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  Apelin and ELABELA (ELA), which are peptides belonging to the adipokines group, are endogenous peptide ligands 
of their receptor, APJ, which together constitute the apelinergic system. The apelinergic system is expressed in 
numerous human tissues and organs, including the heart, blood vessels, adipose tissue, central nervous sys-
tem, lungs, kidneys, and liver. Apelin, being the most widely studied member of the apelinergic system, plays a 
key role in the cardiovascular system and exerts a pleiotropic effect in tissues. Under physiological conditions, 
the peripheral actions of apelin include augmented cardiac contractility, increased left ventricular stroke vol-
ume, vasodilation, increased diuresis, and lowered systemic blood pressure. Multiple studies suggest that ac-
tivation of the apelinergic system exerts beneficial effects on the treatment of cardiovascular diseases (CVD), 
including hypertension and heart failure, whereas the silencing of the apelin/APJ axis results in attenuation of 
inflammatory processes and prevents formation of atherosclerotic plaques. As numerous effects of apelin are 
not entirely explained, further studies of the cardiovascular actions of apelin and ELA are necessary to help es-
tablish effective pharmacological treatments of CVDs. This article aims to review the roles of apelin and elabe-
la peptide ligands in cardiovascular diseases, including heart failure and hypertension.
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Background

The apelinergic system is composed of a group of endogenous 
peptides: apelin, ELABELA (ELA), and a G-protein-coupled recep-
tor called APJ [1,2]. Apelin is an endogenous neuropeptide pro-
duced from a 77-amino acid precursor, preproapelin, which can 
be cleaved by endopeptidases to form C-terminal biologically 
active peptides, including apelin-13, -16, -17, -19, and -36 [3,4]. 
Apelin-13 is the most potent activator of cell lines expressing 
the APJ receptor and is susceptible to additional posttransla-
tional modifications, which result in the production of its more 
stable, pyroglutaminated form, called [Pyr1]-apelin-13, which is 
the most abundant form in cardiac tissue [5-8]. Shin et al have 
shown that the bioactivity of Apelin-55 isoform greatly increas-
es the number of potential therapeutic targets for the apelin-
ergic system [9]. Apelin-13, -16, -17, -19, and -36 are widely 
expressed in various types of human tissue, predominantly in 
adipose tissue, as well as in the central nervous system, heart, 
lungs, kidneys, and liver [8]. Apelinergic signaling is crucial for 
the functioning of the cardiovascular system, energy metabo-
lism, fluid homeostasis, angiogenesis, human immunodeficien-
cy virus-1 (HIV-1) infection, and the neuroendocrine stress re-
sponse [10-12]. ELA is a recently discovered novel endogenous 
peptidic ligand of the APJ receptor [13]. Human ELA consists 
of 3 exons on chromosome 4 [13]. ELA mRNA contains a con-
served open reading frame that encodes a polypeptide of 54 
amino acids (aa), which is a highly conserved protein with a 
predicted N-terminal signal sequence of 22 residues [13]. 22 
N-terminal aa are susceptible to form a 32-aa mature peptide, 
which is a novel peptide hormone [13]. Peverelli et al demon-
strated that ELA can inhibit cyclic AMP (cAMP) production, ac-
tivate the extracellular signal-regulated kinases (ERK1/2), and 
mobilize intracellular calcium through APJ internalization [14]. 
It has been found to play a key function in early embryonic de-
velopment, which is critical to cell motility during gastrulation 

and essential for mesendoderm differentiation during embryo-
genesis [13,15]. This peptide is also important for the func-
tionality of adult organs, mainly the blood vessels, heart, and 
kidneys [16]. ELA has been found to have a similar cardiovas-
cular profile to apelin, as they both act through the APJ and 
both were identified as the endogenous ligands of the human 
orphan receptor APJ [4,17]. The best known and most widely 
studied pathway of signal transduction within the apelinergic 
system is the binding of apelin to the APJ. APJ is a G-protein-
coupled transmembrane receptor (GCPR) for apelin, which 
closely resembles the angiotensin receptor 1 (AT-1), since they 
share over 50% of the amino acids in the transmembrane re-
gions [18]. The APJ receptor contains consensus sites for pal-
mitoylation, glycosylation, and phosphorylation by (cAMP)-de-
pendent protein kinase [18].

Immunohistochemistry studies have revealed that APJ is locat-
ed in the endothelium of blood vessels, in smooth muscle cells, 
and in cardiomyocytes, as well as other places [19]. Langelaan 
et al (2013) presented the three-dimensional structure of the 
APJ receptor, having observed a high-resolution nuclear mag-
netic resonance (NMR) structure of the N-terminus and the first 
transmembrane segment of APJ, which comprises residues es-
sential for apelin binding in dodecylphosphocholine micelles [20].

Recent studies have focused on the pleiotropic actions of the 
apelin/APJ axis in human health and disease. Since apelin and 
their receptor APJ exert a cardioprotective function, their role 
in the pathogenesis of cardiovascular diseases (CVD) has been 
widely studied. This article aims to review the roles of apelin 
and elabela peptide ligands in cardiovascular diseases, includ-
ing heart failure and hypertension. The role of the apelinergic 
system in physiological conditions and cardiovascular diseas-
es is shown in Table 1.

System/state 
concerned

Ligand
Mechanism of action and 

examined cells
Result of action Reference

Role of apelinergic system in physiological conditions

Cardiac muscle Apelin-13 Binding to the 
isolated single APJ+/+ 
cardiomyocytes from 
C57BL/6 mice

� contractility
¯ hypertrophy
¯ calcium transient 

Parikh et al [21]

Apelin-13, apelin-13, and 
apelin-16

Phosphorylation of the 
sarcolemmal NHE

Positive inotropic effect Szokodi et al [22]

ELA Sprague-Dawley rats � contractility augmentation 
of the left ventricle developed 
pressure
coronary vasodilation

Wang et al [23]
Perjés et al [24]

Table 1. The role of apelinergic system in physiological conditions and cardiovascular diseases.
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Table 1 continued. The role of apelinergic system in physiological conditions and cardiovascular diseases.

System/state 
concerned

Ligand
Mechanism of action and 

examined cells
Result of action Reference

Vascular 
function and 
blood pressure

Apelin-13, apelin-13, and 
apelin-36

Isolated human 
mammary artery cells

Concentration-dependent 
vasodilation 

Maguire et al [8]

apelin-13 Intracerebral infusion 
into Sprague-Dawley 
rats

� arterial blood pressure
� heart rate

Czarzasta et al 
[28]
Cudnoch-
Jędrzejewska 
et al [31] 

Fluid 
homeostasis

Apelin-13 Mouse kidney cortical 
collecting duct 
mpkCCD14 cells

Water excretion without 
electrolyte loss

Boulkeroua et al 
[33]

Apelin’s active 
fragments, K17F and 
pE13F

Supraoptic nucleus’ 
vasopressinergic 
neurons of 
normotensive Wistar-
Kyoto rats

¯ antidiuretic hormone
¯ dehydration-caused water 
intake

Reaux et al [29]

Apelin-17 Female lactating 
Sprague-Dawley rats

� diuresis (vasorelaxation of 
glomerular afferent arterioles)

Hus-Citharel et 
al [34] 

Carbohydrate 
and lipid 
metabolism

Apelin-13 Inhibition of the MAPK/
ERK pathway in 3T3-L1 
mice cells

¯ lipolysis
� expression of perilipin 
¯ free fatty acids release

Than et al [35] 

Apelin-13 C57BL/6J mice primary 
hepatocytes and 
isolated human HepG2 
cells

� glycogen formation in 
hepatocytes

Chu et al [36] 

Role of apelinergic system in cardiovascular diseases

Atherosclerosis Apelin Nuclear translocation of 
the NF-kB in the isolated 
human umbilical vein

� of molecules leading to 
vascular inflammatory states 
predisposing to atherosclerosis

Zhou et al [40] 

Coronary artery 
disease

Apelin-12 Wistar rats subjected to 
a myocardial infarction 
caused by left anterior 
descending artery 
ligation

¯ lactate accumulation
¯ tissue damage
¯ creatine kinase

Pisarenko et al [42]
Halestrap et al [43] 
Brancaccio et al [44] 

ELA Plasma concentration of 
ELA in patients on their 
first day of ST-Elevation 
myocardial infarction

Significantly higher plasma 
concentrations in both inferior 
and anterior myocardial 
infarction; assessed to 
negatively correlate with left 
ventricle ejection fraction

Dönmez et al [48] 

Hypertension Apelin-13 C57BL/6J mice ¯ Ang II-induced hypertension 
¯ cardiovascular fibrosis 

Siddiquee et al [50]

Apelin Apelin-Apolipoprotein 
E double-knockout 
mice whose mutation 
results in reduced 
cardiac contractility and 
increased total plasma 
cholesterol levels

Significant increase in net NO 
bioavailability

Chun et al [39]

Apelin-17 Wistar rats ¯ arterial blood pressure NO-
dependent mechanism

Tatemoto et al [51] 
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System/state 
concerned

Ligand
Mechanism of action and 

examined cells
Result of action Reference

Ischemia/
reperfusion 
injury

Apelin-12 structural 
analogue

Isolated Wistar rat 
hearts previously 
subjected to global 
ischemia and 
subsequently reperfused

� endothelial NO synthase and 
NO production – vasodilation 
and reduction of the infarct 
area

Pisarenko et al [54]

Apelin-13 Isolated human 
preadipocytes

¯ production of antioxidants
¯ reactive oxygen species

Than et al [57] 

Apelin-13 C57BL/6J mice � progenitor cells
� angiogenesis 
� density of the myocardial 
capillaries
� arteriole formation
¯ myocardial apoptosis

Li et al [58]

Apelin-13 Sprague-Dawley 
rats subjected to 
left coronary artery 
occlusion with 
subsequent reperfusion

¯ apoptosis via PI3K and 
MEK1/2
protection against ischemia/
reperfusion injury 

Tao et al [60] 

apelin-13 Isolated Sprague Dawley 
rat hearts after 35 
minutes of ischemia 
and 120 minutes of 
reperfusion

¯ infarct size Kleinz et al [61]

Heart failure Apelin-13 Naïve mouse cardiac 
fibroblasts with apelin

¯ collagen production 
¯ endothelial proliferation 

Pchejetski et al [62]

Apelin-12 Isolated cardiac 
fibroblasts of C57BL/6J 
mice

¯ fibrotic responses in cardiac 
fibroblasts 
¯ transformation into 
myofibroblasts 

Falcão-Pires et al [7]

Apelin-13 Male C57BL/6J mice ¯ left ventricular end diastolic 
area
� heart rate
� ventricular elastance
� preload 
� velocity of circumferential 
shortening
� cardiac output 

Ashley et al [63]

Atrial fibrillation Apelin-16 Activation of the of the 
sarcolemmal NHE in 
cultured neonatal rat 
cardiac myocytes 

� conduction velocity – 
antiarrhythmic action

Farkasfalvi et al [67]

Apelin-12 Patients with atrial 
fibrillation

Lower plasma concentration in 
patients suffering from atrial 
fibrillation than in the control 
group

Gurger et al [68]

Table 1 continued. The role of apelinergic system in physiological conditions and cardiovascular diseases.

NHE – sarcolemmal Na+–H+ exchanger; MAPK/ERK – mitogen-activated protein kinases/extracellular signal-regulated kinases; 
NF-kB – nuclear Factor Kappa-light-chain-enhancer of activated B cells; Ang II – angiotensin II; NO – nitric oxide; 
PI3K – phosphoinositide 3-kinase; MEK 1/2 – mitogen-activated protein kinases/extracellular signal-regulated kinase 1/2.
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Physiology of the Apelin/APJ Axis

Cardiac Muscle

Parikh et al (2018) found a decreased contractile response 
to stretch in APJ–/– cardiomyocytes compared with APJ+/+ car-
diomyocytes in isolated single cardiomyocytes from C57BL/6 
mice [21]. The calcium transient did not change with stretch in 
either APJ–/– or APJ+/+ cardiomyocytes, while administration of 
apelin to APJ+/+ cardiomyocytes resulted in decreased calcium 
transient [21]. These authors suggested that APJ stretch trans-
duction is mediated specifically by myocardial APJ; therefore, 
APJ is necessary for stretch-induced increases in contractility, 
and apelin opposes APJ’s stretch-mediated hypertrophy [21]. 
A study conducted in neonatal rat ventricular myocytes iso-
lated from Sprague-Dawley rats has proven that [Pyr1]ape-
lin-13, apelin-13, and apelin-16 phosphorylate the sarcolem-
mal Na+–H+ exchanger (NHE). NHE phosphorylation results 
in cardiac myofilament sensitization to intracellular calcium 
ions, which exerts a positive inotropic effect. The same study 
also demonstrated the significant role of the phospholipase 
C-phosphokinase C (PLC-PKC) cascade in cardiac contractility. 
When apelin was infused with staurosporine, which is a PLC-
PKC cascade inhibitor, the inotropic response was significant-
ly attenuated. This phenomenon suggests that the abovemen-
tioned kinase cascade is the main regulatory pathway of the 
myocardial contractile force and the positive inotropic effect 
of apelin [22]. Moreover, ELA has been shown to play a role in 
the physiology of cardiomyocytes [16]. ELA strengthens cardi-
ac contractility, augments left ventricle (LV) developed pres-
sure [23], and promotes coronary vasodilation [24].

Vascular Function and Blood Pressure

Apelin has been found to have a vasodilatory effect on periph-
eral vessels. In vitro studies have proven that incubation of 
vascular smooth muscle cells (VSMC) isolated from the aorta 
of C57BL/6J mice with apelin-13 enhances angiogenesis and 
VSMC proliferation via activation of the Jagged-1/Notch 3 path-
way [25]. [Pyr1]apelin-13, apelin-13, and apelin-36 have been 
found to promote concentration-dependent vasodilation in iso-
lated human mammary artery cells by up to 50% of its diam-
eter due to the release of cyclooxygenase products [8]. These 
authors have also proven that mammary artery vasodilation 
induced by [Pyr1]apelin-13 was abolished after endothelium re-
moval [8]. Apelin-recruited Aplnr+ cells were shown to improve 
myocardial neovascularization by the paracrine function [26].

When administered into the central nervous system, ape-
lin has been found to increase both arterial blood pressure 
(BP) and heart rate (HR). Seyedabadi et al (2002) have dem-
onstrated that intracerebral microinjections of apelin-13 into 
the nucleus tractus solitarius and rostral ventrolateral medulla 

of Sprague-Dawley rats resulted in transient elevation of ar-
terial BP by 10 to 20 mmHg [27]. Czarzasta et al (2016) have 
confirmed these results, as they have also shown that the in-
tracerebral infusion of apelin-13 into Sprague-Dawley rats 
significantly increased arterial BP [28]. A study by Reaux et al 
(2001), in which apelin fragments pE13F and R10F were ad-
ministered intracerebroventricularly (i.c.v.) into Wistar-Kyoto 
rats, found they did not affect mean arterial BP or HR in the 
30 min following injection [29]. The aforementioned apelin 
fragments injected into the femoral vein of Wistar-Kyoto rats 
elicited an immediate, small but significant decrease in mean 
arterial BP and a robust increase in HR [29]. However, a study 
by Kagiyama et al (2004) has shown that the i.c.v. injection 
of [Pyr1]apelin-13 into Wistar rats dose-dependently increas-
es their mean arterial BP and HR. An i.v. injection of [Pyr1]
apelin-13 has also dose-dependently increased mean arteri-
al pressure (MAP) and HR; however, the peripheral effects of 
apelin appeared relatively weak compared with its central ef-
fects [30]. A study by Cudnoch-Jędrzejewska et al (2015) has 
shown that the pressor effect of i.c.v. admission of apelin-13 
depends on diet and exposure to stress. In Sprague-Dawley rats 
fed a normal diet and not exposed to stress, apelin-13 elicited 
an increase in MAP and HR. On the contrary, in rats fed with 
a high-fat diet and not exposed to stress, in rats fed with a 
high-fat diet and exposed to stress, and in rats fed with a nor-
mal-fat diet and exposed to stress, the pressor effect of i.c.v. 
apelin-13 admission was abolished [31]. Also, a recent study 
by Wojno et al (2020) demonstrated that apelin-13 i.c.v. infu-
sion into Sprague-Dawley rats significantly increases MAP and 
that the apelin-13 pressor effect is diminished by the i.c.v. ad-
mission of V1aRANT, which is a V1a receptor antagonist [32].

Fluid Homeostasis

It has been proven that the apelin/APJ axis is importantly in-
volved in the regulation of fluid homeostasis. Boulkeroua et al 
(2019) found that apelin-13 antagonizes antidiuretic hormone 
(ADH)-induced aquaporin-2 (AQP2) expression in the mouse 
kidney cortical collecting duct mpkCCD14 cells, demonstrat-
ing that the apelin/APJ system exerts an aquaretic role in flu-
id homeostasis at the kidney level by excreting water with-
out electrolyte loss [33]. Therefore, it may be assumed that 
the APJ/apelin system acts in an opposite way to ADH antid-
iuretic activity [33]. Reaux et al (2001) were the first to de-
tect in male normotensive Wistar-Kyoto rats the presence of 
apelinergic neurons in the supraoptic (SON) and paraventric-
ular nuclei (PVN) of the hypothalamus, which are the cerebral 
structures releasing ADH. These authors found that direct ad-
ministration of apelin’s active fragments, K17F and pE13F, 
into the SON vasopressinergic neurons inhibits the release of 
ADH, which induces a decrease in dehydration-caused water 
intake [29]. A study by Hus-Citharel (2008) has revealed that 
i.v. injection of apelin-17 into female lactating rats progressively 
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increased diuresis by the vasorelaxation of glomerular affer-
ent arterioles [34].

Carbohydrate and Lipid Metabolism

The apelin/APJ system also regulates glucose and lipid me-
tabolism. It has been proven that apelin suppresses lipoly-
sis in the 3T3-L1 cells of mice by inhibiting the mitogen-ac-
tivated protein kinases/extracellular signal-regulated kinases 
(MAPK/ERK) pathway, which inactivates the adipogenic tran-
scriptional factor, peroxisome proliferator-activated receptor 
gamma (PPAR-g) [35]. The apelin/APJ mediated activation of 
MAPK/ERK stimulates the expression of perilipin, which is a 
lipid-droplet-associated protein that stabilizes the lipid drop-
lets from fragmentation and remodeling, protecting them from 
degradation by lipases and thus reducing free fatty acid re-
lease [35]. Chu et al (2013) demonstrated that administration 
of tumor necrosis factor a (TNF-a) in C57BL/6J mice primary 
hepatocytes and isolated human HepG2 cells reduced glycogen 
synthesis via improvement of JNK/insulin receptor substrate 
1/glycogen synthase kinase functioning [36]. These authors 
concluded that apelin administration into the abovementioned 
cells increases glycogen formation in hepatocytes, which sug-
gests that apelin has anti-insulin resistance properties, since 
TNF-a is frequently elevated in insulin resistance states [36].

The Role of the Apelin/APJ System in 
Cardiovascular Diseases

Atherosclerosis

Atherosclerosis is a chronic inflammatory disease of the ar-
terial endothelium in which the balance of pro-inflammatory 
and inflammation-resolving mechanisms is crucial [37]. Apelin 
can alleviate processes involved in the pathogenesis of athero-
sclerosis [38]. Activation of the apelin-APJ pathway, which reg-
ulates Angiotensin II (Ang II) signaling in the human vascular 
wall, has also been found to abrogate Ang II-induced vascu-
lar effects in Apelin-Apolipoprotein E (ApoE) double-knockout 
mice [39]. As apelin stimulates inflammatory-related athero-
sclerosis, it is very likely that the pharmacological silencing of 
the APJ pathway and lowering the plasma apelin levels would 
be beneficial in prevention of atherosclerosis [38]. Activation 
of the apelin-APJ system via the nuclear translocation of the 
Nuclear Factor Kappa-light-chain-enhancer of activated B cells 
(NF-kB) in the isolated human umbilical vein stimulates the ex-
pression of adhesion molecules such as Intracellular Adhesion 
Molecule 1 (ICAM-1), Vascular Adhesion Molecule 1 (VCAM-1), 
and chemokines, including Monocyte Chemoattractant Protein-1 
(MCP-1), which together are involved in monocyte recruitment 
and the development of vascular inflammatory states predis-
posing to atherosclerosis [40]. Chun et al (2008) have shown 

in ApoE-KO mice, an Apolipoprotein E deficient atherosclerotic 
model, that Ang II induces atherosclerosis and abdominal aortic 
aneurysm formation in their vessels [39]. Kadoglou et al (2012) 
have shown that serum apelin concentration in patients with 
carotid atherosclerosis are lower than in healthy controls [41].

Coronary Artery Disease

Multiple studies suggest that apelin’s activity might be benefi-
cial in coronary artery disease (CAD) thanks to its vasodilatory 
effects on coronary arteries and its cardioprotective potential. 
Pisarenko et al (2013) have proved that i.v. injection of ape-
lin-12 into Wistar rats after a myocardial infarction (MI) caused 
by left anterior descending (LAD) artery ligation reduces lactate 
accumulation in the area at risk [42]. Lactate reduction results 
in better cellular oxygenation, thus diminishing tissue damage, 
enabling glycolysis and proper contraction to take place [43]. 
It also lowers creatine kinase, which is a marker of sarcomer-
ic damage, suggesting that apelin activity may be beneficial in 
acute coronary syndrome treatment [42,44]. Tempel et al (2012) 
found that apelin also enhances the recruitment of cKit+/Flk1+/
Aplnr+ cells into the hearts of C57BL/6J mice after MI [26]. A 
meta-analysis by Chen et al (2017) revealed that the mutant 
allele of the APJ rs9943582 gene increases the risk of CAD [45]. 
Moreover, these authors have shown that the circulating ape-
lin concentration was significantly lower in CAD patients than 
in controls, and that the plasma concentration of apelin rises 
on the fifth day after percutaneous coronary intervention [45]. 
Li et al (2008) revealed that the mean apelin plasma concen-
trations in patients with stable angina were significantly lower 
than in the control group without angina [46]. Moreover, Akboga 
et al (2013) reported that the plasma apelin concentration was 
higher in patients with partial or complete filling of the epicar-
dial artery by the collateral vessels (2/3 grade in the Rentrop-
Cohen classification) than in patients with no filling of any col-
lateral vessels or in patients with filling of side branches of the 
artery by collateral vessels without visualization of the epicardi-
al segment (0/1 grade in the Rentrop-Cohen classification) [47]. 
These authors suggest that higher plasma apelin concentration 
resulting in wider coronary collateral development is a prom-
ising target strategy for anti-ischemic treatment [47]. Dönmez 
et al (2019) measured ELA plasma concentration in patients on 
their first day of ST-elevation MI and compared the results with 
the healthy population [48]; ELA plasma concentrations were 
significantly higher in both inferior and anterior MI, and there 
was a positive correlation between N-terminal brain natriuret-
ic peptide, troponin I, and apelin levels [48]. ELA has also been 
found to be negatively correlated with LV ejection fraction [48].

Hypertension

Apelin can neutralize the activity of Ang II; therefore, it may 
exert beneficial effects in lowering blood pressure and may 
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be a potential target in the pharmacotherapy of hypertension. 
L-NAME, which is an apelin inhibitor, has been found to block 
apelin-mediated amelioration of Ang II-exacerbated vascular 
disease [39]. In APJ knockout mice, the pressor effect of Ang II 
is enhanced; therefore, it has been suggested that apelin has 
a counter-regulatory role in relation to the renin–angiotensin 
system [49]. Siddiquee et al (2011) discovered that subcuta-
neous apelin administration into C57BL/6J mice protects them 
against Ang II-induced hypertension and cardiovascular fibro-
sis [50]. Apelin administered into Apelin-ApoE double-knock-
out mice, whose mutation results in reduced cardiac contrac-
tility and increased total plasma cholesterol levels, has been 
found to significantly increase net nitric oxide (NO) bioavail-
ability, measured using electron paramagnetic resonance spec-
troscopy [39]. Its perivascular and cardiac antifibrotic effects 
are mediated through antagonism of Ang II signaling and in-
creased nitric oxide synthase (NOS) expression, resulting in 
decreased profibrotic gene expression, including plasmino-
gen activator inhibitor-1 (PAI-1) [50]. Moreover, apelin-17 is 
a very potent vasodilating adipokine, which has been prov-
en to reduce arterial BP in Wistar rats via a nitric oxide (NO)-
dependent mechanism [51].

Sarzani et al (2007) have also discovered that, among pa-
tients with coronary artery disease (CAD), carriers of at least 
1 copy of the G212A allele of APJ are more protected against 
the development of hypertension and they have a 10% low-
er risk of death from heart failure (HF) caused by progressive 
hemodynamic deterioration than patients with the G212 ho-
mozygous variant [52].

It has been suggested that ELA may also be related to the 
pathophysiology of hypertension, but this needs confirmation 
in further research. A recent study by Li et al (2019) is the first 
to demonstrate that ELA plasma concentration in hyperten-
sive patients is remarkably lower when compared with con-
trols, and its levels have been negatively correlated with sys-
tolic and diastolic BP [53].

Ischemia/Reperfusion Injury

Several experimental studies suggest the cardioprotective role 
of apelin in ischemia/reperfusion injury (IRI). Pisarenko et al 
(2015) have proven that the structural analog of apelin-12, in-
fused directly into isolated Wistar rat hearts previously subject-
ed to global ischemia and subsequently reperfused, increases 
endothelial NO synthase (eNOS) and NO production through 
signal transduction via phosphoinositide 3-kinase (PI3K) and 
MAPK/ERK kinase 1/2 (MEK1/2), which promotes vasodilation 
and reduces the infarct area [54]. In IRI, the role of the mito-
chondrial pores is crucial – as they open, the organelle releases 
its calcium content into the cytosol, increasing cellular edema, 
affecting cellular homeostasis and inflammation, and leading 

to cellular death [55]regarding the pathophysiology of IRI and 
its management with hyperbaric oxygen (HBO. These authors 
used isolated Wistar rat hearts, subjected to 35 min of glob-
al ischemia and 30 min of reperfusion, to prove that the in-
fusion of the analogs of apelin, 5 min prior to ischemia, aug-
ments the production of NO and consequently activates the 
mitochondrial ATP-dependent potassium channel (KATP chan-
nel) [56]. Activation of the KATP channel inhibits mitochondri-
al pore opening, which is a known trigger for cardiomyocyte 
apoptosis and necrosis [56]. In isolated human preadipocytes, 
administration of [Pyr1]apelin-13 increased the production of 
antioxidants, including superoxide dismutase, glutathione per-
oxidase and catalase, which reduced the cellular levels of re-
active oxygen species (ROS), which are known factors involved 
in cellular damage during IRI [57].

Li et al (2012) demonstrated that intraperitoneal (i.p.) apelin-13 
administration in C57BL/6J mice increased the number of pro-
genitor cells and promoted angiogenesis via the SDF-1/CXCR4 
signaling pathway after transient ligation of the left descending 
artery with subsequent reperfusion [58]. Upregulation of SDF-
1/CXCR4 expression leads to an increase in the density of the 
myocardial capillaries and enhances arteriole formation, which 
results in improvement of cardiac function by suppressing myo-
cardial apoptosis [58]. Moreover, research conducted by Liu et 
al (2015) has shown that in Apln-CreER; Rosa26RFP/+ mice, which 
are a line able to indicate if apelin is expressed in the vascu-
lature, higher expression of apelin in the coronary endotheli-
al cells leads to an active sprouting of angiogenic endothelial 
cells after MI [59]. Additionally, in vivo apelin-13 intra-arterial 
administration into Sprague-Dawley rats subjected to left cor-
onary artery occlusion with subsequent reperfusion has been 
found to inhibit endoplasmic reticulum-dependent apoptosis 
via PI3K and MEK1/2, protecting the cardiomyocytes against 
IRI [60]. [Pyr1]apelin-13 administered intra-arterially after 35 
min of ischemia and 120 min of reperfusion significantly de-
creased infarct size in isolated Sprague-Dawley rat hearts [61].

Heart Failure

Apelin exerts a beneficial effect on the development of HF 
through inhibition of adverse cardiac remodeling and a re-
duction of the extent of myocardial fibrosis. In vitro experi-
ments performed in mouse cardiac fibroblasts obtained from 
normal and pressure-overloaded hearts have revealed that 
pretreatment of naive cardiac fibroblasts with apelin inhibit-
ed the production of collagen and decreased the spontane-
ous production of collagen in cardiac fibroblasts isolated from 
the hearts after aortic banding [62]. Moreover, these authors 
have revealed that prevention of collagen accumulation by 
apelin was mediated by a reduction in sphingosine kinase 1 
(SphK1) activity [62], which is responsible for endothelial pro-
liferation in physiological conditions [53]. The administration 
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of apelin in isolated cardiac fibroblasts of C57BL/6J mice in-
hibits the transforming growth factor b (TGF-b)-induced fi-
brotic responses in cardiac fibroblasts, and their transforma-
tion into myofibroblasts, but the anti-fibrotic effect is reached 
even in the absence of TGF-b, as apelin still affects AMP ki-
nase, which acts as a master regulator of cellular energy me-
tabolism in cardiomyocytes [7].

A study on male C57BL/6J mice has revealed a decrease in the 
left ventricular end-diastolic area (LVEDA) in echocardiograph-
ic examination, an increase in HR, an increase in ventricular 
elastance, and an increase in preload recruitable stroke work, 
without significant changes in diastolic measures after acute 
i.p. administration of apelin [63]. Moreover, long-term i.p. in-
fusion of apelin for 2 weeks has been found to increase the 
velocity of circumferential shortening and cardiac output (CO), 
while a histopathological investigation found no features of 
cardiomyocyte hypertrophy. These authors therefore suggest 
that apelin reduces the preload and the afterload of LV and 
increases contractile reserve without concomitant hypertro-
phy [63]. In vivo studies using fibroblasts from the C57BL6/J 
mice aortic banding model indicated that i.p. pretreatment with 
apelin attenuated the development of myocardial fibrotic re-
modeling and inhibited cardiac SphK1 activity [62]. Moreover, 
administration of apelin 2 weeks after aortic banding pre-
vented cardiac remodeling by inhibiting myocyte hypertro-
phy, cardiac fibrosis, and ventricular dysfunction [62]. Parikh 
et al (2018) bred mice with the conditional elimination of APJ 
in the endothelium (APJendo–/–) and myocardium (APJmyo–/–) [21]. 
They demonstrated that APJendo–/– mice subjected to transaor-
tic constriction (TAC) displayed decreased LV systolic func-
tion and increased wall thickness, which was not observed in 
APJmyo–/– mice subjected to TAC [21]. Czarzasta et al (2019), in 
a study on Sprague-Dawley rats, demonstrated that the cru-
cial factor influencing APJ expression in the hypothalamus is 
HF [13]. The observed changes of receptor expression have 
systemic effects – apelin synthesized in the central nervous 
system caused an increase in the hemodynamic parameters 
in rats on a normal-fat diet [64].

Atrial Fibrillation

Apelin exerts direct effects on cardiomyocyte contractility and 
electrophysiological properties and thus can play an important 
role in atrial fibrillation (AF) pathogenesis [65,66]. Farkasfalvi 
et al (2007) conducted a study which proved the antiarrhyth-
mic action of apelin by the activation of NHE, which increas-
es the conduction velocity in cultured neonatal rat cardiac 
myocytes [67]. Moreover, it has been proven by Gurger et al 
(2014) that serum apelin-12 levels were lower in patients with 
AF than in the control group [68]. An increase in plasma ape-
lin concentration has been observed in patients with AF on its 
own lasting more than 3 months and with no other underlying 

conditions, after electrical cardioversion and restoration of si-
nus rhythm [69]. Falcone et al (2010) revealed that patients 
with AF on its own with a plasma apelin concentration below 
the median of 640 pg/mL are 3 times more susceptible to AF 
recurrence after a cardioversion than those with apelin levels 
higher than the abovementioned median level [70]. Moreover, 
these authors have shown that patients with supraventricu-
lar tachycardias with both a low apelin and a high brain na-
triuretic peptide (BNP) plasma concentration possess a high-
er risk of ischemic incidents than people with low apelin or 
enhanced BNP alone [70,71].

Therapeutic Potential of Apelin/APJ Axis

As discussed above, experimental and clinical studies suggest 
the pivotal cardioprotective role of the apelin/APJ axis and sug-
gest its therapeutic potential in numerous CVDs. It has been 
shown that i.v. administration of [Pyr1]apelin-13 to patients with 
HF at New York Heart Association Functional Classification II 
and III level increases CO and reduces BP and peripheral vascu-
lar resistance (PVR) [72,73]. These findings indicate the prom-
ising therapeutic potential of apelin in HF, as it reduces both 
the afterload and preload and also acts as a vasodilator in the 
peripheral vessels [73]. Japp et al (2008) also concluded that 
[Pyr1]apelin-13 and apelin-36 injected i.v. into 24 healthy male 
volunteers increased forearm blood flow, most likely due to the 
apelin NO-induced vasodilatory effects on the peripheral re-
sistance vessels [72]. These authors suggest that augmented 
blood flow by exogenous apelin might be beneficial as an alter-
native treatment for HF patients and possibly for people with 
vascular diseases [72]. A study by Barnes et al (2013) supports 
previous findings by documenting that i.v. administration of 
apelin-13 in patients with chronic HF induced vasodilation and 
lowered mean arterial pressure, which was measured by cardi-
ac bioimpedance of peripheral brachial vessels [74]. In another 
study, Gao et al (2009) assessed patients with postinfarction 
HF who underwent intracoronary implantation of bone mar-
row mononuclear cells (BMMC), and revealed increased urine 
output, relief of dyspnea, and increased LV ejection fraction 7 
days after the procedure [75]. Therefore, the apelin-APJ axis 
might be crucial for cardiac function improvement with BMMC 
transplantation in the course of HF and presumably also hy-
pertension, as it enhances dieresis [75]. Moreover, 2-h i.v. in-
fusion of [Pyr1]apelin-13 in high doses in overweight patients 
with DM2 caused a significant increase in the D glucose in-
fusion rate (DGIR), which is a reliable marker of insulin sensi-
tivity [76]. Considering the cardiovascular effects of apelin, it 
was necessary to discontinue infusion immediately in the case 
of systolic BP above 160 mmHg or below 90 mmHg, diastol-
ic BP above 100 mmHg or below 50 mmHg, or HR below 50 
bpm or above 110 bpm [76]. These effects suggest a signifi-
cant influence of the APJ/apelin system on glucose tolerance, 
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especially in diabetic patients; therefore, exogenously admin-
istered apelin may serve as a novel therapeutic strategy in in-
sulin resistance states [77].

Accordingly, the apelin/APJ axis may be a promising new tar-
get for the pharmacological treatment of CVDs. However, the 
potential use of the apelin/APJ axis elements (including ELA) 
is restricted by the fact that the mechanisms of its action in 
the pathophysiology of CVDs, and its potential adverse effects 
and safety in humans, are not yet fully understood.

Conclusions

The apelin/APJ axis is involved in modulation of the cardiovas-
cular physiology and pathophysiology; therefore, it has been 
suggested that the modification of apelin levels might be ther-
apeutic in CVDs. Clinical and experimental studies imply that 
targeting the apelin/APJ axis in patients with CVDs such as 
atherosclerosis, CAD, hypertension, HF, and AF can delay dis-
ease progression. For many years, a molecule that could be 
used as a potential therapeutic in CVD in the apelin signaling 
pathway has been sought. It seems that ELA might be such a 
peptide, but comprehensive experimental studies of ELA are 
still needed. Therefore, further studies focusing on the ape-
lin/APJ axis may help to establish an effective pharmacologi-
cal treatment of CVDs.
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