1-Fc

at the time of coronary artery ligation. Specifically, our data show that changes in ephrinA1/

EphA-R gene expression, serum cytokine levels and inflammatory cell infiltration, decreased

apoptosis, reduced fatty acid oxidation and associated lipotoxicity, and increased glycolytic

flux culminate in improved energy production and utilization efficiency, decreased myocardial

infarct injury and complete preservation of cardiac function. These data clearly demonstrate a

cardioprotective role for EphrinA1-Fc and may present a novel therapeutic approach in the

treatment of MI.

Future studies of the effects of ephrinA1/EphA-R signaling pathways involved in apoptosis,

autophagy, and metabolism in isolated in adult primary cardiomyocytes as well as intact

animals of both sexes, aged mice, and administration of ephrinA1 at the time of reperfusion
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are in progress and will advance our understanding of the role of ephrinA1/EphA-R in attenu-

ating ischemic injury. Results from these studies will provide a comprehensive analysis of the

pathways coordinately regulated by ephrinA1/EphA-R and how they are altered by ephri-

nA1-Fc to effect protection of the ischemic heart. This will underscore its potential transla-

tional impact in designing customized treatment paradigms to reduce ischemic heart disease

and improve myocardial performance in both genders at any age irrespective of associated co-

morbidities.

Acknowledgments

Mass spectrometry analyses were performed at the UTHSCSA Institutional Mass Spectrome-

try Laboratory (NIH P30 CA54174) directed by Dr. SusanWeintraub. Drs. Lisandra de Castro

Brás and Monte Willis assisted with preliminary MS data assimilation and analysis. Madeleine

Neuhaus, Bin Luo, Patti Shaver, and Drew Holt assisted with methodologic, software, and/or

instrumentation guidance for data collection and analyses.

Author Contributions

Conceptualization: Augustin DuSablon, Jitka Virag.

Data curation: Augustin DuSablon, Justin Parks, K’Shylah Whitehurst, Heather Estes, Robert

Chase, Eleftherios Vlahos, Uma Sharma, David Wert, Jitka Virag.

Formal analysis: Augustin DuSablon, Justin Parks, David Wert, Jitka Virag.

Funding acquisition: Jitka Virag.

Investigation: Augustin DuSablon, David Wert, Jitka Virag.

Methodology: Augustin DuSablon, Justin Parks, K’Shylah Whitehurst, Heather Estes, Robert

Chase, Eleftherios Vlahos, Uma Sharma, David Wert, Jitka Virag.

Project administration: Augustin DuSablon, Justin Parks, David Wert, Jitka Virag.

Supervision: Augustin DuSablon, Justin Parks, K’Shylah Whitehurst, Uma Sharma, David

Wert, Jitka Virag.

Validation: Uma Sharma, David Wert, Jitka Virag.

Visualization: K’Shylah Whitehurst, Jitka Virag.

Writing – original draft: Augustin DuSablon, David Wert, Jitka Virag.

Writing – review & editing: Augustin DuSablon, Jitka Virag.

References
1. Benjamin EJ, Blaha MJ, Chiuve SE, Cushman M, Das SR, Deo R, et al. Heart Disease and Stroke Sta-

tistics-2017 Update: A Report From the American Heart Association. Circulation. 2017; 135(10):e146–
e603. https://doi.org/10.1161/CIR.0000000000000485 PMID: 28122885.

2. White HD, ChewDP. Acute myocardial infarction. Lancet. 2008; 372(9638):570–84. https://doi.org/10.
1016/S0140-6736(08)61237-4 PMID: 18707987.

3. Reimer KA, Jennings RB. The "wavefront phenomenon" of myocardial ischemic cell death. II. Trans-
mural progression of necrosis within the framework of ischemic bed size (myocardium at risk) and col-
lateral flow. Lab Invest. 1979; 40(6):633–44. PMID: 449273.

4. Jugdutt BI. Ischemia/Infarction. Heart failure clinics. 2012; 8(1):43–51. https://doi.org/10.1016/j.hfc.
2011.08.006 PMID: 22108726.

5. Frangogiannis NG, Smith CW, EntmanML. The inflammatory response in myocardial infarction. Car-
diovasc Res. 2002; 53(1):31–47. Epub 2001/12/18. S0008636301004345 [pii]. PMID: 11744011.

EphrinA1-Fc attenuates myocardial ischemia/reperfusion injury in mice

PLOSONE | https://doi.org/10.1371/journal.pone.0189307 December 13, 2017 14 / 20

https://doi.org/10.1161/CIR.0000000000000485
http://www.ncbi.nlm.nih.gov/pubmed/28122885
https://doi.org/10.1016/S0140-6736(08)61237-4
https://doi.org/10.1016/S0140-6736(08)61237-4
http://www.ncbi.nlm.nih.gov/pubmed/18707987
http://www.ncbi.nlm.nih.gov/pubmed/449273
https://doi.org/10.1016/j.hfc.2011.08.006
https://doi.org/10.1016/j.hfc.2011.08.006
http://www.ncbi.nlm.nih.gov/pubmed/22108726
http://www.ncbi.nlm.nih.gov/pubmed/11744011
https://doi.org/10.1371/journal.pone.0189307


6. Tiyyagura SR, Pinney SP. Left ventricular remodeling after myocardial infarction: past, present, and
future. Mt Sinai J Med. 2006; 73(6):840–51. Epub 2006/11/23. PMID: 17117309.

7. Brower GL, Gardner JD, FormanMF, Murray DB, Voloshenyuk T, Levick SP, et al. The relationship
betweenmyocardial extracellular matrix remodeling and ventricular function. Eur J Cardiothorac Surg.
2006; 30(4):604–10. Epub 2006/08/29. S1010-7940(06)00665-8 [pii] https://doi.org/10.1016/j.ejcts.
2006.07.006 PMID: 16935520.

8. Mentzer RM Jr. Myocardial protection in heart surgery. J Cardiovasc Pharmacol Ther. 2011; 16(3–
4):290–7. Epub 2011/08/09. https://doi.org/10.1177/1074248411410318 PMID: 21821531.

9. Michael LH, Ballantyne CM, Zachariah JP, Gould KE, Pocius JS, Taffet GE, et al. Myocardial infarction
and remodeling in mice: effect of reperfusion. Am J Physiol. 1999; 277(2 Pt 2):H660-8. PMID:
10444492.

10. Vandervelde S, van Amerongen MJ, Tio RA, Petersen AH, van LuynMJ, HarmsenMC. Increased
inflammatory response and neovascularization in reperfused vs. non-reperfused murine myocardial
infarction. Cardiovasc Pathol. 2006; 15(2):83–90. https://doi.org/10.1016/j.carpath.2005.10.006
PMID: 16533696.

11. Jones SP, Tang XL, Guo Y, Steenbergen C, Lefer DJ, Kukreja RC, et al. The NHLBI-sponsored Con-
sortium for preclinicAl assESsment of cARdioprotective therapies (CAESAR): a new paradigm for rig-
orous, accurate, and reproducible evaluation of putative infarct-sparing interventions in mice, rabbits,
and pigs. Circ Res. 2015; 116(4):572–86. https://doi.org/10.1161/CIRCRESAHA.116.305462 PMID:
25499773; PubMed Central PMCID: PMCPMC4329104.

12. Woo YJ, Panlilio CM, Cheng RK, Liao GP, Atluri P, Hsu VM, et al. Therapeutic delivery of cyclin A2
induces myocardial regeneration and enhances cardiac function in ischemic heart failure. Circulation.
2006; 114(1 Suppl):I206–13. https://doi.org/10.1161/CIRCULATIONAHA.105.000455 PMID:
16820573.

13. Yau TM, Li G, Weisel RD, Reheman A, Jia ZQ, Mickle DA, et al. Vascular endothelial growth factor
transgene expression in cell-transplanted hearts. J Thorac Cardiovasc Surg. 2004; 127(4):1180–7.
Epub 2004/03/31. https://doi.org/10.1016/j.jtcvs.2003.09.052 PMID: 15052220.

14. Trescher K, Bernecker O, Fellner B, Gyongyosi M, Schafer R, Aharinejad S, et al. Inflammation and
postinfarct remodeling: overexpression of IkappaB prevents ventricular dilation via increasing TIMP
levels. Cardiovasc Res. 2006; 69(3):746–54. https://doi.org/10.1016/j.cardiores.2005.11.027 PMID:
16388787.

15. SuganoM, Tsuchida K, Hata T, Makino N. In vivo transfer of soluble TNF-alpha receptor 1 gene
improves cardiac function and reduces infarct size after myocardial infarction in rats. FASEB J. 2004;
18(7):911–3. Epub 2004/05/01. https://doi.org/10.1096/fj.03-1148fje [pii]. PMID: 15117889.

16. French CJ, Taatjes DJ, Sobel BE. Autophagy in myocardium of murine hearts subjected to ischemia
followed by reperfusion. Histochem Cell Biol. 2010; 134(5):519–26. https://doi.org/10.1007/s00418-
010-0748-0 PMID: 20931339.

17. Hamacher-Brady A, Brady NR, Gottlieb RA. Enhancing macroautophagy protects against ischemia/
reperfusion injury in cardiac myocytes. J Biol Chem. 2006; 281(40):29776–87. Epub 2006/08/03.
M603783200 [pii] https://doi.org/10.1074/jbc.M603783200 PMID: 16882669.

18. Shaw J, Kirshenbaum LA. Molecular regulation of autophagy and apoptosis during ischemic and non-
ischemic cardiomyopathy. Autophagy. 2008; 4(4):427–34. Epub 2008/03/28. 5901 [pii]. PMID:
18367871.

19. Kung G, Konstantinidis K, Kitsis RN. Programmed necrosis, not apoptosis, in the heart. Circ Res.
2011; 108(8):1017–36. Epub 2011/04/16. 108/8/1017 [pii] https://doi.org/10.1161/CIRCRESAHA.110.
225730 PMID: 21493924.

20. Kanamori H, Takemura G, Goto K, Maruyama R, Tsujimoto A, Ogino A, et al. The role of autophagy
emerging in postinfarction cardiac remodelling. Cardiovasc Res. 2011. Epub 2011/03/17. cvr073 [pii]
https://doi.org/10.1093/cvr/cvr073 PMID: 21406597.

21. Pasquale EB. Eph-ephrin bidirectional signaling in physiology and disease. Cell. 2008; 133(1):38–52.
Epub 2008/04/09. S0092-8674(08)00386-3 [pii] https://doi.org/10.1016/j.cell.2008.03.011 PMID:
18394988.

22. Opie LH. Cardiac metabolism in ischemic heart disease. Arch Mal Coeur Vaiss. 1999; 92(12):1755–
60. PMID: 10665328.

23. Rosano GM, Fini M, Caminiti G, Barbaro G. Cardiac metabolism in myocardial ischemia. Curr Pharm
Des. 2008; 14(25):2551–62. https://doi.org/10.2174/138161208786071317 PMID: 18991672.

24. Ravingerova T, Carnicka S, Ledvenyiova V, Barlaka E, Galatou E, Chytilova A, et al. Upregulation of
genes involved in cardiac metabolism enhances myocardial resistance to ischemia/reperfusion in the
rat heart. Physiol Res. 2013; 62 Suppl 1:S151–63. PMID: 24329695.

EphrinA1-Fc attenuates myocardial ischemia/reperfusion injury in mice

PLOSONE | https://doi.org/10.1371/journal.pone.0189307 December 13, 2017 15 / 20

http://www.ncbi.nlm.nih.gov/pubmed/17117309
https://doi.org/10.1016/j.ejcts.2006.07.006
https://doi.org/10.1016/j.ejcts.2006.07.006
http://www.ncbi.nlm.nih.gov/pubmed/16935520
https://doi.org/10.1177/1074248411410318
http://www.ncbi.nlm.nih.gov/pubmed/21821531
http://www.ncbi.nlm.nih.gov/pubmed/10444492
https://doi.org/10.1016/j.carpath.2005.10.006
http://www.ncbi.nlm.nih.gov/pubmed/16533696
https://doi.org/10.1161/CIRCRESAHA.116.305462
http://www.ncbi.nlm.nih.gov/pubmed/25499773
https://doi.org/10.1161/CIRCULATIONAHA.105.000455
http://www.ncbi.nlm.nih.gov/pubmed/16820573
https://doi.org/10.1016/j.jtcvs.2003.09.052
http://www.ncbi.nlm.nih.gov/pubmed/15052220
https://doi.org/10.1016/j.cardiores.2005.11.027
http://www.ncbi.nlm.nih.gov/pubmed/16388787
https://doi.org/10.1096/fj.03-1148fje
http://www.ncbi.nlm.nih.gov/pubmed/15117889
https://doi.org/10.1007/s00418-010-0748-0
https://doi.org/10.1007/s00418-010-0748-0
http://www.ncbi.nlm.nih.gov/pubmed/20931339
https://doi.org/10.1074/jbc.M603783200
http://www.ncbi.nlm.nih.gov/pubmed/16882669
http://www.ncbi.nlm.nih.gov/pubmed/18367871
https://doi.org/10.1161/CIRCRESAHA.110.225730
https://doi.org/10.1161/CIRCRESAHA.110.225730
http://www.ncbi.nlm.nih.gov/pubmed/21493924
https://doi.org/10.1093/cvr/cvr073
http://www.ncbi.nlm.nih.gov/pubmed/21406597
https://doi.org/10.1016/j.cell.2008.03.011
http://www.ncbi.nlm.nih.gov/pubmed/18394988
http://www.ncbi.nlm.nih.gov/pubmed/10665328
https://doi.org/10.2174/138161208786071317
http://www.ncbi.nlm.nih.gov/pubmed/18991672
http://www.ncbi.nlm.nih.gov/pubmed/24329695
https://doi.org/10.1371/journal.pone.0189307


25. Chagas AC, Dourado PM, Galvao Tde F. Modulation of cardiac metabolism during myocardial ische-
mia. Curr PharmDes. 2008; 14(25):2563–71. https://doi.org/10.2174/138161208786071236 PMID:
18991673.

26. Taegtmeyer H, King LM, Jones BE. Energy substrate metabolism, myocardial ischemia, and targets
for pharmacotherapy. Am J Cardiol. 1998; 82(5A):54K–60K. https://doi.org/10.1016/S0002-9149(98)
00538-4 PMID: 9737487.

27. Ma S,Wang Y, Chen Y, Cao F. The role of the autophagy in myocardial ischemia/reperfusion injury.
Biochim Biophys Acta. 2015; 1852(2):271–6. https://doi.org/10.1016/j.bbadis.2014.05.010 PMID:
24859226.

28. Lopez EF, Kabarowski JH, Ingle KA, Kain V, Barnes S, Crossman DK, et al. Obesity superimposed on
aging magnifies inflammation and delays the resolving response after myocardial infarction. American
journal of physiology Heart and circulatory physiology. 2015; 308(4):H269–80. https://doi.org/10.1152/
ajpheart.00604.2014 PMID: 25485899; PubMed Central PMCID: PMC4329482.

29. Le TY, Ashton AW, Mardini M, Stanton PG, Funder JW, Handelsman DJ, et al. Role of androgens in
sex differences in cardiac damage during myocardial infarction. Endocrinology. 2014; 155(2):568–75.
https://doi.org/10.1210/en.2013-1755 PMID: 24424037.

30. Kullander K, Klein R. Mechanisms and functions of Eph and ephrin signalling. Nature reviews Molecu-
lar cell biology. 2002; 3(7):475–86. Epub 2002/07/03. https://doi.org/10.1038/nrm856 [pii]. PMID:
12094214.

31. Brantley DM, Cheng N, Thompson EJ, Lin Q, Brekken RA, Thorpe PE, et al. Soluble Eph A receptors
inhibit tumor angiogenesis and progression in vivo. Oncogene. 2002; 21(46):7011–26. https://doi.org/
10.1038/sj.onc.1205679 PMID: 12370823.

32. Dodelet VC, Pasquale EB. Eph receptors and ephrin ligands: embryogenesis to tumorigenesis. Onco-
gene. 2000; 19(49):5614–9. Epub 2000/12/15. https://doi.org/10.1038/sj.onc.1203856 PMID:
11114742.

33. Brantley-Sieders D, Schmidt S, Parker M, Chen J. Eph receptor tyrosine kinases in tumor and tumor
microenvironment. Curr Pharm Des. 2004; 10(27):3431–42. https://doi.org/10.2174/
1381612043383160 PMID: 15544526.

34. Surawska H, Ma PC, Salgia R. The role of ephrins and Eph receptors in cancer. Cytokine Growth Fac-
tor Rev. 2004; 15(6):419–33. https://doi.org/10.1016/j.cytogfr.2004.09.002 PMID: 15561600.

35. Pandey A, Shao H, Marks RM, Polverini PJ, Dixit VM. Role of B61, the ligand for the Eck receptor tyro-
sine kinase, in TNF-alpha-induced angiogenesis. Science. 1995; 268(5210):567–9. https://doi.org/10.
1126/science.7536959 PMID: 7536959.

36. Cheng N, Brantley DM, Chen J. The ephrins and Eph receptors in angiogenesis. Cytokine Growth Fac-
tor Rev. 2002; 13(1):75–85. https://doi.org/10.1016/S1359-6101(01)00031-4 PMID: 11750881.

37. Dries JL, Kent SD, Virag JA. Intramyocardial administration of chimeric ephrinA1-Fc promotes tissue
salvage following myocardial infarction in mice. The Journal of physiology. 2011; 589(Pt 7):1725–40.
Epub 2011/02/02. https://doi.org/10.1113/jphysiol.2010.202366 PMID: 21282286; PubMed Central
PMCID: PMC3099026.

38. Goichberg P, Bai Y, D’Amario D, Ferreira-Martins J, Fiorini C, Zheng H, et al. The Ephrin A1-EphA2
System Promotes Cardiac Stem Cell Migration After Infarction. Circ Res. 2011; 108(9):1071–83. Epub
2011/03/19. CIRCRESAHA.110.239459 [pii] https://doi.org/10.1161/CIRCRESAHA.110.239459
PMID: 21415392.

39. Lu M, Miller KD, Gokmen-Polar Y, JengMH, Kinch MS. EphA2 overexpression decreases estrogen
dependence and tamoxifen sensitivity. Cancer Res. 2003; 63(12):3425–9. Epub 2003/06/18. PMID:
12810680.

40. Blenck CL, Harvey PA, Reckelhoff JF, Leinwand LA. The Importance of Biological Sex and Estrogen
in Rodent Models of Cardiovascular Health and Disease. Circ Res. 2016; 118(8):1294–312. Epub
2016/04/16. https://doi.org/10.1161/CIRCRESAHA.116.307509 PMID: 27081111; PubMed Central
PMCID: PMCPMC4834858.

41. Virag JA, Lust RM. Coronary artery ligation and intramyocardial injection in a murine model of infarc-
tion. Journal of visualized experiments: JoVE. 2011;(52). https://doi.org/10.3791/2581 PMID:
21673649; PubMed Central PMCID: PMCPMC3197029.

42. Yang XP, Liu YH, Rhaleb NE, Kurihara N, Kim HE, Carretero OA. Echocardiographic assessment of
cardiac function in conscious and anesthetized mice. Am J Physiol. 1999; 277(5 Pt 2):H1967–74.
Epub 1999/11/24. PMID: 10564153.

43. DuSablon A, Kent S, Coburn A, Virag J. EphA2-receptor deficiency exacerbates myocardial infarction
and reduces survival in hyperglycemic mice. Cardiovascular diabetology. 2014; 13:114. Epub 2014/
08/29. https://doi.org/10.1186/s12933-014-0114-y PMID: 25166508; PubMed Central PMCID:
PMCPmc4147179.

EphrinA1-Fc attenuates myocardial ischemia/reperfusion injury in mice

PLOSONE | https://doi.org/10.1371/journal.pone.0189307 December 13, 2017 16 / 20

https://doi.org/10.2174/138161208786071236
http://www.ncbi.nlm.nih.gov/pubmed/18991673
https://doi.org/10.1016/S0002-9149(98)00538-4
https://doi.org/10.1016/S0002-9149(98)00538-4
http://www.ncbi.nlm.nih.gov/pubmed/9737487
https://doi.org/10.1016/j.bbadis.2014.05.010
http://www.ncbi.nlm.nih.gov/pubmed/24859226
https://doi.org/10.1152/ajpheart.00604.2014
https://doi.org/10.1152/ajpheart.00604.2014
http://www.ncbi.nlm.nih.gov/pubmed/25485899
https://doi.org/10.1210/en.2013-1755
http://www.ncbi.nlm.nih.gov/pubmed/24424037
https://doi.org/10.1038/nrm856
http://www.ncbi.nlm.nih.gov/pubmed/12094214
https://doi.org/10.1038/sj.onc.1205679
https://doi.org/10.1038/sj.onc.1205679
http://www.ncbi.nlm.nih.gov/pubmed/12370823
https://doi.org/10.1038/sj.onc.1203856
http://www.ncbi.nlm.nih.gov/pubmed/11114742
https://doi.org/10.2174/1381612043383160
https://doi.org/10.2174/1381612043383160
http://www.ncbi.nlm.nih.gov/pubmed/15544526
https://doi.org/10.1016/j.cytogfr.2004.09.002
http://www.ncbi.nlm.nih.gov/pubmed/15561600
https://doi.org/10.1126/science.7536959
https://doi.org/10.1126/science.7536959
http://www.ncbi.nlm.nih.gov/pubmed/7536959
https://doi.org/10.1016/S1359-6101(01)00031-4
http://www.ncbi.nlm.nih.gov/pubmed/11750881
https://doi.org/10.1113/jphysiol.2010.202366
http://www.ncbi.nlm.nih.gov/pubmed/21282286
https://doi.org/10.1161/CIRCRESAHA.110.239459
http://www.ncbi.nlm.nih.gov/pubmed/21415392
http://www.ncbi.nlm.nih.gov/pubmed/12810680
https://doi.org/10.1161/CIRCRESAHA.116.307509
http://www.ncbi.nlm.nih.gov/pubmed/27081111
https://doi.org/10.3791/2581
http://www.ncbi.nlm.nih.gov/pubmed/21673649
http://www.ncbi.nlm.nih.gov/pubmed/10564153
https://doi.org/10.1186/s12933-014-0114-y
http://www.ncbi.nlm.nih.gov/pubmed/25166508
https://doi.org/10.1371/journal.pone.0189307


44. Bohl S, Medway DJ, Schulz-Menger J, Schneider JE, Neubauer S, Lygate CA. Refined approach for
quantification of in vivo ischemia-reperfusion injury in the mouse heart. American journal of physiology
Heart and circulatory physiology. 2009; 297(6):H2054–8. Epub 2009/10/13. https://doi.org/10.1152/
ajpheart.00836.2009 PMID: 19820193; PubMed Central PMCID: PMC2793132.

45. Nakatani K, Watabe T, Masuda D, Imaizumi M, Shimosegawa E, Kobayashi T, et al. Myocardial
energy provision is preserved by increased utilization of glucose and ketone bodies in CD36 knockout
mice. Metabolism. 2015; 64(9):1165–74. https://doi.org/10.1016/j.metabol.2015.05.017 PMID:
26130608.

46. Nagendran J, Pulinilkunnil T, Kienesberger PC, Sung MM, Fung D, Febbraio M, et al. Cardiomyocyte-
specific ablation of CD36 improves post-ischemic functional recovery. J Mol Cell Cardiol. 2013;
63:180–8. https://doi.org/10.1016/j.yjmcc.2013.07.020 PMID: 23948483.

47. Heather LC, Pates KM, Atherton HJ, Cole MA, Ball DR, Evans RD, et al. Differential translocation of
the fatty acid transporter, FAT/CD36, and the glucose transporter, GLUT4, coordinates changes in
cardiac substrate metabolism during ischemia and reperfusion. Circulation Heart failure. 2013; 6
(5):1058–66. https://doi.org/10.1161/CIRCHEARTFAILURE.112.000342 PMID: 23940308.

48. O’Neal WT, Griffin WF, Dries-Devlin JL, Kent SD, Chen J, Willis MS, et al. Ephrin-Eph signaling as a
potential therapeutic target for the treatment of myocardial infarction. Med Hypotheses. 2013; 80
(6):738–44. Epub 2013/04/09. https://doi.org/10.1016/j.mehy.2013.02.024 PMID: 23562676; PubMed
Central PMCID: PMCPmc3869196.

49. O’Neal WT, Griffin WF, Kent SD, Faiz F, Hodges J, Vuncannon J, et al. Deletion of the EphA2 receptor
exacerbates myocardial injury and the progression of ischemic cardiomyopathy. Front Physiol. 2014;
5:132. https://doi.org/10.3389/fphys.2014.00132 PMID: 24795639; PubMed Central PMCID:
PMC4006041.

50. Coulthard MG, Morgan M,Woodruff TM, Arumugam TV, Taylor SM, Carpenter TC, et al. Eph/Ephrin
signaling in injury and inflammation. Am J Pathol. 2012; 181(5):1493–503. Epub 2012/10/02. https://
doi.org/10.1016/j.ajpath.2012.06.043 PMID: 23021982.

51. Ojha N, Roy S, Radtke J, Simonetti O, Gnyawali S, Zweier JL, et al. Characterization of the structural
and functional changes in the myocardium following focal ischemia-reperfusion injury. American jour-
nal of physiology Heart and circulatory physiology. 2008; 294(6):H2435–43. https://doi.org/10.1152/
ajpheart.01190.2007 PMID: 18375718; PubMed Central PMCID: PMCPMC4772869.

52. Redel A, Jazbutyte V, Smul TM, Lange M, Eckle T, Eltzschig H, et al. Impact of ischemia and reperfu-
sion times on myocardial infarct size in mice in vivo. Exp Biol Med (Maywood). 2008; 233(1):84–93.
https://doi.org/10.3181/0612-RM-308 PMID: 18156310.

53. Zouggari Y, Ait-Oufella H, Bonnin P, Simon T, Sage AP, Guerin C, et al. B lymphocytes trigger mono-
cyte mobilization and impair heart function after acute myocardial infarction. Nat Med. 2013; 19
(10):1273–80. https://doi.org/10.1038/nm.3284 PMID: 24037091; PubMed Central PMCID:
PMC4042928.

54. Zarrouk-Mahjoub S, Zaghdoudi M, Amira Z, Chebi H, Khabouchi N, Finsterer J, et al. Pro- and anti-
inflammatory cytokines in post-infarction left ventricular remodeling. Int J Cardiol. 2016; 221:632–6.
https://doi.org/10.1016/j.ijcard.2016.07.073 PMID: 27423081.

55. Akasaka Y, Morimoto N, Ishikawa Y, Fujita K, Ito K, Kimura-Matsumoto M, et al. Myocardial apoptosis
associated with the expression of proinflammatory cytokines during the course of myocardial infarc-
tion. Mod Pathol. 2006; 19(4):588–98. https://doi.org/10.1038/modpathol.3800568 PMID: 16554734.

56. Husebye T, Eritsland J, Arnesen H, Bjornerheim R, Mangschau A, Seljeflot I, et al. Association of inter-
leukin 8 and myocardial recovery in patients with ST-elevation myocardial infarction complicated by
acute heart failure. PloS one. 2014; 9(11):e112359. https://doi.org/10.1371/journal.pone.0112359
PMID: 25390695; PubMed Central PMCID: PMCPMC4229310.

57. Wengner AM, Pitchford SC, Furze RC, Rankin SM. The coordinated action of G-CSF and ELR + CXC
chemokines in neutrophil mobilization during acute inflammation. Blood. 2008; 111(1):42–9. https://
doi.org/10.1182/blood-2007-07-099648 PMID: 17928531; PubMed Central PMCID:
PMCPMC2575836.

58. Mehta HM, Glaubach T, Corey SJ. Systems approach to phagocyte production and activation: neutro-
phils and monocytes. Adv ExpMed Biol. 2014; 844:99–113. https://doi.org/10.1007/978-1-4939-2095-
2_6 PMID: 25480639.

59. Adams JM, Cory S. The Bcl-2 protein family: arbiters of cell survival. Science. 1998; 281(5381):1322–
6. PMID: 9735050.

60. Murphy E, Steenbergen C. Mechanisms underlying acute protection from cardiac ischemia-reperfu-
sion injury. Physiol Rev. 2008; 88(2):581–609. Epub 2008/04/09. 88/2/581 [pii] https://doi.org/10.
1152/physrev.00024.2007 PMID: 18391174.

EphrinA1-Fc attenuates myocardial ischemia/reperfusion injury in mice

PLOSONE | https://doi.org/10.1371/journal.pone.0189307 December 13, 2017 17 / 20

https://doi.org/10.1152/ajpheart.00836.2009
https://doi.org/10.1152/ajpheart.00836.2009
http://www.ncbi.nlm.nih.gov/pubmed/19820193
https://doi.org/10.1016/j.metabol.2015.05.017
http://www.ncbi.nlm.nih.gov/pubmed/26130608
https://doi.org/10.1016/j.yjmcc.2013.07.020
http://www.ncbi.nlm.nih.gov/pubmed/23948483
https://doi.org/10.1161/CIRCHEARTFAILURE.112.000342
http://www.ncbi.nlm.nih.gov/pubmed/23940308
https://doi.org/10.1016/j.mehy.2013.02.024
http://www.ncbi.nlm.nih.gov/pubmed/23562676
https://doi.org/10.3389/fphys.2014.00132
http://www.ncbi.nlm.nih.gov/pubmed/24795639
https://doi.org/10.1016/j.ajpath.2012.06.043
https://doi.org/10.1016/j.ajpath.2012.06.043
http://www.ncbi.nlm.nih.gov/pubmed/23021982
https://doi.org/10.1152/ajpheart.01190.2007
https://doi.org/10.1152/ajpheart.01190.2007
http://www.ncbi.nlm.nih.gov/pubmed/18375718
https://doi.org/10.3181/0612-RM-308
http://www.ncbi.nlm.nih.gov/pubmed/18156310
https://doi.org/10.1038/nm.3284
http://www.ncbi.nlm.nih.gov/pubmed/24037091
https://doi.org/10.1016/j.ijcard.2016.07.073
http://www.ncbi.nlm.nih.gov/pubmed/27423081
https://doi.org/10.1038/modpathol.3800568
http://www.ncbi.nlm.nih.gov/pubmed/16554734
https://doi.org/10.1371/journal.pone.0112359
http://www.ncbi.nlm.nih.gov/pubmed/25390695
https://doi.org/10.1182/blood-2007-07-099648
https://doi.org/10.1182/blood-2007-07-099648
http://www.ncbi.nlm.nih.gov/pubmed/17928531
https://doi.org/10.1007/978-1-4939-2095-2_6
https://doi.org/10.1007/978-1-4939-2095-2_6
http://www.ncbi.nlm.nih.gov/pubmed/25480639
http://www.ncbi.nlm.nih.gov/pubmed/9735050
https://doi.org/10.1152/physrev.00024.2007
https://doi.org/10.1152/physrev.00024.2007
http://www.ncbi.nlm.nih.gov/pubmed/18391174
https://doi.org/10.1371/journal.pone.0189307


61. Wang X, Zingarelli B, O’Connor M, Zhang P, Adeyemo A, Kranias EG, et al. Overexpression of Hsp20
prevents endotoxin-induced myocardial dysfunction and apoptosis via inhibition of NF-kappaB activa-
tion. J Mol Cell Cardiol. 2009; 47(3):382–90. https://doi.org/10.1016/j.yjmcc.2009.05.016 PMID:
19501592; PubMed Central PMCID: PMCPMC2746739.

62. Edwards HV, Scott JD, Baillie GS. PKA phosphorylation of the small heat-shock protein Hsp20
enhances its cardioprotective effects. Biochem Soc Trans. 2012; 40(1):210–4. https://doi.org/10.1042/
BST20110673 PMID: 22260692; PubMed Central PMCID: PMCPMC3269834.

63. Edwards HV, Cameron RT, Baillie GS. The emerging role of HSP20 as a multifunctional protective
agent. Cell Signal. 2011; 23(9):1447–54. https://doi.org/10.1016/j.cellsig.2011.05.009 PMID:
21616144.

64. Qian J, Ren X, Wang X, Zhang P, JonesWK, Molkentin JD, et al. Blockade of Hsp20 phosphorylation
exacerbates cardiac ischemia/reperfusion injury by suppressed autophagy and increased cell death.
Circ Res. 2009; 105(12):1223–31. https://doi.org/10.1161/CIRCRESAHA.109.200378 PMID:
19850943; PubMed Central PMCID: PMCPMC2799045.

65. Fan GC, Chu G, Kranias EG. Hsp20 and its cardioprotection. Trends CardiovascMed. 2005; 15
(4):138–41. https://doi.org/10.1016/j.tcm.2005.05.004 PMID: 16099377.

66. Ivanov AI, Romanovsky AA. Putative dual role of ephrin-Eph receptor interactions in inflammation.
IUBMB Life. 2006; 58(7):389–94. Epub 2006/06/28. GW416U1573638578 [pii] https://doi.org/10.
1080/15216540600756004 PMID: 16801213.

67. Jellinghaus S, Poitz DM, Ende G, Augstein A, Weinert S, Stutz B, et al. Ephrin-A1/EphA4-mediated
adhesion of monocytes to endothelial cells. Biochim Biophys Acta. 2013; 1833(10):2201–11. Epub
2013/05/28. https://doi.org/10.1016/j.bbamcr.2013.05.017 PMID: 23707953.

68. Leslie-Barbick JE, Shen C, Chen C,West JL. Micron-scale spatially patterned, covalently immobilized
vascular endothelial growth factor on hydrogels accelerates endothelial tubulogenesis and increases
cellular angiogenic responses. Tissue Eng Part A. 2011; 17(1–2):221–9. Epub 2010/08/18. https://doi.
org/10.1089/ten.TEA.2010.0202 PMID: 20712418; PubMed Central PMCID: PMC3011918.

69. Ren SY, Xu X. Role of autophagy in metabolic syndrome-associated heart disease. Biochim Biophys
Acta. 2015; 1852(2):225–31. https://doi.org/10.1016/j.bbadis.2014.04.029 PMID: 24810277; PubMed
Central PMCID: PMCPMC4221581.

70. Martinet W, KnaapenMW, Kockx MM, DeMeyer GR. Autophagy in cardiovascular disease. Trends in
molecular medicine. 2007; 13(11):482–91. Epub 2007/11/22. S1471-4914(07)00180-3 [pii] https://doi.
org/10.1016/j.molmed.2007.08.004 PMID: 18029229.

71. Kadowaki M, KarimMR. Cytosolic LC3 ratio as a quantitative index of macroautophagy. Methods
Enzymol. 2009; 452:199–213. https://doi.org/10.1016/S0076-6879(08)03613-6 PMID: 19200884.

72. Wang LQ, Cheng XS, Huang CH, Huang B, Liang Q. Rapamycin protects cardiomyocytes against
anoxia/reoxygenation injury by inducing autophagy through the PI3k/Akt pathway. J Huazhong Univ
Sci Technolog Med Sci. 2015; 35(1):10–5. https://doi.org/10.1007/s11596-015-1381-x PMID:
25673186.

73. Gustafsson AB, Gottlieb RA. Recycle or die: the role of autophagy in cardioprotection. J Mol Cell Car-
diol. 2008; 44(4):654–61. Epub 2008/03/21. S0022-2828(08)00042-4 [pii] https://doi.org/10.1016/j.
yjmcc.2008.01.010 PMID: 18353358; PubMed Central PMCID: PMC2423346.

74. Perry CN, Kyoi S, Hariharan N, Takagi H, Sadoshima J, Gottlieb RA. Novel methods for measuring
cardiac autophagy in vivo. Methods Enzymol. 2009; 453:325–42. Epub 2009/02/17. S0076-6879(08)
04016-0 [pii] https://doi.org/10.1016/S0076-6879(08)04016-0 PMID: 19216914.

75. Przyklenk K, Undyala VV, Wider J, Sala-Mercado JA, Gottlieb RA, Mentzer RM Jr. Acute induction of
autophagy as a novel strategy for cardioprotection: Getting to the heart of the matter. Autophagy.
2011; 7(4). Epub 2010/12/29. 14395 [pii]. https://doi.org/10.4161/auto.7.4.14395 PMID: 21187719.

76. Buss SJ, Riffel JH, Katus HA, Hardt SE. Augmentation of autophagy by mTOR-inhibition in myocardial
infarction: When size matters. Autophagy. 2010; 6(2):304–6. Epub 2010/01/28. 11135 [pii]. PMID:
20104016.

77. Chen-Scarabelli C, Agrawal PR, Saravolatz L, Abuniat C, Scarabelli G, Stephanou A, et al. The role
and modulation of autophagy in experimental models of myocardial ischemia-reperfusion injury. J Ger-
iatr Cardiol. 2014; 11(4):338–48. https://doi.org/10.11909/j.issn.1671-5411.2014.01.009 PMID:
25593583; PubMed Central PMCID: PMCPMC4294150.

78. Das A, Durrant D, Koka S, Salloum FN, Xi L, Kukreja RC. Mammalian target of rapamycin (mTOR)
inhibition with rapamycin improves cardiac function in type 2 diabetic mice: potential role of attenuated
oxidative stress and altered contractile protein expression. J Biol Chem. 2014; 289(7):4145–60.
https://doi.org/10.1074/jbc.M113.521062 PMID: 24371138; PubMed Central PMCID:
PMCPMC3924280.

EphrinA1-Fc attenuates myocardial ischemia/reperfusion injury in mice

PLOSONE | https://doi.org/10.1371/journal.pone.0189307 December 13, 2017 18 / 20

https://doi.org/10.1016/j.yjmcc.2009.05.016
http://www.ncbi.nlm.nih.gov/pubmed/19501592
https://doi.org/10.1042/BST20110673
https://doi.org/10.1042/BST20110673
http://www.ncbi.nlm.nih.gov/pubmed/22260692
https://doi.org/10.1016/j.cellsig.2011.05.009
http://www.ncbi.nlm.nih.gov/pubmed/21616144
https://doi.org/10.1161/CIRCRESAHA.109.200378
http://www.ncbi.nlm.nih.gov/pubmed/19850943
https://doi.org/10.1016/j.tcm.2005.05.004
http://www.ncbi.nlm.nih.gov/pubmed/16099377
https://doi.org/10.1080/15216540600756004
https://doi.org/10.1080/15216540600756004
http://www.ncbi.nlm.nih.gov/pubmed/16801213
https://doi.org/10.1016/j.bbamcr.2013.05.017
http://www.ncbi.nlm.nih.gov/pubmed/23707953
https://doi.org/10.1089/ten.TEA.2010.0202
https://doi.org/10.1089/ten.TEA.2010.0202
http://www.ncbi.nlm.nih.gov/pubmed/20712418
https://doi.org/10.1016/j.bbadis.2014.04.029
http://www.ncbi.nlm.nih.gov/pubmed/24810277
https://doi.org/10.1016/j.molmed.2007.08.004
https://doi.org/10.1016/j.molmed.2007.08.004
http://www.ncbi.nlm.nih.gov/pubmed/18029229
https://doi.org/10.1016/S0076-6879(08)03613-6
http://www.ncbi.nlm.nih.gov/pubmed/19200884
https://doi.org/10.1007/s11596-015-1381-x
http://www.ncbi.nlm.nih.gov/pubmed/25673186
https://doi.org/10.1016/j.yjmcc.2008.01.010
https://doi.org/10.1016/j.yjmcc.2008.01.010
http://www.ncbi.nlm.nih.gov/pubmed/18353358
https://doi.org/10.1016/S0076-6879(08)04016-0
http://www.ncbi.nlm.nih.gov/pubmed/19216914
https://doi.org/10.4161/auto.7.4.14395
http://www.ncbi.nlm.nih.gov/pubmed/21187719
http://www.ncbi.nlm.nih.gov/pubmed/20104016
https://doi.org/10.11909/j.issn.1671-5411.2014.01.009
http://www.ncbi.nlm.nih.gov/pubmed/25593583
https://doi.org/10.1074/jbc.M113.521062
http://www.ncbi.nlm.nih.gov/pubmed/24371138
https://doi.org/10.1371/journal.pone.0189307


79. D’Souza K, Nzirorera C, Kienesberger PC. Lipid metabolism and signaling in cardiac lipotoxicity. Bio-
chim Biophys Acta. 2016. https://doi.org/10.1016/j.bbalip.2016.02.016 PMID: 26924249.

80. Angin Y, Steinbusch LK, Simons PJ, Greulich S, Hoebers NT, Douma K, et al. CD36 inhibition pre-
vents lipid accumulation and contractile dysfunction in rat cardiomyocytes. Biochem J. 2012; 448
(1):43–53. https://doi.org/10.1042/BJ20120060 PMID: 22780108.

81. Glatz JF, Angin Y, Steinbusch LK, Schwenk RW, Luiken JJ. CD36 as a target to prevent cardiac lipo-
toxicity and insulin resistance. Prostaglandins Leukot Essent Fatty Acids. 2013; 88(1):71–7. https://
doi.org/10.1016/j.plefa.2012.04.009 PMID: 22580174.

82. Fillmore N, Lopaschuk GD. Malonyl CoA: A promising target for the treatment of cardiac disease.
IUBMB Life. 2014. https://doi.org/10.1002/iub.1253 PMID: 24591219.

83. MasoudWG, Ussher JR, WangW, Jaswal JS, Wagg CS, Dyck JR, et al. Failing mouse hearts utilize
energy inefficiently and benefit from improved coupling of glycolysis and glucose oxidation. Cardio-
vasc Res. 2014; 101(1):30–8. https://doi.org/10.1093/cvr/cvt216 PMID: 24048945.

84. YoungME, Goodwin GW, Ying J, Guthrie P, Wilson CR, Laws FA, et al. Regulation of cardiac and
skeletal muscle malonyl-CoA decarboxylase by fatty acids. American journal of physiology Endocrinol-
ogy and metabolism. 2001; 280(3):E471–9. Epub 2001/02/15. PMID: 11171602.

85. Dyck JR, Lopaschuk GD. Malonyl CoA control of fatty acid oxidation in the ischemic heart. J Mol Cell
Cardiol. 2002; 34(9):1099–109. http://doi.org/10.1006/jmcc.2002.2060 PMID: 12392882.

86. Dyck JR, Cheng JF, StanleyWC, Barr R, Chandler MP, Brown S, et al. Malonyl coenzyme a decarbox-
ylase inhibition protects the ischemic heart by inhibiting fatty acid oxidation and stimulating glucose
oxidation. Circ Res. 2004; 94(9):e78–84. https://doi.org/10.1161/01.RES.0000129255.19569.8f
PMID: 15105298.

87. Cheng JF, Huang Y, Penuliar R, Nishimoto M, Liu L, Arrhenius T, et al. Discovery of potent and orally
available malonyl-CoA decarboxylase inhibitors as cardioprotective agents. J Med Chem. 2006; 49
(14):4055–8. https://doi.org/10.1021/jm0605029 PMID: 16821767.

88. Dyck JR, Hopkins TA, Bonnet S, Michelakis ED, YoungME,Watanabe M, et al. Absence of malonyl
coenzyme A decarboxylase in mice increases cardiac glucose oxidation and protects the heart from
ischemic injury. Circulation. 2006; 114(16):1721–8. Epub 2006/10/13. CIRCULATIO-
NAHA.106.642009 [pii] https://doi.org/10.1161/CIRCULATIONAHA.106.642009 PMID: 17030679.

89. Lopaschuk GD, StanleyWC. Malonyl-CoA decarboxylase inhibition as a novel approach to treat ische-
mic heart disease. Cardiovasc Drugs Ther. 2006; 20(6):433–9. https://doi.org/10.1007/s10557-006-
0634-0 PMID: 17136490.

90. Ussher JR, Lopaschuk GD. Themalonyl CoA axis as a potential target for treating ischaemic heart dis-
ease. Cardiovasc Res. 2008; 79(2):259–68. https://doi.org/10.1093/cvr/cvn130 PMID: 18499682.

91. Roche TE, Hiromasa Y. Pyruvate dehydrogenase kinase regulatory mechanisms and inhibition in
treating diabetes, heart ischemia, and cancer. Cell Mol Life Sci. 2007; 64(7–8):830–49. https://doi.org/
10.1007/s00018-007-6380-z PMID: 17310282.

92. Xu Y, Li F, Lv L, Li T, Zhou X, Deng CX, et al. Oxidative stress activates SIRT2 to deacetylate and stim-
ulate phosphoglycerate mutase. Cancer Res. 2014; 74(13):3630–42. https://doi.org/10.1158/0008-
5472.CAN-13-3615 PMID: 24786789; PubMed Central PMCID: PMCPMC4303242.

93. DiMauro S, Miranda AF, Khan S, Gitlin K, Friedman R. Human muscle phosphoglycerate mutase defi-
ciency: newly discoveredmetabolic myopathy. Science. 1981; 212(4500):1277–9. PMID: 6262916.

94. Okuda J, Niizuma S, Shioi T, Kato T, Inuzuka Y, Kawashima T, et al. Persistent overexpression of
phosphoglycerate mutase, a glycolytic enzyme, modifies energy metabolism and reduces stress resis-
tance of heart in mice. PloS one. 2013; 8(8):e72173. https://doi.org/10.1371/journal.pone.0072173
PMID: 23951293; PubMed Central PMCID: PMCPMC3741204.

95. Lopaschuk GD. Optimizing cardiac energy metabolism: how can fatty acid and carbohydrate metabo-
lism be manipulated? Coron Artery Dis. 2001; 12 Suppl 1:S8–11. PMID: 11286307.

96. Liepinsh E, Makrecka-Kuka M, Volska K, Kuka J, Makarova E, Antone U, et al. Long-chain acylcarni-
tines determine ischaemia/reperfusion-induced damage in heart mitochondria. Biochem J. 2016; 473
(9):1191–202. https://doi.org/10.1042/BCJ20160164 PMID: 26936967.

97. Fernandez-Caggiano M, Prysyazhna O, Barallobre-Barreiro J, CalvinoSantos R, Aldama Lopez G,
Generosa Crespo-Leiro M, et al. Analysis of Mitochondrial Proteins in the Surviving Myocardium after
Ischemia Identifies Mitochondrial Pyruvate Carrier Expression as Possible Mediator of Tissue Viability.
Mol Cell Proteomics. 2016; 15(1):246–55. https://doi.org/10.1074/mcp.M115.051862 PMID:
26582072; PubMed Central PMCID: PMCPMC4762529.

98. Luo Q, Jiang L, Chen G, Feng Y, Lv Q, Zhang C, et al. Constitutive heat shock protein 70 interacts with
alpha-enolase and protects cardiomyocytes against oxidative stress. Free Radic Res. 2011; 45(11–
12):1355–65. https://doi.org/10.3109/10715762.2011.627330 PMID: 21958194.

EphrinA1-Fc attenuates myocardial ischemia/reperfusion injury in mice

PLOSONE | https://doi.org/10.1371/journal.pone.0189307 December 13, 2017 19 / 20

https://doi.org/10.1016/j.bbalip.2016.02.016
http://www.ncbi.nlm.nih.gov/pubmed/26924249
https://doi.org/10.1042/BJ20120060
http://www.ncbi.nlm.nih.gov/pubmed/22780108
https://doi.org/10.1016/j.plefa.2012.04.009
https://doi.org/10.1016/j.plefa.2012.04.009
http://www.ncbi.nlm.nih.gov/pubmed/22580174
https://doi.org/10.1002/iub.1253
http://www.ncbi.nlm.nih.gov/pubmed/24591219
https://doi.org/10.1093/cvr/cvt216
http://www.ncbi.nlm.nih.gov/pubmed/24048945
http://www.ncbi.nlm.nih.gov/pubmed/11171602
http://doi.org/10.1006/jmcc.2002.2060
http://www.ncbi.nlm.nih.gov/pubmed/12392882
https://doi.org/10.1161/01.RES.0000129255.19569.8f
http://www.ncbi.nlm.nih.gov/pubmed/15105298
https://doi.org/10.1021/jm0605029
http://www.ncbi.nlm.nih.gov/pubmed/16821767
https://doi.org/10.1161/CIRCULATIONAHA.106.642009
http://www.ncbi.nlm.nih.gov/pubmed/17030679
https://doi.org/10.1007/s10557-006-0634-0
https://doi.org/10.1007/s10557-006-0634-0
http://www.ncbi.nlm.nih.gov/pubmed/17136490
https://doi.org/10.1093/cvr/cvn130
http://www.ncbi.nlm.nih.gov/pubmed/18499682
https://doi.org/10.1007/s00018-007-6380-z
https://doi.org/10.1007/s00018-007-6380-z
http://www.ncbi.nlm.nih.gov/pubmed/17310282
https://doi.org/10.1158/0008-5472.CAN-13-3615
https://doi.org/10.1158/0008-5472.CAN-13-3615
http://www.ncbi.nlm.nih.gov/pubmed/24786789
http://www.ncbi.nlm.nih.gov/pubmed/6262916
https://doi.org/10.1371/journal.pone.0072173
http://www.ncbi.nlm.nih.gov/pubmed/23951293
http://www.ncbi.nlm.nih.gov/pubmed/11286307
https://doi.org/10.1042/BCJ20160164
http://www.ncbi.nlm.nih.gov/pubmed/26936967
https://doi.org/10.1074/mcp.M115.051862
http://www.ncbi.nlm.nih.gov/pubmed/26582072
https://doi.org/10.3109/10715762.2011.627330
http://www.ncbi.nlm.nih.gov/pubmed/21958194
https://doi.org/10.1371/journal.pone.0189307


99. Gray LR, Tompkins SC, Taylor EB. Regulation of pyruvate metabolism and human disease. Cell Mol
Life Sci. 2014; 71(14):2577–604. https://doi.org/10.1007/s00018-013-1539-2 PMID: 24363178;
PubMed Central PMCID: PMCPMC4059968.

100. Beadle RM, Frenneaux M. Modification of myocardial substrate utilisation: a new therapeutic paradigm
in cardiovascular disease. Heart. 2010; 96(11):824–30. https://doi.org/10.1136/hrt.2009.190256
PMID: 20478861.

101. Ussher JR, WangW, Gandhi M, KeungW, Samokhvalov V, Oka T, et al. Stimulation of glucose oxida-
tion protects against acute myocardial infarction and reperfusion injury. Cardiovasc Res. 2012; 94
(2):359–69. https://doi.org/10.1093/cvr/cvs129 PMID: 22436846.

102. Abo Alrob O, Lopaschuk GD. Role of CoA and acetyl-CoA in regulating cardiac fatty acid and glucose
oxidation. Biochem Soc Trans. 2014; 42(4):1043–51. https://doi.org/10.1042/BST20140094 PMID:
25110000.

EphrinA1-Fc attenuates myocardial ischemia/reperfusion injury in mice

PLOSONE | https://doi.org/10.1371/journal.pone.0189307 December 13, 2017 20 / 20

https://doi.org/10.1007/s00018-013-1539-2
http://www.ncbi.nlm.nih.gov/pubmed/24363178
https://doi.org/10.1136/hrt.2009.190256
http://www.ncbi.nlm.nih.gov/pubmed/20478861
https://doi.org/10.1093/cvr/cvs129
http://www.ncbi.nlm.nih.gov/pubmed/22436846
https://doi.org/10.1042/BST20140094
http://www.ncbi.nlm.nih.gov/pubmed/25110000
https://doi.org/10.1371/journal.pone.0189307

