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A B S T R A C T

Aims: Intracardiac injection of recombinant EphrinA1-Fc immediately following coronary artery ligation in mice
reduces infarct size in both reperfused and non-reperfused myocardium, but the cellular alterations behind this
phenomenon remain unknown.
Main methods: Herein, 10 wk-old B6129SF2/J male mice were exposed to acute ischemia/reperfusion (30minI/
24hrsR) injury immediately followed by intracardiac injection of either EphrinA1-Fc or IgG-Fc. After 24 h of
reperfusion, sections of the infarct margin in the left ventricle were imaged via transmission electron micro-
scopy, and mitochondrial function was assessed in both permeabilized fibers and isolated mitochondria, to
examine mitochondrial structure, function, and energetics in the early stages of repair.
Key findings: At a structural level, EphrinA1-Fc administration prevented the I/R-induced loss of sarcomere
alignment and mitochondrial organization along the Z disks, as well as disorganization of the cristae and loss of
inter-mitochondrial junctions. With respect to bioenergetics, loss of respiratory function induced by I/R was
prevented by EphrinA1-Fc. Preservation of cardiac bioenergetics was not due to changes in mitochondrial JH2O2

emitting potential, membrane potential, ADP affinity, efficiency of ATP production, or activity of the main
dehydrogenase enzymes, suggesting that EphrinA1-Fc indirectly maintains respiratory function via preservation
of the mitochondrial network. Moreover, these protective effects were lost in isolated mitochondria, further
emphasizing the importance of the intact cardiomyocyte ultrastructure in mitochondrial energetics.
Significance: Collectively, these data suggest that intracardiac injection of EphrinA1-Fc protects cardiac function
by preserving cardiomyocyte structure and mitochondrial bioenergetics, thus emerging as a potential ther-
apeutic strategy in I/R injury.

1. Introduction

Cardiovascular disease remains the number one cause of death in
the US, accounting for 1 in 3 deaths annually. Heart attacks occur at a
rate of one every 40 s and incur over $12 billion in health care expenses
alone [1]. The epidemiologic, financial, and social burden associated
with acute and chronic heart conditions, compounded by a growing
aged population and numerous co-morbidities, continues to intensify
the prevalence of heart disease as a substantial public health problem.
Reperfusion is strictly necessary to rescue the ischemic myocardium,

but it is widely known that reperfusion per se is causative of further
damage [2], which ultimately affects the prognosis of patients who
have survived myocardial infarction [3]. Despite the significant ad-
vances in basic research made over the last forty years, treatments that
can effectively reduce acute ischemic injury have yet to successfully
reach the clinical realm.

Mitochondrial function has been increasingly recognized as a key
factor in cardiovascular disease and myocardial infarction [4,5]. Sev-
eral, if not all, of the molecular changes that elicit cardioprotection
and/or occur after an ischemic insult converge in the mitochondria [6].
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Manipulation of the metabolic profile of cardiomyocytes during
ischemia/reperfusion (I/R) injury is currently being explored as a po-
tential strategy for mitigation of tissue injury [7]. However, controversy
exists in the field as to the role and relative contribution of different
aspects of mitochondrial function during I/R injury, including altera-
tions in substrate utilization, electron transport, calcium handling, and
oxidative stress [4,8,9]. Nonetheless, recent findings on the spatio-
temporal organization of the mitochondria in cardiomyocytes supports
the notion that the maintenance of the electrical “power grid” that
conforms the mitochondrial network is a key determinant of the car-
diomyocyte's capacity to endure an ischemic insult [10]. Consequently,
mitochondrial-targeted therapies are currently being developed to treat
ischemic heart disease and cardiomyopathy [11].

EphrinA1, a highly-conserved membrane-anchored receptor tyr-
osine kinase ligand expressed in healthy murine as well as human
cardiomyocytes, is lost following an ischemic event [12–14]. Previous
work from our group has shown that intracardiac injection of its re-
combinant form (EphrinA1-Fc) at the time of coronary artery ligation in
mice reduces infarct size, cardiomyocyte apoptosis, and inflammation
in both acute ischemia/reperfused [13] and chronically non-reperfused
[12] myocardium. Specifically, in acute I/R we observed 46% reduction
in infarct size, complete preservation of cardiac function, and changes
in metabolic protein levels that suggested improved ischemic tolerance
however, the specific cellular alterations behind these rescue effects
remain unknown [13]. The ability of a terminally differentiated car-
diomyocyte to withstand an ischemic insult is inextricably linked to
energetics and cellular ultrastructure [15]. With the combination of
electron microscopy imaging and high-resolution mitochondrial re-
spirometry, the present work comprises a thorough mitochondrial
phenotyping study to assess the impact of ephrinA1-Fc (EA1) in-
tramyocardial administration on cardiomyocyte bioenergetics in the
context of acute I/R injury.

2. Methods

Animals and Ethical Statement. All animal research protocols were
approved by the East Carolina University Institutional Animal Care and
Use Committee (IACUC) following the guidelines of the National
Institutes of Health for the Care and Use of Laboratory Animals. The
Department of Comparative Medicine at The Brody School of Medicine,
East Carolina University, maintained animal care. 10-week old, male
B6129SF2/J mice purchased from The Jackson Laboratory (stock
#101045) were housed in a temperature-controlled (22 °C) facility with
a 12 h light/dark cycle, and free access to food (standard chow diet) and
water. Mice were randomized to a sham-operated control group
(n = 17), or acute ischemic injury followed by reperfusion containing
either IgG-Fc (n = 21; 110-HG, R&D) or EphrinA1-Fc (n = 18; Sigma,
E9902) (I/R and I/R + EA1, respectively). To perform the thor-
acotomy, mice were anesthetized with an intraperitoneal injection of
Avertin (20 mg/Kg BW) and mechanically ventilated with 95% O2/5%
CO2. Acute ischemic injury was induced by a 30min occlusion of the
left anterior descending coronary artery (LAD). Ischemia was confirmed
by visible blanching of the tissue distal to the occlusion. Ligation was
immediately followed by intracardiac injection of 6 μg/6 μL EphrinA1-
Fc or IgG-Fc into the infarct margin (border between healthy, pink
tissue and the ischemic region as evidenced by tissue pallor), as pre-
viously described and shown (https://www.jove.com/video/2581/
coronary-artery-ligation-intramyocardial-injection-murine-model)
[16]. Briefly, this was done using a Hamilton syringe with a 30gauge
beveled sterile needle which was inserted into the anterior wall at an
angle of approximately 15° above and to the right (toward the right
ventricle) of the ligation, advanced into the infarct margin (approx.
3 mm; please refer Fig. 3 in JoVE protocol link above and Dries et al.,
2011, Fig. 1), and slowly withdrawn after the injection to minimize
extrusion of the injectate that occurs as a consequence of contraction
[16]. After closing the ribcage and muscle, administration of 1–3 drops

of 0.25% marcaine 1:10 in sterile saline to the muscle, and suturing the
skin, mice were housed in a warm chamber until they recovered sternal
recumbency and returned to the vivarium. We have previously found
that the injection does not cause notable injury and the injectate is
washed out after 4 h so, to save on animals and reagents, we did not do
additional in vivo studies with IgG-Fc and ephrinA1-Fc injection
without I/R. After 20–24 h of reperfusion, conscious animals underwent
echocardiographic assessment and were subsequently anesthetized with
euthasol (100mg/Kg BW) and after ensuring adequate sedation with
negative response to toe-pinch, the thoracic cavity was opened to re-
move the heart. Heart sections were allocated to the respective assays
as shown in Fig. 1. Isolated mitochondria or permeabilized cardiac
muscle fibers were obtained from section #2 from the left ventricle
(Fig. 1) to assess parameters of mitochondrial structure, function, and
energetics. No mice died but 2 mice in the IgG-Fc group were excluded
due to HR below 400BPM.

Echocardiography and strain analyses. Mice were conscious and
gently restrained in prone position on a plexiglass board using elastic
cord and wire loops on each limb. Using an MX400 22–55MHz linear-
array transducer (Vevo 3100 Imaging System, VisualSonics, Toronto,
Canada), standard short- and long-axis views were obtained at the mid-
papillary level in both M− and B-mode at> 200 frames/second
[13,17,18]. Image analysis was performed offline using a speckle-
tracking algorithm provided by VisualSonics (VevoStrain, Vi-
sualSonics). Echocardiographic images showing the parasternal long
axis view (PSLAX) were used to obtain LS and GLS measurements.
Three cycles of successive R-waves were selected for speckle tracking.
Four endocardial points were selected on the echo in a frame between
systole and diastole. Acquisition and analyses were performed blindly
by the same trained investigator. No differences in heart rate (HR) were
observed.

Fixation. Hearts were cut into 2–3mm2 cubic pieces using a sharp
scalpel and fixed overnight in 3% glutaraldehyde and then post-fixed
for 1 h in 1% osmium tetroxide (Stevens Metallurgical) [19]. Tissues
were then dehydrated by passage through an ethanol series (25, 50, 75,
95 and 100%, 15min each) and embedded in increasing concentrations
of Spurr media in ethanol (30% for 30min, 70% 1 h, 100% for 2 h,
100% for 30min). Tissues were cut into ultrathin sections (70 nm) and
placed on fresh plasma-etched 200 hexagon mesh copper grids (Elec-
tron Microscopy Science).

Transmission electron microscopy. Sections were examined in a 1200
EX transmission electron microscope (JEOL) at 80-kV accelerating
voltage, and images were recorded using an EMSIS MegaView G3
charge-coupled device digital camera (Munster, Germany) [19]. Ap-
proximately nine images were collected at x10,000 to maximize cov-
erage of broader region from each mouse (n=3 mice/group), with
each EM image depicting 24–78 mitochondria (average 62; total ~500/

Fig. 1. Experimental Model. Graphical representation of left anterior des-
cending coronary artery (LAD) ligation depicting EA1/IgG intracardiac injec-
tion at border zone diffusing toward apex and transmurally, as well as the al-
location of heart sections to the respective experimental endpoints. Two slices
in the transverse plane were collected for; 1. transmission electron microscopy
(TEM), and preparation of permeabilized fibers and isolated mitochondria; and
2. metabolite analysis via UPLC and enzyme activity analyses.
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mouse heart). Mitochondrial two-dimensional morphology parameters
were determined manually using ImageJ software as previously de-
scribed [20]: 1) Mitochondrial size is reported as surface area in
squared micrometers, 2) mitochondrial external perimeter in micro-
meters, 3) the aspect ratio (AR) represents the length-to-width ratio and
is calculated as [major axis/minor axis] in arbitrary units, 4) the form
factor (FF) reflects the branching aspect of mitochondria and is calcu-
lated as (external perimeter2)/(4π*surface area)] in arbitrary units, 5)
circularity and roundness, computed as 4π·(surface area/perimeter2)
and (4*surface area)/(π*major axis2) respectively, comprise measures
of sphericity, where values of 1 resemble perfect spheroids in arbitrary
units. The number of electron-dense inter-mitochondrial junctions
(IMJs) was determined as in Ref. [21], as well as the number of lipid
droplets.

Western Blotting. Whole left ventricles previously stored in −80 °C
were homogenized in Protein Extraction Reagent Type 4 (Sigma
C0356), supplemented with protease inhibitor (ThermoFisher A32953)
for detection of several proteins by Western blotting. Primary anti-
bodies utilized were SERCA2 ATPase (ThermoFisher, cat. #MA3-919),
GRP78/HSPA5 (ThermoFisher, cat. #PA1-16857), Beclin1
(Thermofisher, cat. #PA1-16857), ChChd3 (Thermofisher, cat. #PA
5–31578), Mfn1 (ThermoFisher, cat. #PA5-38042), OPA1
(ThermoFisher, cat. #PA1-16991), Fis1 (PA 1–41082), Drp1 (PA5-
34768), EphrinA1 (SantaCruz Biotechnology, cat #Sc-911), GAPDH
(Cell Signaling, cat #2118), alpha tubulin (Invitrogen, cat. #138000),
and phospho-alpha tubulin (Tyr272) (ThermoFisher, cat. #PA5-37831).
Membranes were blotted using either mouse IgG-Fc secondary antibody
(Thermo scientific cat. #31455) or rabbit IgG HRP-conjugated antibody
(R&D systems cat. #HAF008), and the chemiluminescent substrate
SuperSignal West Pico PLUS (ThermoFisher, cat. #34078), and imaged
in a ChemiDoc-ItTS2 810 Imager, UVP.

Permeabilized muscle fiber bundle (PmFB) preparation. A section of the
left ventricular free wall was dissected and immediately placed in ice-
cold buffer X (50mM K-MES, 35mM KCl, 7.23mMK2EGTA, 2.77mM
CaK2EGTA, 20mM imidazole, 20mM taurine, 5.7 mM ATP, 14.3 mM
phosphocreatine, and 6.56mMMgCl2–6H2O, pH=7.1) for mechanical
separation with fine forceps under a dissecting microscope as described
elsewhere [22]. Separated LV fiber bundles were incubated in buffer X
containing 30 μg/mL saponin, for 30min at 4 °C, and then transferred to
buffer Z (105mM K-MES, 30mM KCl, 1 mM EGTA, 10mMK2HPO4,
5mM MgCl2–6H2O, 0.5 mg/mL BSA, pH=7.1) at 4 °C for 15min. At
the conclusion of respiratory assessment, fibers were rinsed in dH2O
and freeze-dried (typical dry weight 0.1–0.2 mg).

Mitochondrial respiratory capacity (JO2) and JH2O2 emitting potential.
Respiratory capacity in PmFBs or isolated mitochondria from LV was
measured by high-resolution respirometry (O2K, OROBOROS
Innsbruck, Austria), in buffer Z supplemented with 20mM creatine
monohydrate and 10 μM blebbistatin, at 37 °C to inhibit myosin II. To
assess lipid and Krebs cycle intermediates-supported respiration, sub-
strates were sequentially added in the following concentrations: 18 μM
Palmitoyl-carnitine, 5 mM L-carnitine, 0.5 mM malate, 4 mM ADP,
10mM pyruvate, 10mM glutamate, 10mM succinate. For experiments
using isolated mitochondria, 25 μg of total mitochondrial protein was
used. JH2O2 was measured using the Amplex UltraRed/Horseradish
Peroxidase fluorescence system in buffer Z supplemented with 10 μM
Amplex UltraRed (Invitrogen), 1 U/mL horseradish peroxidase, 20 U/
mL CuZn superoxide dismutase, and 10 μM Blebbistatin. Data was
collected in a Fluorolog spectrofluorometer (HORIBA Jobin Yvon), at
37 °C. 10 mM succinate or 18 μM palmitoyl-carnitine + 5 mM L-car-
nitine was added followed by 1 μM 1,3-bis(2-chloroethyl)-1-nitrosourea
(BCNU), 1 μM auranofin.

Determination of the mitochondrial thermodynamic force-flow re-
lationship. As initially described by B. Glancy et al. and successfully
implemented by others [23,24], intermediate steady-state rates of JO2

were measured at different levels of metabolic demand (ATP/ADP
ratio) using a progressive creatine kinase (CK) clamp, at 37 °C. With

known concentrations of creatine, phosphocreatine, ATP, and the CK
equilibrium constant, the ATP/ADP ratio and therefore the free energy
of ATP hydrolysis (ΔGATP) can be calculated from:
ΔGATP= ΔGATP° − 2.3 RT*K*2.3*log[([PCr]KCK)/[Cr][Pi])], where
ΔGATP° is the standard ΔGATP (−7.592 kcal/mol), R is the gas constant
(1.987 cal K−1 mol−1), and T is the temperature (310 K) [23]. Mi-
tochondrial respiration in state 4 conditions (no ADP) was supported by
18 μM palmityl-carnitine, 5 mM carnitine, 5 mM pyruvate, and 2.5 mM
malate, in the presence of 10 U/mL CK, 1.5 mM PCr, 5mM Cr, and
5mM ATP. Subsequent additions of PCr (2.75, 5.25, 10, 20, 35 and
45mM) progressively shifted the CK equilibrium, increasing the ATP/
ADP ratio and thus lowering respiration. Steady state JO2 was de-
termined at each PCr concentration, from which ΔGATP and [ADP] were
calculated.

Citrate synthase activity. Freeze-dried PmFBs utilized for JO2 mea-
surements were homogenized in CelLytic lysis buffer (Sigma #C3228)
and citrate synthase activity was measured using the kit (Sigma
#CS0720).

Mitochondrial isolation. Sections of the left ventricle were harvested
and immediately homogenized in mitochondrial isolation media (0.3M
sucrose, 10mM HEPES, 1mM EGTA) containing 1mg/mL BSA, on ice
[25]. Due to the limited amount of tissue available, isolated mi-
tochondria from LV slices of two mice were pooled together for each
sample. Homogenates were spun at 800 G/10min/4 °C, and the su-
pernatant was spun again at 1,200 G/10min/4 °C. The pellet was re-
suspended in mitochondrial isolation media (no BSA) for a last cen-
trifugation step (1,200 G/10min/4 °C). The final pellet was re-sus-
pended in 100 μL mitochondrial isolation medium, and protein quan-
tification was assessed using the Pierce BCA Protein Assay Kit (Thermo
Fisher #23225).

Measurement of real-time mitochondrial JO2 and JATP. As previously
described, ATP production was followed via the 1:1 stoichiometry with
NADP+ reduction from the glucose/hexokinase/glucose-phosphate
dehydrogenase enzymatic clamp [26]. The system contained 1 U/mL
hexokinase, 2.5 mM glucose, 5 U/mL mM glucose-phosphate dehy-
drogenase (G6PDH), 2.5mM NADP+, and added isolated mitochondria
at 5 μg/mL in buffer Z (+5 mg/mL BSA, 1 mM EGTA, 20 mM creatine),
at 37 °C. 0.2 mM Ap5A (P1,P5-di(adenosine-5′)pentaphosphate) was
added to inhibit adenylate kinase as an alternative non-OXPHOS source
of ATP synthesis. Respiration was supported by 5 mM pyruvate, 5 mM
glutamate, 5 mM succinate, and 0.5 mM malate. NADPH was measured
by autofluorescence (λex= 340, λem= 460) simultaneously with O2

consumption using a customized system integrating fluorescence
(FluoroMax-3; Horiba Jobin Yvon, Edison, NJ) with high-resolution
respirometry (Oroboros Oxygraph-2k, Innsbruck, Austria) via a fiber
optic cable (Fiberguide Industries). Rates of ATP synthesis (JATP) were
quantified using an ATP titration standard curve generated in the pre-
sence of the enzyme-coupled system and substrates but no mitochon-
dria. Steady-state OXPHOS flux rates (JO2 and JATP) were determined
after sequential additions of ADP: 20 and 200 μM.

Mitochondrial membrane potential. ΔΨ and JO2 rates were measured
simultaneously as previously described [27], using the Oroboros Oxy-
graph-2k combined with electrodes sensitive to the membrane poten-
tial-dependent probe tetraphenylphosponium (TPP+) and O2, at 37 °C.
Fresh isolated mitochondria from LV was added at a concentration of
50 μg protein/mL in the chamber. All experiments were run in buffer Z
supplemented with 1mM EGTA and 20mM creatine, in the presence of
1.5 μM carboxyatractyloside, 5 μM rotenone, 0.5 mM GDP, and 10mM
succinate. The TPP electrode was calibrated by a 6-point titration
(1.1–1.6 μM TPP+) at the beginning of each experiment. Membrane
potential was progressively decreased by the titration of malonate
(complex II inhibitor) from 0.1 to 7.5mM ΔΨ was calculated from the
Nernst equation based on the distribution of TPP+ [27].

Activity of dehydrogenase enzymes. Pyruvate dehydrogenase (PDH),
AKG dehydrogenase (AKGDH), branched chain ketoacid dehydrogenase
(BCKDH), NAD-linked Isocitrate DH (ID3), malate dehydrogenase
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(MDH2), glutamate dehydrogenase (GDH), trifunctional protein of beta
oxidation (HADHA), NADP-linked isocitrate dehydrogenase (IDH2) and
malic enzyme (ME) were determined by kinetic studies in LV homo-
genates [24].

Metabolite analyses. Briefly, sections of the apical region of the left
ventricle just below the suture were cut free (Fig. 1), blotted, and frozen
in an aluminum clamp cooled in liquid nitrogen. While frozen, sections
were quickly weighed to allow normalization of metabolites to tissue
mass. Nucleotides levels were determined in cardiac tissue extracts by
rapid and sensitive ultra-performance liquid chromatography as pre-
viously described [28]. Metabolites were extracted in 20–30 -fold ex-
cess ice-cold 0.5 N perchloric acid supplemented with 5mM EDTA with
rapid glass-on-glass homogenization. Extracts were neutralized and
perchlorate was removed by addition of ice-cold 1 N KOH and sub-
sequent centrifugation at 4 °C. Concentrations of adenine nucleotides
(ATP, ADP, and AMP), and adenine nucleotide degradation products
(IMP, adenosine, adenine), as well as guanosine nucleotides (GTP) were
determined by UPLC using a Waters Acquity UPLC H-class system as in
Ref. [28].

Statistics. Data are presented as means ± SEM. Statistical analysis
were performed with one-way ANOVA, followed by Sidak's multiple
comparisons test (* vs. sham, and # vs. I/R). Graph Pad Prism 7 was
used for statistical analysis and data presentation. Statistical sig-
nificance was set at a P value of ≤0.05.

3. Results

3.1. EphrinA1-Fc administration during acute I/R helps preserve cardiac
function

Mice were randomized to a sham-operated control group (sham), or
acute ischemic injury induced by ligation of the left anterior descending
coronary artery immediately followed by intramyocardial injection of
6 μg/6 μL of either IgG-Fc (I/R) or EphrinA1-Fc (I/R + EA1) with a
sterile 30 gauge Hamilton syringe [16]. After a 30min occlusion, the
ligature was released to reperfuse the heart, the thoracic cavity was
closed, and following recovery, the animals were returned to the vi-
varium. At 24 h post-injury and before sacrifice, global cardiac function
and strain was assessed using M-mode and B-mode echocardiography
(Table 1). In keeping with previously reported findings from our group
[13], EA1 treatment significantly improved ejection fraction (+46%,
***p < 0.0005) and fractional shortening (+49%, ***p < 0.0005)
compared to I/R. Longitudinal strain rate (LS) and global longitudinal
strain were significantly decreased with I/R (−76%, **p < 0.005 vs
sham; -71% ***p< 0.0005 vs sham), but preserved by EA1 (−76%,
##p < 0.005 and + 45%, *p < 0.05 vs I/R). No differences in heart
rate (HR) were observed but cardiac index (CI; ml/min/g) was de-
creased in the I/R group compared to sham and I/R+EA1 due to de-
creased stroke volume. Administration of EA1 thus preserves cardiac
function during the critical stages of early repair (24 h post- I/R).

At sacrifice, hearts were collected and specific sections with respect
to the ligature were allocated to the designated experimental endpoints
(depicted in Fig. 1). In a separate cohort of mice, whole left ventricle
homogenates were used for western blotting. Unlike in previous ob-
servations of longer I/R periods [12,29], there was no reduction of EA1

protein levels in the present model of acute I/R injury (Fig. 2A), despite
a subtle reduction in gene expression (data not shown). Protein levels of
sarco/endoplasmic reticulum Ca2+ adenosine triphosphatase-2a
SERCA2a, a cornerstone protein for calcium homeostasis during the
cardiac cycle [30] normally decreased in acute ischemia and chronic
heart failure [31–34], was 49% (p < 0.05) higher in I/R + EA1
compared to I/R (Fig. 2B), likely contributing to preserved contractile
function and mitigation of deleterious calcium overload. ChChd3, an
abundant scaffolding protein localized in the inner mitochondrial
membrane that stabilizes protein complexes to help maintain crista
integrity and thus mitochondrial function [35], was 54% higher
(p < 0.05) with EA1 administration (Fig. 2C) compared to I/R. Ex-
pression of GRP78, a master chaperone sensor of ER stress and mod-
ulator of the apoptotic response [36]), was two-fold higher with I/R
(p < 0.0005) (Fig. 2D), whilst unchanged with EA1 administration
relative to sham, at a remarkable 60% lower value (p < 0.005) than
their I/R counterparts. Furthermore, Beclin-1, a protein that plays a
central role in cardiomyocyte autophagy and apoptosis [37,38], was
increased by 20% (p < 0.05) with administration of EA1 relative to I/
R (Fig. 4A). These findings support previous reports on the efficiency of
EA1 to reduce to cardiomyocyte damage and reduce infarct size
[12,13].

3.2. EphrinA1-Fc administration preserves cardiomyocyte and
mitochondrial ultra-structure in acute I/R

Sections of the left ventricular infarct margin (Fig. 1) were imaged
by transmission electron microscopy (TEM). Representative TEM
images are shown in Fig. 3. In agreement with previous reports of al-
tered mitochondrial morphology with heart failure [39–41], the present
model of acute I/R significantly altered mitochondrial organization and
overall cellular ultra-structure (Fig. 3A–C). Qualitatively, administra-
tion of EA1 seemed to prevent the sarcomere and mitochondrial dis-
organization, and loss of Z-lines alignment (Fig. 3A–C). Mitochondrial
two-dimensional morphological parameters including surface area,
perimeter, aspect ratio, form factor, and sphericity were quantified
(Fig. 3D–I). Although no statistical differences were detected, qualita-
tively, overall spatial organization of mitochondria in EA1-treated mice
appeared more comparable to the sham mice than the I/R group. In
addition, electron-dense inter-mitochondrial junctions presented
trending lower values with I/R (p= 0.05 vs sham) that was reversed
with EA1 administration (p= 0.005 vs I/R) (Fig. 3J), and lipid droplet
number were reduced in a I/R vs I/R + EA1 comparison (p < 0.05)
(Fig. 3K).

3.3. Evaluation of EphrinA1-Fc-mediated effects in mitochondrial dynamics

Mitochondrial morphology is highly dynamic and finely regulated
by several key players that orchestrate fission, fusion and mitophagy
processes. Mitochondrial dynamics play a key role in heart failure [42].
Fig. 4 shows western blot analysis of some of the main regulators of
fission (such as Drp1 and Fis1), and fusion (OPA1 and Mfn1). In rat, it
has been shown that high LAD ligation only decreases OPA1 expression
levels, while in human ischemic cardiomyopathy OPA1 has been re-
portedly decreased with Mfn1/2 and Drp1 levels increased [43]. In the

Table 1
EphrinA1 administration in I/R preserves cardiac function. Echocardiographic measures of LV function and remodeling: ejection fraction, EF %, fractional
shortening, FS %, heart rate, HR, cardiac index, CI, longitudinal strain rate, LS, and global longitudinal strain, GLS %. Data are expressed as means ± SEM.
*p < 0.05, **p < 0.005 and ***< 0.0005 vs sham and #p < 0.05, ##p < 0.005 vs I/R from one-way ANOVA analysis. N= 3–4 mice/group.

Treatment group EF (%) FS (%) HR CI LS GLS

sham 89 ± 4.5 59 ± 2.7 588 ± 20 0.74 ± 0.07 −21.6 ± 3.2 −38 ± 7.3
I/R + IgG-Fc 45 ± 9.7*** 27 ± 5.1*** 591 ± 33 0.43 ± 0.11** −4.8 ± 1.9** −11.4 ± 5.7***
I/R + ephrinA1-Fc 84.3 ± 1### 53 ± 4.6** 604 ± 23 0.67 ± 0.09 −20 ± 5.8## −21 ± 3.6*
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present model of acute I/R injury in mice, none of these proteins were
changed in an I/R vs sham comparison, but EA1 administration sig-
nificantly increased levels of Drp1 (+22%, p < 0.05) and Fis1 (34%,
p < 0.05) (Fig. 4B–C), and decreased Mfn1 levels (−51%, p < 0.05)
(Fig. 4E) relative to the I/R group. There were no differences in OPA1
levels across all three groups (Fig. 4D).

3.4. EphrinA1-Fc administration in I/R preserves mitochondrial respiratory
capacity independent of changes in H

2O2 emitting potential
Mitochondrial function plays a key role in I/R [4,5]. To determine

the effects of EA1 administration on different parameters of mi-
tochondrial function such as respiratory capacity (JO2) and H2O2

emitting potential (JH2O2), permeabilized cardiac muscle fibers
(PmFBs) were prepared from a section of the LV infarct margin (Fig. 1).
Respiration supported by lipid substrates (palmitoyl-carnitine) and
malate was not affected by I/R ± EA1, in state 4 (no ADP) or 3
(+ADP) conditions. However, subsequent addition of pyruvate, gluta-
mate and succinate revealed a 30% decrease (p < 0.005) in state 3 JO2

with I/R, which was preserved by EA1 administration (Fig. 5A). Of
note, addition of 0.1 μg/mL EA1 directly into the O2K chamber, a
concentration well above the one used for intramyocardial injections in
vivo did not affect JO2 acutely (data not shown). Interestingly, no
changes in JH2O2 emitting potential were detected in I/R ± EA1 re-
lative to the sham group, using either palmitoyl-carnitine + carnitine
(Fig. 5B, left panel), or succinate (Fig. 5B, right panel) as substrates, and
in the presence or absence of the antioxidant buffering system
(+BCNU/AF, specific inhibitors of glutathione and thioredoxin re-
ductases). Importantly, mitochondrial content evaluated by citrate
synthase activity [44] in homogenates of the same PmFBs utilized for

JO2 experiments revealed no differences among groups (Fig. 5C). This
suggests that the cellular alterations behind the loss and preservation of
mitochondrial respiratory capacity with I/R and EA1 respectively, may
not be mediated by changes in mitochondrial content or the potential
for electron leak/ROS generation.

3.5. EphrinA1-Fc administration in I/R preserves mitochondrial respiratory
control under physiologically-relevant thermodynamic constraints

To gather further insight into the effects of EA1 on mitochondrial
function with I/R, sub-maximal steady-state rates of JO2 were measured
at different levels of metabolic demand (ATP/ADP ratio), using a pro-
gressive creatine kinase (CK) energy clamp as [23,24]. Briefly, using CK
in large excess and known added amounts of creatine, phosphocreatine,
and ATP, the extra-mitochondrial ATP/ADP ratio can be manipulated,
re-setting the steady-state JO2 with each step-wise addition of PCr.
Representative traces of the experiment for the I/R and I/R + EA1
groups are shown in Fig. 5D. Each PCr addition shifts the CK equili-
brium increasing the ATP/ADP ratio, and therefore the free energy
available from ATP hydrolysis (ΔGATP), which can be calculated as
described in the methods. Fig. 5E shows the JO2 vs ΔGATP plot, from
which the line intersection at the x axis represents the “static head” of
the system (most negative ΔGATP when respiration is zero), and the
slope comprises a measure of the overall “conductance” of the electron
transport system (ETS, OXPHOS and ATPase fluxes [23,24]), an in-
dicator of how well the system can adjust and respond to different le-
vels of metabolic demand. While values of static head ΔGATP were
unchanged (Fig. 5F), overall conductance (slopes reported in Fig. 5E)
was decreased by 25% with I/R (p < 0.05), but preserved with EA1
administration (+124%, p < 0.05).

Given that no differences were found in JH2O2 emitting potential

Fig. 2. Evaluation of key stress sensors and
modulators of mitochondrial and ER structure
and function. Wstern blot analysis of EphrinA1
(A), SERCA2a (B), chchd3 (C) and GRP78 (D).
Representative blots are shown in the bottom. Bars
are means ± SEM and normalized to GAPDH le-
vels. *p < 0.05, **p < 0.005, and
***p < 0.0005 vs sham, and #p < 0.05,
###p < 0.0005 vs I/R from one-way ANOVA
analysis. n= 4 mice/group.
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(Fig. 5B) or static head ΔGATP [45], the possibility of EA1 minimizing
ROS emitting potential being the main driver for increased conductance
seems unlikely. Hence, it was hypothesized that EA1 exerts mainly a
kinetic protective effect in mitochondrial function, increasing OXPHOS
conductance. To determine whether the improved force-flow relation

was due to changes in sensitivity to ADP, ADP kinetics were analyzed
(Fig. 5G–H). Fig. 5H shows secondary analysis of Fig. 5G, using the
Eadie-Hofstee plot where y= -(KMADP)x + Vmax. The apparent KM for
ADP remained unchanged across all three groups. However, Vmax was
21% lower with I/R (p < 0.05), and 113% higher (p < 0.05) with

Fig. 3. EA1 administration in I/R helps preserve cardiomyocyte and mitochondrial 2-D ultrastructure. (A–C) Representative transmission electron microscopy
(TEM) images from a section of left ventricle border infarct in sham, and I/R ± EA1, at x12,000 (A), x20,000 (B), and x40,000 (c) magnitude. Images captured with
an EMSIS MegaView G3 charge-coupled device digital camera. Scale bars: 2 μm in (A), 1 μm in (B) and 0.5 μm in (D). (D–I) Analysis of morphological parameters in
mitochondria (expressed in appropriate dimensions or arbitrary units): surface area (D), external perimeter (E), aspect ratio (F), form factor (G), circularity (H),
roundness (I), computed as described in methods. (J) Number of electron-dense inter-mitochondrial junctions, and (K) lipid droplets. Bars are means ± SEM from
averages of up to 18 images/mouse, n = 3 for sham, and n = 4–5 for I/R ± EA1. *p < 0.05 from one-way ANOVA analysis.
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EA1 administration. The lack of changes in mitochondrial content
(Fig. 5C) suggests that the consistently higher JO2 rates observed with
EA1 administration across different levels of metabolic demand were
the result of an increase in conductance, and not due to changes in ADP
affinity or mitochondrial content. This is suggestive of EA1 exerting
protection in OXPHOS kinetics, likely through preservation of mi-
tochondrial structure and organization.

3.6. EphrinA1-Fc increases OXPHOS conductance without altering
dehydrogenase activity, membrane potential or ATP synthesis

From a kinetic perspective, many parameters could contribute to the
enhanced OXPHOS conductance observed with EA1 administration,
such as activity of the dehydrogenase enzymes, any of the step-wise
kinetic steps in the ETC, membrane potential (ΔΨ), and the rate of ATP
synthesis [23]. To determine whether EA1 directly affects any of these
parameters, mitochondria were isolated from LV for further functional
assessment.

The activity of pyruvate dehydrogenase (PDH), AKG dehydrogenase
(AKGDH), branched chain ketoacid dehydrogenase (BCKDH), NAD-
linked Isocitrate DH (ID3), malate dehydrogenase (MDH2), glutamate
dehydrogenase (GDH), trifunctional protein of beta oxidation
(HADHA), as well as the NADP-linked isocitrate dehydrogenase (IDH2)
were determined in whole LV homogenates. Activities of MDH2, IDH3
and HADHA were not significantly affected by I/R ± EA1. PDH,
AKGDH, and GDH were downregulated with I/R compared to sham (-
35–45%, p < 0.05), but the effect was not reversed by EA1 adminis-
tration (Fig. 6A), suggesting that the preservation of bioenergetics
mediated by EA1 does not involve the dehydrogenase enzymes.

Simultaneous, real-time rates of ATP production (JATP) and O2

consumption (JO2) were determined as previously described [26] in
isolated mitochondria from LV. Surprisingly, there were no differences
in JO2 (Fig. 6B) or JATP (Fig. 6C) rates with I/R ± EA1, in the absence
or presence of increasing levels of ADP. Consequently, the efficiency of
ATP production (ATP/O ratio) also remained unchanged (Fig. 6D). In
accordance, no differences were detected in complex V activity
(Fig. 6E), or mitochondrial membrane potential across a wide range of
respiratory states (Fig. 6F). Metabolite analysis by UPLC showed un-
changed levels of the high-energy metabolites GTP, ATP, ADP as well as
their degradation products (IMP, adenosine, adenine) across the three
groups (Fig. 7) and there was no difference in the calculated energy
charge (ATP + ½ ADP/total nucleotides [46]: sham=0.648 ± 0.015;
I/R= 0.651 ± 0.021; I/R+EA1=0.665 ± 0.010). Cumulatively,
these data indicate that the EA1-mediated preservation of mitochon-
drial bioenergetics via OXPHOS conductance is absent in the isolated
organelle, suggesting a direct link with the mitochondrial network
ultra-structure.

3.7. EphrinA1-Fc-mediated preservation of bioenergetics involves the
cytoskeleton, and/or mostly impacts interfibrillar mitochondria

Cytoskeletal structures such as microfilaments and microtubules are
known to directly interact with mitochondria, and disruption of the
cytoskeleton morphology and myocardial ultrastructure are associated
with decreased myocardial function [41]. The main difference between
testing mitochondrial respiratory capacity in PmFBs and isolated mi-
tochondria is that, in the former, mitochondria is stripped from all
cellular and cytoskeletal components, and the mitochondrial network is

Fig. 4. Evaluation of mitochondrial dynamics in acute I/R±EA1. Western blot analysis of Beclin1 (A), Drp1 (B), Fis1 (C), Opa1 (D), and Mfn1 (E).
Representative blots are shown in the bottom. Bars are means ± SEM and normalized to GAPDH levels. *p < 0.05 vs sham, and #p < 0.05 vs I/R from one-way
ANOVA analysis. n = 4 mice/group.
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completely disassembled into single organelles. Thus, a simple control
experiment was to test the same JO2 protocol utilized in Fig. 5A for
PmFBs, in isolated mitochondria. As shown in Fig. 6G, the observed
differences in mitochondrial JO2 disappeared when respiratory function
was tested in isolated mitochondria, suggesting that the protective ef-
fects of EA1 are potentially mediated by cytoskeletal components. Be-
cause several aspects of mitochondrial dynamics and function are
linked to microtubule (MT) dynamics [47–49], we asked whether EA1
activation of Eph tyrosine kinase receptors could potentially affect the
phosphorylation status of α-tubulin, the MT protein unit. Interestingly,
phosphorylation of α-tubulin at the Tyr272 residue was reduced by I/R
(−50%, p < 0.005), but preserved with EA1 (Fig. 8), suggestive of a
potential EA1 target.

Alternatively, EA1-mediated actions may significantly impact a sub-
population of mitochondria within the cardiomyocyte [50]. The mi-
tochondrial isolation procedure used in this study isolates mostly the
subsarcolemmal mitochondria, whereas in PmFBs both subsarcolemmal
and interfibrillar mitochondrial reticulum are preserved. Both sub-types
of mitochondria serve different functions in cardioprotection [51], and
interfibrillar mitochondria have been shown to be particularly vulner-
able to ischemia [52,53]. The fact that no differences in respiratory
function were observed in the isolated organelle may also be suggestive
that EA1-mediated preservation of bioenergetics mostly impacts the
interfibrillar mitochondria.

Fig. 5. EA1 preserves mitochondrial bioenergetics in cardiac PmFBs. (A) Mitochondrial respiratory capacity measured in permeabilized fibers from left ven-
tricle. Substrates added sequentially: 18 μM Palpmitoyl-carnitine (PC), 5mM L-carnitine, 0.5 mM malate, 4mM ADP, 10mM pyruvate, 10mM glutamate, 10mM
succinate. (B) Mitochondrial JH2O2 emitting potential measured after the addition of 10 mM succinate, and 1 μM BCNU + 1 μm auranufin (left panel), or 18 μM
palmitoyl-carnitine, 5 mM L-carnitine and 1 μM BCNU + 1 μm auranufin (right panel). (C) Citrate synthase activity measured in homogenates of the PmFBs utilized
in 3A and 3D. (D) Representative creatine kinase energetic clamp in PmFBs from LV after I/R ± EA1. Steady-state JO2 was measured and ΔGATP was calculated as
described elsewhere, after each addition of PCr [23]. (E) Force-flow relationship where the slope represents conductance and the x-intercept the static head (ΔGATP at
JO2=0, represented at (F)). (G) ADP kinetics, showing data fitted to a Michaelis Menten function. (H) Eadie-Hofstee plot of the data presented in G, where y= -
(KMADP)x + Vmax. Slopes (KM) were not statistically different. Bars are means ± SEM. *p < 0.05, **p < 0.005 vs. sham and #p < 0.05 vs. I/R from one-way
ANOVA analysis. N= 6–8 mice/group.
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4. Discussion

EphrinA1 is one of five ligands (A1-A5) that bind and activate nine
different Eph-A transmembrane tyrosine kinase receptors (EphA1-A8,
and A10). EphrinA1 is localized in the cellular membrane of healthy
cardiomyocytes and orchestrates cell positioning and survival, among
other functions [54]. Levels of EphrinA1 are decreased in myocardial
infarction [12,13,29], and previous work from our group has shown
that intracardiac injection of its recombinant form, EphrinA1-Fc, at the
time of coronary artery ligation in mice reduces infarct size, cardio-
myocyte apoptosis, and inflammation in both reperfused [13] and non-
reperfused [12] myocardium. The aim of this work was to perform a
mitochondrial phenotyping assessment of the early stages of post-I/R
injury to explore the cellular changes induced by EphrinA1-Fc that
result in preservation of myocardial function. By leveraging a model of
acute ischemia/reperfusion injury (30min/24 h), herein we: 1) per-
formed measurements of the mitochondrial thermodynamic force-flow
relationship for the first time in a model of I/R; and 2) provide evidence
that intramyocardial administration of ephrinA1-Fc at the time of cor-
onary artery ligation protects not only cardiomyocyte and mitochon-
drial network ultrastructure, but also preserves mitochondrial bioe-
nergetics.

Mitochondrial function has been increasingly recognized as a key
factor in cardiovascular disease and myocardial infarction [4,5]. In
heart failure, there is an energetic mismatch between metabolic de-
mand and supply. Numerous measures of mitochondrial function have
been made in failing myocardium of animal models and humans, with
reports of decreased activity Krebs cycle enzymes and respiratory
complexes, decreased levels of free CoQ, reduced expression of F(0)F
(1)-ATPase, reduction in mitochondrial supercomplex assembly, in-
creased ROS production, among others extensively reviewed elsewhere
[4]. Controversy in the field still exists regarding whether or not the

energetic deficiency in HF is due to insufficient ATP production by the
mitochondria or defective/deficient creatine kinase activity; a cause/
effect conundrum which continues to elude and is further obscured by
the metabolic plasticity of the heart [55,56]. Downregulation of genes
that encode for fatty acid oxidation enzymes has been previously re-
ported in the failing heart [57] driving a metabolic switch towards
glycolysis, although this is more evident in late stages of HF [58]. In
contrast, the loss of functional cardiomyocytes with acute I/R alters the
load distribution in the heart, which may partially explain the lack of
differences in fatty acid-supported respiration within our model.
However, JO2 was indeed lower in the presence of both fatty acid and
carbohydrate substrates, being reversed by EA1 administration. It is
noteworthy to mention that when the ability of the mitochondria to
generate membrane potential and produce ATP were tested in the iso-
lated organelle, no differences were observed between sham and I/R
(Fig. 6), contradicting previous reports of decreased ATP synthetic ef-
ficiency [59]. Furthermore, although mitochondrial ROS production is
known to play a role in I/R injury [4], there were no changes in H2O2

production in PmFBs with I/R ± EA1. Although the former reflects
only H2O2 emission potential, and not precisely H2O2 emission during
the I/R insult, it is likely that EA1-mediated actions on mitochondrial
function are independent of ROS emission potential. Indeed, thermo-
dynamic assessment of the force-flow relation revealed a decrease in
OXPHOS conductance with I/R that was fully reversed by EA1 ad-
ministration. To our knowledge, this is the first time these types of
measurements have been made in a model of cardiac I/R injury. It is
worth to keep in mind however, that the present observations took
place during the early stages of repair (at 24 h), and thus may not be
necessarily transferable to later stages of I/R recovery.

In the heart, the mitochondrial network is extensively connected
physically and electrically, allowing for distribution of nutrients and
membrane potential, as well as enabling rapid signaling from damaged

Fig. 6. EA1-mediated protective effects in mitochondrial bioenergetics cannot be detected in the isolated organelle. (A) Enzymatic activities of key dehy-
drogenase enzymes in isolated mitochondria. Data are expressed as % of maximal rate value in each respective assay, n= 3 mice/group. (B and C) Steady-state
OXPHOS flux rates of O2 consumption (B) and ATP production (C) were determined simultaneously in real-time using a glucose/hexokinase/glucose-phosphate
dehydrogenase respiratory clamp after the sequential addition of 20 and 200 μM ADP. Respiration was supported by 0.5 mM malate, 5mM pyruvate, 5mM glu-
tamate, 5mM succinate. (D) Resulting ATP/O ratio calculated from steady-state JATP/JO2. (E) Mitochondrial complex V enzymatic activity determined in isolated
mitochondria. N=3 mice/group (F) Mitochondrial membrane potential determined using a TPP probe at different respiratory states via titration of malonate. (G)
Mitochondrial respiratory capacity measured in isolated mitochondria from LV following the same protocol as in Fig. 2A. Substrates added sequentially: 18 μM
palmitoyl-carnitine (PC), 5mM L-carnitine (carn), 0.5 mM malate (Mal), 4 mM ADP, 10mM pyruvate (Pyr), 10mM glutamate (glut), 10 mM succinate (succ). Values
are means ± SEM, NS=no statistical differences found. N=4 mice/group, with each data point representing a pooled sample from 2 mice.
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areas of the network [10,60]. HF has been associated with fragmenta-
tion of the mitochondrial network, presenting reduced organelle size
and increased mitochondria number of compromised structural

integrity [39]. Analysis of TEM images revealed a clear trend in inter-
fibrillar mitochondrial disorganization within the sarcomeres with I/R,
that was prevented with EA1 administration (Fig. 3). The primary

Fig. 7. Levels of high-energy metabolites are not affected with acute I/R +/-EA1. Guanosine triphosphate GTP (A), adenosine tri- (B), di- (C) and mono-
phosphate (D), respective ATP/ADP (E) and ATP/AMP (F) ratios, adenine (G), hypoxanthine (H), IMP (I), and total nucleotides (J), determined by UPLC. Bars are
means ± SEM. No statistical differences were detected from a one-way ANOVA analysis. n= 9–15 mice/group.

Fig. 8. EA1 administration in acute I/R pre-
serves phosphorylation of α-Tubulin. Western
blot analysis of α-Tubulin (A) and (Tyr272) phos-
phorylated-α-Tubulin (B) in LV homogenates. (C)
Calculated p-α-Tubulin/α-Tubulin ratio from a and
b. Representative blots are below on the right. Bars
are means ± SEM, *p < 0.05, **p < 0.005 vs.
sham and ##p < 0.005, ###p < 0.0005 vs. I/R
from one-way ANOVA analysis. N = 4 mice/group.
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impact on interfibrillar mitochondria versus the subsarcolemmal po-
pulation was evident from the finding that the changes reported in
respiration in PmFBs disappeared in the isolated organelle (Fig. 6). The
higher expression levels of ChChd3 with EA1 treatment also suggests
better mitochondrial cristae integrity and mitochondrial function. In
addition, the marked increase in certain fission markers (Drp1 and Fis1)
further points to a more favorable balance towards fission, which could
potentially be related to enhanced mitophagy [61] and therefore pre-
vention of apoptotic signals. Although we did not evaluate activation of
mitophagy pathways, this may partly explain the previously reported
EA1-induced attenuation of apoptosis and enhanced autophagy [13].
Additionally, we observed a reduction in the accumulation of lipid
droplets in EA1-treated myocardium, suggestive of reduced lipotoxicity,
however, the composition of these droplets and the associated meta-
bolic machinery must be investigated further [62,63]. Overall, EA1
appears to mediate effects in the interfibrillar mitochondrial network
ultra-structure, helping maintain its spatial organization within the
cardiomyocytes and thus preserving the electrical “power grid” [10,64]
to endure the ischemic insult.

The ability of a terminally differentiated cardiomyocyte to with-
stand an ischemic insult is tightly linked to its bioenergetics and cellular
ultrastructure [15,65]. Mitochondrial function relies heavily on the
cytoskeleton for structural support, localization and motility [66]. In
fact, severe changes in cytoskeleton morphology and myocardial ul-
trastructure are known to correlate with reduced myocardial function
and chronic heart failure (HF) [41]. EphrinA1-EphR signaling normally
regulates several aspects of cell differentiation, proliferation, and mi-
gration [54,67]. Interestingly, Ephrin-EphR signaling is known to affect
cytoskeleton dynamics, enabling cell migration and adhesion, with
emerging evidence pointing to a direct role in the regulation of actin-
myosin interactions [68,69]. Accompanied by remarkable preservation
of OXPHOS kinetics, it was evident from TEM imaging that EA1 exerted
a direct impact on cardiomyocyte ultra-structure, affecting sarcomere
and Z-disks alignment. Thus, it is possible that the protective effects of
EA1 in mitochondrial bioenergetics could be mediated via the cytos-
keleton.

The microtubules (MTs) are highly dynamic structures of the cy-
toskeleton that play a key role in cell division and structural support for
the cytoplasm, as well as serve as railroads for cellular trafficking of
proteins and organelles, including mitochondria [70]. Several aspects
of mitochondrial shape [48], fission-fusion dynamics [71], as well as
function [47] are tightly linked to MT dynamics. Given EA1 is a ligand
for the tyrosine kinase receptors EPH, an extensive phosphorylation
cascade likely triggers and modulates a complex cellular response upon
I/R injury. Interestingly, the phosphorylation status of α-tubulin, the
unit component of the microtubules, appeared to be affected by I/
R ± EA1, thereby suggestive of a highly potential direct target of EA1
action (Fig. 8).

Phosphorylation of α-tubulin at specific tyrosine residues (i.e. Tyr
272) prevents its polymerization into MTs [49,72]. A certain degree of
MT dynamics may be important for cardiomyocyte survival under I/R
stress, as transport of mitochondria to high-risk injured cardiomyocytes
prevents apoptosis [73], and inhibition of MT dynamics hinders repair
after acute I/R injury in kidney [74]. Considering the EphA-R(s) are
receptor tyrosine kinases, by increasing phosphorylation of α-tubulin,
we may speculate EA1 protects mitochondrial bioenergetics via pre-
servation of MT dynamics and thereby mitochondrial organization and
function. In addition, phosphorylation of different components of the
electron transport system (ETS) has been known to modulate efficiency
of mitochondrial function [75]. EA1/EphA-induced phosphorylation
pathway likely targets components of the cytoskeleton as well as the
ETS to preserve mitochondrial bioenergetics. Further investigation of
the EphrinA1-mediated actions on the cytoskeleton and mitochondrial
structure/function are warranted to fully elucidate the mechanistic
pathways by which EA1 limits tissue damage and preserves cardiac
function during I/R.

5. Conclusions

The present findings suggest administration of EA1 at the time of I/
R protects cardiac function during early stages of repair, by preserva-
tion of the mitochondrial network structure and bioenergetics. Current
efforts are directed to elucidating the EA1/EphA signaling pathway(s)
that link the timing of post-translational modifications of cytoskeletal
components with mitochondrial function and other cell survival pro-
cesses as well as region-specific changes in contractile function relative
to the occlusion. This includes the identification of the specific EphA
receptor(s) involved, their signaling targets, and how they change as a
function of reperfusion time. Once the mechanistic pathway of action is
fully elucidated, EA1 may emerge as a potential novel therapeutic for
the treatment of acute I/R injury to prevent heart failure.
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