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ARTICLE INFO ABSTRACT

Article history: Activation of the apelin receptor, or APJ, by apelin is considered a therapeutic avenue for cardiovascular disease,
Received 30 June 2018 ) including heart failure. Recently, a novel endogenous ligand for APJ named Elabela (ELA) has been discovered and
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strains its clinical potential. To extend its half-life in vivo, we attempted to make IgG-Fc-ELA fusion proteins.
We found that Fc-ELA-32 fusion proteins are cleaved during protein production, whereas Fc-ELA-21 fusion pro-
teins are expressed intact, so we focused our studies on the latter. The Fc-ELA-21 fusion protein retained its func-
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Elabela tionality in vitro and had a half-life of approximately 44 h in circulation in mice after subcutaneous injection. Daily
Fusion protein injection of the fusion protein in Ml rats for 4 weeks significantly mitigated heart dysfunction with respect to he-
Half-life modynamics. At the cellular and tissue levels, treatment of Fc-ELA-21 fusion protein significantly increased an-

Heart failure
Myocardial infarction

giogenesis, promoted cardiomyocyte proliferation and reduced apoptosis and heart fibrosis near the infarct
area. In comparison, ELA-21 had a half-life of 13 min and showed no significant cardioprotective activities.

These data suggest that Fc-ELA-21 may be a potential therapeutic for heart failure.

© 2019 Published by Elsevier B.V.

1. Introduction

Heart failure (HF) is a leading cause of morbidity and mortality glob-
ally. The prevalence, mortality, and costs associated with heart failure
continue to grow [1]. Despite significant progress made in pharmaco-
logical management of heart failure in past decades, prognosis of heart
failure remains unsatisfactory, illustrating a need for novel therapeutics.

APJ, a G protein-coupled receptor, was initially discovered as an or-
phan receptor, based on sequence homology to the angiotensin AT1 re-
ceptor [2], and renamed as the apelin receptor after its ligand apelin was
discovered [3]. Subsequent studies have revealed that the apelin-AP]
signaling pathway is a pivotal regulator of the circulatory system [4,5].
APJ knockout in mice results in prenatal death due to cardiovascular de-
velopmental defects [6], and the surviving mice show a significant re-
duction in exercise capacity [7]. Likewise, apelin knockout mice
display decreased heart contractility and exercise capacity [7,8]. In
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addition, APJ is required for development of cardiac hypertrophy to
pressure overload by transaortic constriction (TAC) [9]. Conversely, ex-
ogenous administration of apelin mitigates cardiac dysfunction, myo-
cardial infarction (MI) and fibrosis, and protects the heart from
ischemia in several models [10-15]. Thus, activation of AP] by apelin
has been considered as a new therapeutic approach for HF and other
cardiovascular conditions [16-18].

Elabela (ELA) [19] or Toddler [20] is a new peptide hormone acting
on APJ to regulate the development of the cardiovascular system at
the embryonic stage in zebrafishes and ELA-AP] signaling is conserved
and functional in mammalian systems [21], establishing ELA as a new
endogenous ligand for AP]. ELA is a peptide of 32 amino acids and is as-
sumed to be cleaved by peptidases into ELA-22 and ELA-11 [19,20] (re-
ferring to the remaining number of amino acid residues at the C-
terminus). ELA peptides ELA-32, ELA-21, ELA-14 and ELA-11 have ex-
hibited inotropic activities both in vitro [22-24] and in animal disease
models. For example, ELA-32 administration has been shown to amelio-
rate heart dysfunction in various animal models including sepsis [25],
pressure-overloaded heart failure [26], preeclampsia [27] and pulmo-
nary artery hypertension [24] whereas ELA-11 is protective against
acute kidney injury induced by renal ischemia-reperfusion [28]. How-
ever, whether ELA is protective against heart dysfunction induced by
myocardial infarction (MI) has not been reported. In addition, the ex-
pected short in vivo half-life would be a hurdle for ELA to be used
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clinically. Fusion of therapeutic peptides with the Fc domain of human
IgG is a popular strategy to extend protein half-life in plasma [29,30].
We have reported that Fc-apelin has an extended in vivo half-life
while retaining its insulin-sensitizing and inotropic activities in obese
mice [31]. In the present report, we describe production of Fc-ELA-32
and Fc-ELA-21 and assessment of possible cardioprotective activities
of Fc-ELA-21 vs. ELA-21 in a rat MI model.

2. Methods
2.1. Construction, expression and purification of ELA fusion proteins

The production of Fc-ELA fusion proteins was essentially the same as described for
that of the Fc-apelin fusion protein [31]. In brief, we constructed a lentiviral expression
vector which contains cDNA fragments of, from the N-terminus to C-terminus, the
human tissue plasminogen secretion signal sequence, human IgG Fc-region, a 3x [Gly-
Gly-Gly-Ser] linker and ELA-32 or ELA-21. The resulting lentiviruses were used to infect
HEK293 cells to produce the Fc-fusion proteins in the supernatant, which were then puri-
fied into homogeneity (>95% purity) through protein A affinity chromatography. Through
buffer exchange, the fusion proteins were dissolved in 1x PBS buffer, sterilized by filtering
through a 0.22 pm filter, and stored at —20 °C until use.

2.2. Apelin receptor reporter assays

HEK293 cells [21] were cultured in DMEM supplemented with 10% fetal bovine
serum. To measure the effect of APJ activation on cAMP suppression, a CRE/luc2P reporter
(Promega, Madison, WI) and AP] were co-transfected into HEK293 cells with Calfectin
(Signagen, Rockville, MD), and the cells were treated either with a gradient concentration
of ELA-32 (Genecript, Piscataway, NJ) or Fc-ELA-21 for 30 min followed by forskolin
(10 mM) for 30 min. To measure SRE reporter activity, SRE/luc2P reporter (Promega)
and APJ] were co-transfected into HEK293 cells in 12-wells, the cell culture medium was
changed to serum-free medium 6 h after transfection, and then treated with ELA-32 or

A Site 1 Site 2

Fc-ELA-21. The cells were collected 20 h later for luciferase activity measurement, which
was normalized with SV40-driven renilla (Promega) for transfection efficiency.

2.3. Pharmacokinetic analysis and Western blotting

Animal studies were approved by the Institutional Animal Care and Use Committee of
the University of Maryland School of Medicine and Shaanxi Normal University. For Fc-ELA-
21 pharmacokinetic analysis, adult male mice (n = 3) received a single subcutaneous dose
of 5 mg/kg recombinant Fc-ELA-21. About 10 pl of blood was collected at each time point
of 0, 1, 2, 4, 8, 24, 32, 48, 56, and 72 h after administration. For ELA-21 pharmacokinetics
analysis, the peptide was i.p. injected (100 mg/kg) and blood was collected at time points
of 0, 3, 10, 30 and 90 mins, and 4.5, 12 and 24 h. Plasma samples were separated by elec-
trophoresis on polyacrylamide gel before transferring the proteins onto a PVDF mem-
brane. After blocking in 5% milk in TBST (0.1% Tween) for 1 h, the membrane was
incubated with anti-ELA polyclonal antibody (1:1000), which had been raised in rabbit
against KLH-human ELA-32 conjugate protein (AbboMax, San Jose, CA) and purified
with protein A resin. Subsequently, the membrane was an HRP-conjugated secondary an-
tibody, developed with Luminata Forte Western substrate (MilliporeSigma, Burlington,
MA) and quantified by measuring optical density values with Image] software (NIH
Image, Bethesda, MD).

2.4. Myocardial infarction model studies

Eight-weeks-old Sprague-Dawley male rats were purchased from the Laboratory An-
imal Center of Xi'an Jiaotong University (Xi'an, China). To make a myocardial infarction
(MI) model, the animals were subjected to MI by permanent ligation of the proximal
left anterior descending (LAD) coronary artery under anesthesia with pentobarbital so-
dium (30 mg/kg body weight) [32], as described previously. Sham-operation control
rats underwent the operation procedure without LAD ligation. Fc-ELA-21 or ELA-21 was
administered (each at 300 pg/kg, s.c., daily) right after the procedure and continuing for
four weeks. At the end of the experiments, animals were euthanized and heart tissues col-
lected in 10% formalin.
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Fig. 1. Fc-ELA fusion protein design and expression. A. Full-length ELA-32 peptide with putative proteinase furin cleavage sites and its C-terminal bioactive fragments. B. Illustration of Fc-
ELA expression vector elements: from the N-terminus to C-terminus, CMV promoter, human tissue-plasminogen secretion signal (htPA SS), human IgG-Fc fragment, hinge sequence, ELA-
32 or ELA-21, internal ribosome entry site (IRES) and EGFP. C. HEK293 cells infected with Fc-ELA-21-expressing lentiviruses. D. SDS-polyacrylamide gel electrophoresis image of purified

recombinant Fc-ELA-32 and Fc-ELA-21 proteins (lane 1: protein size ladder; lane 2: Fc-ELA-32

and lane 3: Fc-ELA-21).
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2.5. Heart hemodynamic measurement

Cardiac hemodynamic measurement was described previously [32]. Rats were anes-
thetized with pentobarbital sodium (30 mg/kg body weight). A pressure transducer was
inserted retrograde from the right carotid artery to the LV cavity, and intraventricular
catheter recordings were performed by using Powerlab 8/30 (ML 870, AD Instruments,
Castle Hill, Australia) to evaluate cardiac function. LV systolic pressure (LVSP, mmHg),
LV end-diastolic pressure (LVEDP, mmHg), heart rate, and maximal positive and negative
first derivative of LV pressure (+ dP/dt max) were measured and calculated.

2.6. Immunostaining and histology studies for cardiac fibrosis, apoptosis, angiogenesis and
proliferation

Fixed heart tissue samples were dehydrated in a concentration gradient of ethanol,
embedded in paraffin and sectioned (5 pm) for histopathologic examination. For immu-
nofluorescent staining of von Willebrand factor (VWF) and PCNA, post-antigen retrieved
tissue sections were incubated with primary antibodies [rabbit polyclonal antibody vWF
(1:50 dilution, Millipore), mouse monoclonal antibody PCNA (1:50 dilution, Cell Signal-
ing) and cardiac troponin antibody (1:100)] and then with secondary antibodies TRITC/
FITC-conjugated goat anti-rabbit/mouse IgG (1:100 dilution, Jackson ImmunoResearch).
Nuclei were stained by 4’6-diamidino-2-phenylindole (DAPI) dye (1:800 dilution,
Sigma, St. Louis, MO, USA). Apoptosis was assessed by terminal deoxynucleotidyl
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transferase-mediated dUTP nick end labeling (TUNEL). The TUNEL staining and methyl
green counterstaining were performed using TdT-FragEL apoptosis detection kits
(Calbiochem, San Diego, CA). TUNEL-positive nuclei in the LV wall were counted within
a4 mm? square of field per microscopic view. The number was averaged over four ran-
domly selected fields per section and five sections per heart. To evaluate the degree of
myocardium fibrosis, heart tissue slices were stained with Masson's trichrome, and im-
ages were captured for the measurement of cardiomyocyte cross-sectional area and fibro-
sis area using Image] software (http://rsbweb.nih.gov/ij/). The fibrosis area was measured
over >20 randomly selected squares of field (1 mm?) per heart and is presented as a per-
centage of total area. The collagen volume fraction (CVF) was defined as the sum of all the
connective tissue areas of the entire section, divided by the sum of all myocardial areas.
Images were captured with a fluorescence microscope (Nikon Eclipse 55i, Nikon, Tokyo,
Japan).

2.7. Data analysis

All data are presented as mean 4 SEM. Statistical analyses for group comparisons
were performed with one-way ANOVA, followed by post-hoc Bonferroni's test. Non-
linear regression was employed to calculate blood half-life of Fc-ELA-21 and ECsq by
Prism 5.01 (GraphPad Software, La Jolla, CA, USA). Differences were considered statisti-
cally significant at the level of p < 0.05.
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Fig. 2. In vitro reporter activities and pharmacokinetics of Fc-ELA-21. Effects of Fc-ELA-21 fusion protein on cAMP (A) and ERK (B) reporter activities. CRE reporter and APJ co-
transfected cells were preincubated with different concentrations of the ligands for 30 min and then forskolin for 30 min, and assayed for cAMP response element-driven luciferase
activity. Estimated ECsq values for cAMP suppression by ELA-32 peptide and Fc-ELA-21 were 1.58 and 0.6 nM, respectively. For SRE reporter assay, SRE and AP] co-transfected cells
were treated with ELA-32 or Fc-ELA-21 for 20 h and collected for SRE-driven luciferase activity. Estimated ECs, values for SRE reporter activation by ELA-32 and Fc-ELA-21 were 15.7
and 7.7 nM, respectively. Data are expressed as mean =+ SE (n = 4). C. Pharmacokinetics of Fc-ELA-21. Upper panel: representative Western blot for Fc-ELA-21 fusion protein of blood
specimen collected at the indicated times after single injection of the fusion protein in mice (5 mg/kg, s.c.) with standard of the recombinant protein. Lower panel: blood
concentrations of Fc-ELA-21 fusion protein. D. Pharmacokinetics of ELA-21. Upper panel: representative Western blot for ELA-21 of blood specimens after a single injection of the
peptide in mice (100 mg/kg, i.p.) with a standard of the peptide. Lower panel: blood concentrations of ELA-21. Calculated circulation half-life of Fc-ELA-21 and ELA-21 from the peak

are Ty, = ~ 44 h and 13 min, respectively. Data are expressed as mean =+ SE (n = 3).
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Fig. 3. Mitigation of heart dysfunction by Fc-ELA-21 protein in MI rats. A. MI rats were administered with the Fc-ELA-21 or ELA-21 (300 pg/kg, daily, s.c.) or PBS vehicle for four weeks,
with sham-op rats receiving vehicle treatment. Cardiac hemodynamics was measured at the end of the treatment. LVSP: left ventricular systolic pressure; LVEDP: left ventricular end-
diastolic pressure; and 4 dP/dt: maximum pressure increasing/decreasing rate. Data are expressed as mean =+ SE. *: p < 0.05; **: p < 0.01 (n = 12 for each group).

3. Results
3.1. Production of Fc-ELA fusion proteins

Fig. 1A shows putative cleavage sites of ELA-32 [19] and its func-
tional fragments and Fig. 1B illustrates the constructs of Fc-ELA-32 and
Fc-ELA-21 fusion proteins. We positioned the Fc fragment to the N-
terminus of ELA out of the consideration that functional portion of ELA
is at the C-terminus.

To express the recombinant fusion protein, we transduced
HEK293 cells with the lentiviral expression vector at nearly 100%
efficiency, as revealed by EGFP expression (Fig. 1C). We first gener-
ated the Fc-ELA-32 fusion protein. SDS-PAGE analyses revealed
two major protein bands in close vicinity, indicating a cleavage of
the recombinant protein. Furin is the proteinase suspected to
cleave ELA-32 [19]. Our bioinformatics analysis (www.cbs.dtu.dk/
services/Prop) for possible furin cleavage sites of ELA-32 indicated
multiple cleavage sites, but all were under the threshold of the
cleavage potential score 0.5. Nevertheless, the cleavage site 1
gave the highest score of 0.26 whereas site 2 a score of 0.08
(data not shown), suggesting that site 1 would be more likely to
be cleaved than site 2. Since ELA-21 is biologically active and at
the C-terminal end of site 1 (Fig. 1A), we thus made Fc-ELA-21.
After expression and purification, Fc-ELA21 appeared as a single
band on the SDS-PAGE (Fig. 1D), indicating that the protein was
intact.

3.2. Activities of Fc-ELA-21 in vitro and pharmacokinetic profiles in mice

Next, we determined whether the fusion protein is biologically ac-
tive compared to the native ELA-32 using reporter assays, since activa-
tion of APJ is known to suppress forskolin-induced cAMP levels (and
hence CRE-reporter activity) and to induce SRE-activity though ERK ac-
tivation. Estimated ECsg values of the Fc-ELA-21 fusion protein and the
ELA-32 peptide were 1.58 nM and 0.6 nM for cAMP suppression by
CRE reporter assay and 15.7 nM and 7.7 nM for ERK activation by SRE re-
porter assay, respectively (Fig. 2A, B). Thus, the Fc-ELA-21 fusion protein
is biologically active in suppressing CRE and activating ERK pathways.
To determine the fusion protein's pharmacokinetics in circulation, we
injected the Fc-ELA-21 fusion protein in mice subcutaneously
(5 mg/kg body weight). As illustrated in Fig. 2C, plasma Fc-ELA-21
peaked within 1 h, and gradually decreased afterwards to 72 h. Accord-
ingly, the estimated in vivo half-life was about 44 h. To ensure that the
extension of ELA-21's half-life was indeed attributed to the Fc fusion,
we investigated ELA-21's in vivo half-life for comparison. In pilot studies,
we were not able to obtain reproducible results to detect the ELA-21
band by Western analysis in mice receiving doses of ELA-21 under
50 mg/kg, i.p. or s.c. Eventually, we administered ELA-21 at a dose of
100 mg/kg, i.p. and collected blood soon after injection. As a result, the
injected ELA-21 could be detected in 3 min after administration,
reached peaks around 10 min but decreased rapidly to nearly undetect-
able at 90 min (Fig. 2D). The estimated in vivo half-life, calculated from
the peak time point afterward, was about 13 min.
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3.3. Fc-ELA-21 improves hemodynamics in a model of myocardial infarction
in rats

We investigated the effect of exogenous Fc-ELA-21 on hemodynam-
ics of the failing hearts of rats after myocardial infarction. Rat MI was in-
duced by permanent ligation of the left anterior descending artery
(LAD) and the rats were administered daily with Fc-ELA-21, ELA-21 or
vehicle (PBS) for four weeks, along with the sham-operation controls,
which received PBS. Left ventricular (LV) hemodynamics was measured
at the end of the treatment. As shown in Fig. 3, Ml rats exhibited a LV
contractile dysfunction as indicated by decreases in +dP/dt and LVSP
and by increases in LVEDP, as well as an LV diastolic dysfunction by a de-
crease in —dP/dt. Administration of Fc-ELA-21 significantly improved
these hemodynamic indices, but could not restore them to the levels
of the sham-op rats. Heart rate was increased in post-MI rats, but was
normalized to the level of sham rats by the Fc-ELA-21 treatment. In
comparison, ELA-21 had no significant effect on hemodynamics in MI
mice (Fig. 3). These data demonstrate that the Fc-ELA-21 fusion protein

A

L MI/RC-ERA-21
c-f
N N

A

could mitigate cardiac dysfunction in post-MI rats, although it did not
fully normalize all functionalities of the failing hearts.

3.4. Cellular cardioprotective activities of Fc-ELA-21

Activation of APJ by apelin or ELA has been reported to increase an-
giogenesis [33-35], myocardial progenitor cells [12] and reduce apopto-
sis [36,37] and fibrosis [26,33,38] in hearts. We thus examined the
effects of Fc-ELA-21 and ELA-21 on the heart in these aspects. MI heart
sections were co-stained with antibodies targeting von Willebrand Fac-
tor (VWF), a vascular endothelial cell marker and of proliferating cell
nuclear antigen (PCNA), a marker of cell proliferation (i.e. DNA synthesis
and repair) such that double stained cells would appear green/purple,
indicative of vascular endothelial cells in proliferation or angiogenesis.
As depicted in Fig. 4A, compared to the control, the number of vVWF"/
PCNA™ cells were significantly increased by about 3.85 fold in the in-
farct area and Fc-ELA-21 treatment further increased the number of
double stained cells by 1.87 fold (7.19-fold compared to control). The
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Fig. 4. Cardioprotective activities of Fc-ELA-21 fusion protein in MI hearts. Rats were subjected to sham operation (Sham) or myocardial infarction (MI) receiving vehicle/PBS or Fc-ELA-21
(MI/Fc-ELA-21) or ELA-21 (MI/ELA-21), each at a dose of 300 pg/kg, daily, s.c. for four weeks. Histological analyses were carried out at the end of the treatment. A. Effect on angiogenesis.
Immunofluorescence staining of PCNA in the infarcted and peri-infarcted area. Heart tissue sections were double-stained with PCNA antibody (red, cell proliferation marker) and vWF
antibodies (green, blood vessel endothelial marker). Arrows indicate areas with vVWF'/PCNA™ cells (green/purple). Nuclei were stained by DAPI (blue). B. Effect on cardiomyocyte
proliferation. Immunofluorescence staining of PCNA in the infarcted and peri-infarcted area. Heart tissue sections were double-stained with PCNA antibody (red) and cTnT antibodies
(green). Arrows indicate areas with ¢TnT*/PCNA™ cells (green/purple). Nuclei were stained by DAPI (blue). C. TUNEL assay for apoptosis. Arrows indicate green-stained apoptotic cells. D.
Effect on fibrosis. Masson's staining of heart tissue section for fibrosis evaluation. Collagen is stained blue, indicating fibrosis and quantified by collagen volume of fraction (CVF). All data are

expressed as mean + SE. *: p < 0.05; **: p<0.01 (n = 6).
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Fig. 4 (continued).

pro-angiogenic effect of Fc-ELA-21 was further confirmed by vascular
smooth muscle marker, a-SMA (Fig. S1). ELA-21 had only a marginal ef-
fect on the number of vVWF"/PCNA™ cells. Few myocardial cells were
co-stained with antibodies of troponin-T, a marker of cardiomyocytes,
and PCNA in thecontrols. However, the number of the double stained
cells was increased by 8.60 fold in the infarct area of MI heart and was
further increased by 1.81 fold (15.60 fold compared to control) in Fc-
ELA-21-treated, but not ELA-21-treated, MI mice (Fig. 4B).

We next determined apoptotic cells by terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) assay. As shown in Fig. 4C,
the number of labeled cells was remarkably increased in the MI hearts,

an effect significantly reduced by Fc-ELA-21 whereas ELA-21 moder-
ately reduced the number of apoptotic cells.

Finally, we conducted Masson's staining to assess the effect of Fc-
ELA-21 and ELA-21 on fibrosis in the infarct area (Fig. 4D). As ex-
pected, myocardial fibrosis was remarkable in the region of the MI.
Fc-ELA-21 administration reduced the fibrosis volume in the MI
hearts, though the degree of fibrosis remained significantly higher
than the sham-operated rats, which is consistent with the decreased
gene expression of collagen I and collagen III in the treated group
(Fig. S2) whereas ELA-21 treatment had no apparent effect on fibrosis
of the MI hearts.
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These results showed that Fc-ELA treatment could induce angiogen-
esis and cardiomyocyte proliferation, while reducing apoptosis and car-
diac fibrosis in MI hearts.

4. Discussion

In order to extend ELA's circulation half-life, we fused human I Fc
fragment with ELA peptides. We initially made an Fc-ELA-32 fusion pro-
tein and found it was cleaved during the recombinant protein expres-
sion and purification. ELA-32 has been suspected to be cleaved
between position 10 and 11 and between position 22 and 23 (Fig. 1)
by furin proteinase [19]. The furin cleavage site motif was initially de-
scribed as a four amino acid pattern: R-X-[K/R]-R| (X is designated to
be any amino acid, [39]), but there are many exceptions and the enzyme
actually requires a 20 amino acid motif for efficient cleavage [40]. There-
fore, the furin cleavage site is hard to predict and has to be experimen-
tally tested. In this study, Fc-ELA-32 was cleaved and showed two bands
in production, but Fc-ELA-21 was expressed as a single band, indicating
that there was a cleavage site at the N-terminus of ELA-21, but there
was no cleavage at the putative second site between 22 and 23. Our re-
sult agrees with Murza's observation of rapid cleavage between R9-R10
and R10-K11 [23]. The resulting cleaved Fc portion would lose the func-
tional C-terminus and become biologically inactive, and the C-terminal
portion of ELA is expected to be cleared quickly from circulation. We
show that Fc fusion can extend the in vivo half-life of ELA-21
from ~13 min to ~44 h in mice, which is in agreement with the
anticipated short in vivo half-life of <30 min for peptides of <50 amino
acids [29] and the reported half-life of between 30-50 h for Fc-fusion
peptides [31,41].

Our functional study shows that daily subcutaneous injection of Fc-
ELA-21 significantly mitigated heart dysfunction in MI rats, which is
consistent with reports on improvements of heart dysfunction when
ELA peptide is continuously infused s.c. [24,26]. In comparison, ELA-
21's effect is marginal. The main advantage of Fc-ELA-21 is the conve-
nience of less frequent administration in chronic conditions. For exam-
ple with Dulaglutide, an Fc-GLP1 fusion protein, its anti-diabetic activity
is observed in a single dose administered weekly [42]. More pharmaco-
dynamic and pharmacokinetic studies on dosing and frequency are re-
quired to optimize a therapeutic regimen of Fc-ELA in animals.

At the cellular and tissue levels, we have found that administration
of Fc-ELA-21 acts to promote angiogenesis, to reduce myocardial fibro-
sis and apoptosis, and to increase cardiomyocyte proliferation in the MI
hearts. These actions appear to be complex and may be inter-related.
ELA is known to induce angiogenesis in vitro [21,34] and the increased
angiogenesis by Fc-ELA treatment mirrors apelin-13's angiogenic effects
in Ml rats [33,35]. The increased angiogenesis would provide oxygen
and nutrients to ischemic cells and promote cell survival and reduce ap-
optosis. Moreover, ELA may exert direct anti-apoptotic action on
cardiomyocytes through activating AKT and ERK signaling pathways
[21,43,44]. Cardiac ischemia results in cardiomyocyte death but, on
the other hand, induces adult cardiomyocytes to proliferate. Our ob-
served increase of PCNA™ cardiomyocytes in Ml rats is in line with a re-
cent finding where adult cardiomyocytes are able to de-differentiate,
proliferate and re-differentiate into cardiomyocytes in response to myo-
cardial infarction, accompanied by the increase of cardiomyocytes ex-
pressing cell proliferation makers Ki67 and PHA and labeled with DNA
synthesis precursor 5-ethynyl-2-deoxyuridine (EdU) [45]. The increase
in the number of proliferating cardiomyocytes by Fc-ELA-21 suggests
that it may enhance heart regeneration during heart injury in mice.
Whether and how ELA may act to induce cardiomyocyte proliferation
on adult cardiomyocytes or even cardiac stem/progenitor cells are a re-
search subject worth exploring. Overexpression of cell cycle genes
cycline-dependent kinase 1 (CDK1), CDK4, cyclin B1 and cyclin D1 effi-
ciently induces cardiomyocyte division and proliferation in vivo after MI
[46]. ELA has been found to act on embryonic stem cells to promote cell
cycle progression from G1 to S phase and increase cyclin D1 levels in

human embryonic stem cells [43]. Zhang et al. show that activation of
apelinergic signaling pathways by local administration of apelin results
in a significant increase of Ki-67*-c-kit*/Sca-17*/FIk-1" endogenous
cardiac stem or progenitor cells in the border zone and infarct zone of
MI hearts in rats and a significant induction of c-kit, Sca-1, and Flk-1
at mRNA and protein levels [47]. Thus, ELA may promote cardiomyocyte
and/or cardiac progenitor cellproliferation. Further lineage tracing stud-
ies are needed to determine conclusively the type of cells ELA may act
on to induce proliferation.

In this study, we have observed a significant amelioration of cardiac fi-
brosis in Fc-ELA-21-treated MI rats, which is consistent with the observed
antagonism of angiotensin Il-induced cardiac fibrosis in mice [26]. The
anti-fibrotic action may be a result of an improved survival of
cardiomyocytes or a direct antagonism of TGF-31 and angiotensin II,
two major fibrogenic factors. For example, Kunduzova et al. demonstrated
that apelin inhibits TGF-B1-stimulated activation of cardiac fibroblasts
and cardiac fibrosis through mechanisms of suppression of sphingosine
kinase-1 [48]. Importantly, the apelinergic system is known to antagonize
the renin-angiotensin-aldosterone (RAAS) system [49].

In summary, we have demonstrated that fusion of the IgG Fc-domain
to ELA-21 significantly prolongs ELA-21's circulating half-life. Although
ELA-21 has some effect in ameliorating apoptosis and fibrosis, Fc-ELA-
21 is functionally superior to ELA-21 in mitigating cardiac dysfunction
and pathological changes in Ml rats. Thus, Fc-ELA-21 may be a clinically
applicable therapeutic for heart dysfunction.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijcard.2019.04.089.
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