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Abstract——Thepredictedproteinencodedby theAPJ
gene discovered in 1993 was originally classified as
a class A G protein-coupled orphan receptor but was
subsequently paired with a novel peptide ligand, apelin-
36 in 1998. Substantial research identified a family of
shorterpeptidesactivating theapelin receptor, including
apelin-17, apelin-13, and [Pyr1]apelin-13, with the
latter peptide predominating in human plasma and
cardiovascular system. A range of pharmacological
tools have been developed, including radiolabeled
ligands, analogs with improved plasma stability,
peptides, and small molecules including biased agonists
and antagonists, leading to the recommendation that the
APJ gene be renamed APLNR and encode the apelin

receptor protein. Recently, a second endogenous ligand
has been identified and called Elabela/Toddler, a 54-
amino acid peptide originally identified in the
genomes of fish and humans but misclassified as
noncoding. This precursor is also able to be cleaved
to shorter sequences (32, 21, and 11 amino acids), and
all are able to activate the apelin receptor and are
blocked by apelin receptor antagonists. This review
summarizes the pharmacology of these ligands and the
apelin receptor, highlights the emerging physiologic
and pathophysiological roles in a number of diseases,
and recommends that Elabela/Toddler is a second
endogenous peptide ligand of the apelin receptor
protein.

I. Introduction

The predicted protein encoded by the APJ gene was
discovered by O’Dowd et al. (1993) and was originally
classified as a class AGprotein-coupled orphan receptor
but was subsequently paired with a novel peptide
ligand, apelin 36 (APJ endogenous ligand) discovered
by Tatemoto et al. (1998). Since then, there has been
a large body of work studying the relationship between
the ligand and receptor, as well as their physiologic
and pathophysiological roles in a number of diseases.
Recently, a second proposed endogenous ligand for the

apelin receptor has been discovered independently by
two groups, and called Elabela (“epiboly late because
endoderm late,” which is the first observable pheno-
type when deleted in zebrafish) by Chng et al. (2013)
and Toddler (referring to the loss of motogen properties
when deleted) by Pauli et al. (2014). Elabela/Toddler
is a 54-amino acid peptide, originally identified in
the genomes of fish and humans and misclassified as
a non-coding region and hiding in plain sight. It is
cleaved to produce a 32 amino acid mature secreted
protein (Chng et al., 2013; Pauli et al., 2014). The

ABBREVIATIONS: ACE2, angiotensin converting enzyme 2; AlbudAb, anti-serum albumin domain antibody; APELA, apelin early endog-
enous ligand; APLNR, apelin receptor; AT1, angiotensin II type 1 receptor; BMI, body mass index; CAD, coronary artery disease; CCK,
cholecystokinin; ChAT, choline acetyl transferase; CXCR4, chemokine receptor type 4; DSS, sodium dextran sulfate; ELA, Elabela/Toddler;
ESC, embryonic stem cell; GLP-1, glucagon-like peptide 1; GPCR, G protein-coupled receptor; HAPE, high altitude pulmonary edema; HF,
heart failure; HGNC, Human Genome Organisation Gene Nomenclature Committee; HIV, human immunodeficiency viruses; IP3, inositol
triphosphate; LV, left ventricle; MCT, monocrotaline; NC-IUPHAR, The International Union of Basic and Clinical Pharmacology Committee
on Receptor Nomeclature and Drug Classification; PAH, pulmonary arterial hypertension; PEG, polyethylene glycol; PKC, protein kinase C;
SIV, Simian immunodeficiency viruses; SNP, single nucleotide polymorphism; STAT, signal transducer and activator of transcription pro-
teins; T2DM, type 2 diabetes mellitus; TGFb, transforming growth factor b; VEGF, vascular endothelial growth factor.
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International Union of Basic and Clinical Pharma-
cology Committee on Receptor Nomeclature and
Drug Classification (NC-IUPHAR) recommends that
Elabela/Toddler is a second endogenous ligand for the
apelin receptor. Following the convention of naming
the peptide according to the precedence of discovery,
the nomenclature that is recommended is Elabela/
Toddler, abbreviated to ELA (Chng et al., 2013).
ELA is an endogenous ligand, functional in the adult
mammalian system (Yang et al., 2017b) and is blocked
by apelin receptor antagonists. Interestingly, al-
though it shows little sequence homology to apelin
with only about 25% conservation (Xie et al., 2014),
there is some similarity in the location of hydrophobic
residues.
The discovery of this new ligand opens up a number

of exciting possibilities. It greatly enhances the spa-
tiotemporal signaling potential through the apelin
receptor and how it is modulated in disease, with
evidence that ELA, like apelin, is downregulated
in human pulmonary arterial hypertension and ani-
mal models of the disease already demonstrated
(Goetze et al., 2006; Alastalo et al., 2011; Chandra
et al., 2011; Kim et al., 2013; Yang et al., 2017b).
Meanwhile, it also offers the possibility to explore
a new class of ligand at the apelin receptor based
on the structure of ELA. However, perhapsmost of all,
it suggests that, in addition to ELA, there may be
other genes of pharmacological importance located in
regions of the genome that have previously been
overlooked.
This review will discuss the structure and signal-

ing pathways of the apelin receptor and its endoge-
nous ligands, apelin and ELA, before moving on to the
development of synthetic agonists and antagonists. It
will discuss some of the roles that apelin and ELA have
been shown to play in both physiologic and pathophys-
iological conditions, highlighting the importance of the
two ligands and the therapeutic potential of targeting
the apelin system.
The following should be consulted for more details

of the role of apelin receptor ligands in homeostasis, cell
signaling, and aging: Galanth et al. (2012), O’Carroll
et al. (2013), Chapman et al. (2014), Flahault et al.
(2017), Zhou et al. (2017). The following reviews focus on
the apelin signaling pathway in disease: cardiovascu-
lar, Scimia et al. (2014), Dalzell et al. (2015), Kuba et al.
(2019); myocardial ischemia and reperfusion injury,
Chen et al. (2016); vascular smooth muscle, Luo et al.
(2018); endothelial cell dysfunction, Cheng et al.
(2019); pulmonary hypertension, Kim (2014); hyper-
tension, Gilbert (2017); stroke Wu et al. (2017b); renal,
Huang et al. (2018); liver, Lv et al. (2017); cancer, Yang
et al. (2016); diabetes and metabolic diseases Castan-
Laurell et al. (2012, 2019), Bertrand et al. (2015),
Chaves-Almagro et al., (2015), Hu et al., (2016), Alipour
et al., (2017).

II. Recommendations for Nomenclature

The approved Human Genome Organisation (HUGO)
Gene Nomenclature Committee (HGNC) symbol for the
gene encoding the human apelin receptor is APLNR.
While other aliases, including AGTRL1, APJ, APJR, and
FLJ90771 exist, it is recommended by NC-IUPHAR that
APLNR is used. Similarly, following the identification of
apelin, NC-IUPHAR recommend “apelin receptor” as the
preferred nomenclature for the receptor protein, ad-
hering to the convention of naming a receptor after
its endogenous ligand (Pitkin et al., 2010, Alexander
et al., 2017; http://www.guidetopharmacology.org/GRAC/
FamilyIntroductionForward?familyId57). APJ, one of the
original names for the gene, also continues to be widely
used as a name for the receptor protein. Despite the
identification of ELAas a second endogenous ligand at the
apelin receptor, it is not recommended that the nomen-
clature of the receptor is changed. The HGNC have
assigned the gene encoding ELA with the symbol
“APELA” and the name “apelin receptor early endog-
enous ligand.” Previous gene symbols include Ende
(mouse, Hassan et al., 2010) and ELA (human, Chng
et al., 2013). In this review we recommend that the
protein encoded by APELA be named “ELA,” following
the convention of naming by precedence of discovery.

III. Apelin Receptor Structure

The human apelin receptor has a seven transmem-
brane structure and consists of 380 amino acids. It
was initially identified through homology with the
angiotensin II type 1 receptor (AT1) with which it
shares 54% sequence similarity in the transmem-
brane domains (O’Dowd et al., 1993). Despite this
homology the apelin receptor does not bind angiotensin
and, until the recent discovery of ELA, was thought to
bind only its cognate ligand apelin. There are no known
apelin receptor subtypes in mammals. No binding was
detected using 12 apelin peptides ranging from apelin-
10 to apelin-36 and 4 precursors screened against 82
human orphan GPCRs (including orphan GPCRs with
the highest sequence similarity GPR15 and GPR25)
using b-arrestin recruitment assays (Southern et al.,
2013). The receptor is well conserved with 91% and
89% homology with the 377-amino acid longmouse and
rat receptors, respectively. In the zebrafish there are two
receptor subtypes, aplnra and aplnrb. Aplnrb shows
greater homology with mammalian apelin receptors,
and it is in this receptor that the only known naturally
occurring mutation occurs, the grinchs608 mutation. This
mutation involves a Trp85 to Leu85 amino acid change in
the second transmembrane domain and a loss of apelin
binding, which in the most severely affected mutants
causes a failure of the heart to develop (Scott et al., 2007).
It is unknown whether the second zebrafish apelin recep-
tor is a result of duplication or whether mammalian
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systems have lost this as a vestigial receptor, perhaps
offering an explanation for the limited homology
between apelin and ELA.
Ma et al. (2017) recently reported the 2.6-Å resolu-

tion crystal structure of the human apelin receptor in
complex with a synthetic 17-amino-acid apelin ana-
log agonist (PDBID 5VBL). The receptor shows the
expected seven transmembrane helical structure with
a short eighth helix also observed in other GPCRs. The
structure is in reasonable agreement with studies
using nuclear magnetic resonance (Langelaan et al.,
2013) and molecular dynamics simulations (Macaluso
and Glen, 2010; Yang et al., 2017b). In addition, many
of the key interfacial receptor-to-agonist contacts
identified from the crystal structure are in agreement
with mutation data on apelin binding (Table 1). In
particular, the evolutionarily conserved residues Arg168

and Lys268 are predicted to make key contacts with the
C terminus of the apelin peptide. However, a number
of changes to the receptor and ligand were introduced to
achieve crystallization, and it is worth noting the
following caveats that prompt a cautious interpretation
of the data. Looking at the receptor, residues were
removed from the N terminus (residues 1–6) and C
terminus (residues 331–380); meanwhile, mutations
V117A and W261K were introduced. These mutations
force the intracellular portion into an inactive state and
render the receptor unable to bind apelin-13. Looking
at the ligand, a synthetic 17-amino acid apelin analog
agonist was used, which is significantly different from

apelin. In particular, a macrocycle and significant
mutations have been introduced and these may alter
the peptide conformation and its interactions. Finally,
the crystal structure is unable to explain the importance
of the Arg2 and Leu5 residues of apelin 13, known key
binding elements from mutation data (Fan et al., 2003;
Medhurst et al., 2003).

Although the structure confirms the presence of two
disulfide linkages present in a number of class AGPCRs
(Cys19-Cys281 and Cys102-Cys181) (Fig. 1), it does not
clarify the importance of posttranslational modifica-
tions in the apelin receptor. The receptor is likely to
be glycosylated (Medhurst et al., 2003) and contains
two glycosylation motifs expected at residues in the
N-terminal tail (Asn15) and extracellular loop 2 (Asn175),
both of which appear to be involved in agonist binding.
Glycosylation is known to be significant in GPCR
function (Lanctot et al., 1999) and, in some cases,
affects agonism and bias (Soto et al., 2015), but its
importance in the case of the apelin receptor is not
known. In addition, there are a number of potential
palmitoylation sites in the intracellular C-terminal
region of the receptor. Based on predictions from the
SwissPalm protein S-palmitoylation database (Blanc
et al., 2015) and CSS-Palm (Ren et al., 2008), residues
Cys325 andCys326 on the putative helixTM8are expected
to be palmitoylated. Palmitoylation is key in GPCR
expression and function (Qanbar and Bouvier, 2003).
Finally, the C terminus appears to contain a “phosphor-
ylation barcode” (Nobles et al., 2011) and Ser348 has been

TABLE 1
Contacts between apelin-13 and the apelin receptor, inferred from the crystal structure PDBID 5VBL

Apelin-13 Contact Receptor Contacts References

Q1 Sidechain D92a Gerbier et al., 2015
Q1 Backbone N177
P3 Sidechain T22

D23a Zhou et al., 2003a
R4 Backbone D23a Zhou et al., 2003a
L5 Sidechain E20a Zhou et al., 2003a

T22
S6 Sidechain E174a Chapman et al., 2014; Gerbier et al., 2015
S6 Backbone Y21
H7 Sidechain E174a Chapman et al., 2014; Gerbier et al., 2015
K8 Sidechain Y21 Gerbier et al., 2015

D284a Ma et al., 2017
S275

G9 backbone Y271
P10 Sidechain E198a

L173 Chapman et al., 2014
M11 Sidechain W24

Y271a Ma et al., 2017
F291
K268b Kumar et al., 2016

P12 Sidechain W24
Y93

P12 Backbone R168a Ma et al., 2017
F13 Sidechain W85a

Y88
T89
Y93
Y299

F13 Carboxylate K268b Kumar et al., 2016
Y264

aReceptor residues implicated in apelin binding by mutagenesis.
bReceptor residues affecting bias and internalization by mutagenesis.
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identified as a novel phospho-regulatory site (Chen et al.,
2014) (Fig. 1).

IV. Apelin Receptor Signaling in the
Cardiovascular System

Infusion of apelin leads to vasodilatation in humans
in vitro (Maguire et al., 2009) and in vivo (Brame
et al., 2015) and in rodents in vivo (Tatemoto et al.,
2001). The second main cardiovascular action is
positive cardiac inotropy in vitro (Szokodi et al.,
2002; Maguire et al., 2009; Perjés et al., 2014) and
in vivo in rats (Berry et al., 2004; Jia et al., 2006;
Atluri et al., 2007), mice (Ashley et al., 2005), and
humans (Japp et al., 2008, 2010; Barnes et al., 2013)
without hypertrophy. Interestingly, in denuded ves-
sels, apelin promotes vasoconstriction (Katugampola
et al., 2001; Maguire et al., 2009) and it is only in
intact tissues that the endothelium-dependent vaso-
dilatation is observed. This vasodilatation has
been suggested to be either nitric oxide dependent
(Tatemoto et al., 2001) or prostanoid dependent

(Maguire et al., 2009), perhaps reflecting species or
whole organism versus isolated vessel differences.

Mechanistically, these processes are poorly under-
stood, although the apelin receptor is thought to signal
primarily through Gai, leading to decreased intracellu-
lar cyclic adenosine monophosphate (cAMP) by inhibi-
tion of adenylyl cyclase, as evidenced by inhibition of
forskolin-stimulated cAMP production (Habata et al.,
1999) and pertussis toxin sensitivity (Hosoya et al.,
2000; Masri et al., 2002). Figure 2 shows a summary of
the possible downstream pathways activated following
Gai activation by the apelin receptor as suggested by
Yang et al. (2015a).

As well as activating Gai, there is also significant
evidence that the apelin receptor may couple to Gaq,
particularly in cardiomyocytes (Szokodi et al., 2002),
promoting phospholipase C and, in turn, inositol tri-
phosphate (IP3) and protein kinase C« activity (PKC«,
but not PKCa; Perjés et al., 2014). IP3 activates IP3

receptors and Ca21 release, which can feed back to
ryanodine receptors, leading to calcium-induced cal-
cium release. PKC« might enhance Na1-H1 exchange

Fig. 1. Predicted disulfide bridges are between Cys19–Cys281 and Cys102–Cys181 (yellow); glycosylation sites (blue) are in the N-terminal tail (Asn15)
and extracellular loop 2 (ECL2; Asn175); palmitoylation site (green) Cys325 and Cys326 and phosphorylation site (purple) Ser348 have been confirmed
experimentally, of which Ser348 is crucial for apelin receptor interactions with GRK2/5, b-arrestin, and its internalization (Chen et al., 2014). Figure
constructed from G protein-coupled receptor database (Pándy-Szekeres et al., 2018).
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on the sarcolemma, increasing intracellular Na1 and
consequently enabling the Na1-Ca21 exchanger to raise
intracellular Ca21 concentrations (Chandrasekaran
et al., 2008). It has also been suggested that extracellular
signal regulated kinases 1/2 can regulate cardiac con-
tractility through an independent mechanism (Perjés
et al., 2014), although how this pathway is activated or
increases contractility is not clear. Finally, it has also
been suggested that apelin can activate myosin light
chain kinase, which can phosphorylate the regulatory
light chain of myosin II, resulting in greater Ca21

sensitivity of the force generating machinery (Perjés
et al., 2014). These pathways are summarized in Fig. 3.

V. Endogenous Agonists

To date, two endogenous peptide agonists have been
identified at the apelin receptor, apelin and ELA.
Although they show limited sequence homology, they
have similarity in the location of hydrophobic residues
and can be docked into the same binding pocket in
a molecular docking/dynamic simulation of the recep-
tor (Fig. 4). Apelin was discovered in bovine stomach
extracts by Tatemoto et al. (1998), and since then there
has been a significant advance in our understanding of

the isoforms of apelin and their binding to the apelin
receptor. ELA, however, was only discovered relatively
recently by two groups working independently (Chng
et al., 2013; Pauli et al., 2014), and as such, there is still
much to be learned about its endogenous isoforms
and interactions at the apelin receptor. The important
question of why there are two endogenous ligands for
the apelin receptor and their relationship remains to
be addressed. Intriguingly, pharmacological studies
suggest that ELA-11may display some bias toward the
G protein pathway versus b-arrestin, and it can be
speculated that this peptide might function as a biased
endogenous ligand (Yang et al., 2017b).

A. Apelin

Apelin is expressed as a 77-amino acid pre-protein,
pre-pro-apelin, consisting of the 55-amino acid pro-
apelin fragment and an N-terminal secretory sequence.
Following secretion, pro-apelin is cleaved to produce
three main apelin fragments, apelin-36, apelin-17, and
apelin-13, the last of which can undergo cyclization of
the glutamine at its N terminus to produce pyroglu-
tamated apelin-13 ([Pyr1]apelin-13; Fig. 5) (Pitkin
et al., 2010). [Pyr1]apelin-13 has been shown to be the
predominant isoform in the human cardiovascular

Fig. 2. The key signaling pathways suspected to be activated in vascular endothelial cells (VEC) and smooth muscle cells (VSMC) by the apelin
receptor. Apelin binding can promote Gai, Gaq, and b-arrestin recruitment to the receptor. In the presence of the endothelium, both Gai and Gaq
promote relaxation of smooth muscle cells through nitric oxide and prostacyclin release. In the absence of the endothelium, apelin binds directly to the
receptor on the smooth muscle cells and leads to constriction through undetermined intermediate steps but most likely involving PKC,
phosphoinositide 3-kinase (PI3K) and myosin light chain phosphorylation. Figure constructed using Servier Medical Art.

472 Read et al.



system (Maguire et al., 2009) and human plasma (Zhen
et al., 2013) using mass spectrometry to distinguish
the isoforms. In plasma from human volunteers,
endogenous apelin-36, apelin-17, and apelin-13 were
not detected (Zhen et al., 2013).
It was originally hypothesized that cleavage occurred

sequentially with pro-apelin first cleaved to apelin-36
and then in turn to the smaller apelin-17 and apelin-13
fragments, always retaining the bioactive C terminus.
These cleavages were predicted due to expected basic
cleavage sites in the peptide sequence and the identifi-
cation of apelin-36, -17, and -13 as active sequences
found in biologic samples (Kleinz and Davenport, 2005).
However, because of this, the enzymes involved are not
well characterized and warrant further investigation.
This is especially true for the production of apelin-36
and -17. Recently, Shin et al. (2013) proposed that furin
can directly cleave pro-apelin to apelin-13 in vitro
without producing these longer isoforms. Apelin-36 is
also cleaved by angiotensin converting enzyme 2
(ACE2) with high catalytic efficiency to remove the
C-terminal phenylalanine. Similarly, apelin-13 can be
cleaved by ACE2 to produce apelin-13(1–12) (Vickers
et al., 2002). Interestingly, apelin-13(1–12) retains activ-
ity, as demonstrated by recruitment of b-arrestin to the
apelin receptor in vitro, constriction of saphenous vein
ex vivo, and positive inotropy and blood pressure de-
crease in vivo. However, another report has shown that
ACE2 cleavage of [Pyr1]apelin-13 and apelin-17 abol-
ished the cardioprotective effects of these peptides in
a myocardial ischemia-reperfusion mouse model (Wang
et al., 2016). Most critically, apelin-13(1–12) was able to

induce an increase in forearm blood-flow in human
volunteers (Yang et al., 2017a). Additional support for
this is evidenced by the retention of activity when the
terminal phenylalanine of apelin-13 is mutated to
alanine (Fan et al., 2003; Medhurst et al., 2003; Yang
et al., 2017a). Furthermore, C-terminal truncation
studies have suggested activity is retained even as far

Fig. 3. The key signaling pathways suspected to be activated in cardiomyocytes by the apelin receptor. Apelin binding can promote Gai, Gaq, and
b-arrestin recruitment to the receptor, these pathways are thought to ultimately lead to cardiac inotropy without hypertrophy. However, in the absence
of apelin, b-arrestin recruitment may lead to stretch-mediated hypertrophy.

Fig. 4. An overlay of ELA-11 (green) and apelin-13 (blue) docked in
the apelin receptor binding pocket. The peptide sequences are shown
alongside with the same color scheme. The red amino acids show
where identical residues line up. Overlay from Yang et al., (2017b)
under CC-BY license.
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as apelin-13(1–11) (Zhang et al., 2014). This last study
also reported that the N-terminal glutamine in position
1 is not essential for binding either, suggesting that the
10-amino acid apelin-13(2–11) fragment is the smallest
active fragment (Zhang et al., 2014). Although the
N-terminal glutamine residue is not essential for
binding, the cyclization to pyroglutamate is widely
observed in vivo and enhances the stability of the
peptide fragment (Van Coillie et al., 1998; Habata
et al., 1999). Interestingly, while the C-terminal amino
acids of apelin-36 make the smallest active fragment for
binding to the apelin receptor, it has been suggested
that N-terminal portions may aid the molecule in
interacting with the receptor (Hosoya et al., 2000).
Having considered the smallest active fragments of

apelin, it is important to discuss how the different
fragments bind to the receptor and maintain activity
to inform the development of synthetic molecules.
Deductions of apelin binding have been largely achieved
through alanine scanning mutagenesis and receptor
modeling approaches; a crystal structure was only very
recently reported (Ma et al., 2017). It was initially found
that mutating the arginine residues in positions 2 and 4
of the apelin peptide greatly reduced the ability of the
fragment to bind to the receptor (Fan et al., 2003;
Medhurst et al., 2003). This, alongside the detrimen-
tal effect of mutating the lysine in position 8, sug-
gested the importance of a positive charge on the
apelin peptide for interacting with the receptor (Fan
et al., 2003). Concurrent studies utilizing the receptor
determined that the second 10 N-terminal residues of
the apelin receptor are essential to interact with the
ligand. These residues are largely negatively charged,
with the N terminus of the apelin receptor possessing
a net charge of 27, supporting the hypothesis that
ionic interactions play a critical role in apelin bind-
ing to its receptor (Zhou et al., 2003a). Meanwhile,
Medhurst and colleagues (2003) reported that the
largest loss of binding observed in their alanine
mutagenesis studies occurred with loss of leucine in
position 5 and postulated that the “RPRL” motif from
positions 2 to 5 plays a critical role in apelin binding.
Macaluso and Glen (2010) confirmed the importance of
theRPRLmotif through elegant cyclization experiments.

They showed that the RPRL sequence produces a favor-
able b-turn motif, which is essential in interaction with
the apelin receptor. When they locked the peptide in an
unfavorable turn at the RLSH sequence, these cyclized
peptides were unable to bind the receptor efficiently
despite higher sequence homology to the endogenous
agonist.

Recent studies have found support for both ionic
and RPRL sequence interactions and propose a two-
step binding process for apelin peptides to the re-
ceptor. Initial ionic interactions occurring between
the N-terminal tail of the receptor and the ligand
promote binding of the ligand to the receptor. Follow-
ing this, the ligand moves deeper into the binding
pocket where it is able to form more stable interac-
tions and promote receptor activation (Iturrioz et al.,
2010b; Langelaan et al., 2013; Gerbier et al., 2015).
This greater understanding of how apelin peptides
bind to the receptor has informed the design of
a number of synthetic agonists based on the apelin
sequence and these will be discussed in section VIII.

In addition, isoforms comprising various lengths of
amino acids may activate different downstream path-
ways at the receptor, leading to different signaling bias.
It is important to understand this as any differences
could be exploited physiologically by enhanced pro-
duction of one isoform in a given tissue or at a given
time. Additionally, the endogenous bias observed could
be used to inform the development of synthetic biased
molecules. One area that has been explored is the rate of
internalization and recycling of receptor-ligand com-
plexes, which appears to be highly ligand dependent
(Zhou et al., 2003a; Lee et al., 2010). Lee et al. (2010)
demonstrated that apelin-13-mediated internalization
could be rapidly reversed when washed out, whereas
apelin-36 resulted in more prolonged receptor internal-
ization. El Messari et al. (2004) have also reported that
apelin-17 is better able to recruit b-arrestin and in-
ternalize the receptor than apelin-13. Meanwhile, it has
been shown that loss of the C-terminal phenylalanine
can induce bias toward G protein signaling (Ceraudo
et al., 2014). These studies, therefore, suggest that
longer length peptides are able to reach a binding
pocket that is not accessible to the shorter apelin-13

Fig. 5. The amino acid sequences of cleaved apelin fragments. [Pyr1]apelin-13 is the predominant form in the cardiovascular system and is shown in red with
the pyroglutamate residue in pink. The smallest active fragment is highlighted, as well as the RPRL motif which has been thought critical to binding.
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isoform to induce b-arrestin recruitment and inter-
nalization. This is further supported by longer length
ELA peptides also possessing b-arrestin bias (Yang
et al., 2017b). Accessing this deeper pocket in the
receptor likely leads ultimately to phosphorylation of
the C-terminal Ser348 residue that, when mutated,
showed abolition of the G protein receptor kinase/
b-arrestin pathway signaling, while preserving signaling
through the G protein pathway (Chen et al., 2014). It is
interesting that b-arrestin recruitment and internaliza-
tion of the apelin receptor appear to be mediated by only
one phosphorylation site and not by a more complex
“phosphorylation barcode” as suggested for other GPCRs
(Tobin et al., 2008a; Butcher et al., 2011). Furthermore, it
has been suggested that the b-arrestins are not internal-
ized with the ligand-receptor complex, unlike for some
other GPCRs (Evans et al., 2001).
Although as discussed above, apelin-13 is cleaved by

ACE2, to the product apelin-13(1–12) that retains bi-
ologic activity (Vickers et al., 2002). The metallopro-
tease neprilysin has been shown to metabolize [Pyr1]
apelin-13 betweenArg4 and Leu5 and also between Leu5

and Ser6 with the C‐terminal fragments 5–13 and 6–13
accumulating as a result of this activity. These frag-
ments did not bind to the apelin receptor, thereby
making neprilysin the first protease to be identified to
fully inactivate apelin (McKinnie et al., 2016). Neprily-
sin inhibitors such as the pro-drug sacubitril are used in
heart failure (Velazquez et al., 2019). These results
suggest an additional benefit would be to reduce apelin
inactivation to cause a beneficial vasodilatation and
increase in cardiac output. This hypothesis has not yet
been tested in patients being treated with sacubitril.

B. Elabela/Toddler

The endogenous agonist, ELA, was named following
its discovery in 2013 by Chng et al. (2013). It was also
independently given the name “Toddler” after its iden-
tification as a motogen during gastrulation (Pauli et al.,
2014). Previously, the gene encoding the peptides was
named Ende when studied as a novel transcript in-
volved in the development of mouse endoderm (Hassan
et al., 2010). Since then the gene encoding the peptide
has been renamed APELA (apelin receptor early endog-
enous ligand) by the HUGO Gene Nomenclature Com-
mittee (HGNC, section II).
Interestingly, ELA was identified in a previously

designated noncoding region of the genome, but the
existence of the peptide had already been predicted
owing to discrepancies between apelin and apelin re-
ceptor mutations (Charo et al., 2009). Notably, knock
out of the apelin receptor in mice caused prenatal
mortality (Ishida et al., 2004; Charo et al., 2009;
Roberts et al., 2009; Scimia et al., 2012; Kang et al.,
2013) due to disrupted cardiac development with rudi-
mentary to no heart (Kang et al., 2013). In contrast,
apelin knockouts had normal heart development

(Kidoya et al., 2008; Charo et al., 2009), although they
were at greater risk from age-related and induced
disease (Kuba et al., 2007). Studies exploring ELA
knockouts in zebrafish found that these phenocopied
the apelin receptor mutations (Chng et al., 2013; Pauli
et al., 2014). Furthermore, it has been shown that
during development the apelin receptor is expressed
during gastrulation at the same time as ELA, whereas
apelin is not expressed until the end of gastrulation
(Scott et al., 2007; Pauli et al., 2014). While this ligand
was first discovered in zebrafish embryos as a factor
involved in cardiac development, it has since been
shown to have activity in adult mammalian systems
(Murza et al., 2016; Perjés et al., 2016; Yang et al.,
2017b) and its expression is altered in disease (Yang
et al., 2017b). During its discovery in zebrafish de-
velopment, ELA was found to be a 54-amino acid
peptide that was cleaved to produce a 32-amino acid
mature secreted protein. This mature protein was in
turn predicted to undergo cleavage by furin to produce
two more fragments of length, 21 and 11 amino acids
(Chng et al., 2013; Pauli et al., 2014), all of which have
been pharmacologically characterized by Yang et al.
(2017b); Fig. 6. Murza et al. (2016) have also suggested
fragments of 22 and 14 amino acids with a potential 23-
amino acid variant. It is notable that the 11-amino acid
fragment is invariant between species, suggesting
strong evolutionary conservation. Interestingly, ELA
is more strongly positively charged than apelin and also
displays higher binding affinities to the receptor at
corresponding fragment sizes, lending support to an
ionic interaction as critical to binding.

VI. Apelin Receptor Distribution

A. Distribution of the Apelin Receptor in
Human Tissues

Several studies have investigated the distribution of
the apelin receptor in human tissues (Table 2). The

Fig. 6. The amino acid sequences of the predicted cleaved ELA fragments
compared with [Pyr1]apelin-13, the predominant apelin isoform in the
cardiovascular system. There is little sequence homology between ELA
and apelin fragments; however, there are some similarities in the
positioning of charged residues. Disulfide bridges are yellow lines,
hydrophobic amino acids are shown in green, uncharged polar amino
acids in pink, basic amino acids in blue and pyroglutamate in red. From
Yang et al. (2017b) under CC-BY license.
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apelin receptor is widely expressed in all human tissues
receiving a blood supply, consistent with expression
on endothelial cells that line every blood vessel and
mediate vasodilatation. Apelin receptors are also
expressed on other cell types such as cardiomyocytes
to mediate positive inotropy (Kleinz et al., 2005).
Expression of the mRNA has been observed in all
regions of the brain, such as the cortex (including
the hippocampus and amygdala), subcortical regions
(including the hypothalamus, nucleus accumbens,
thalamus, caudate nucleus, putamen), midbrain (in-
cluding substantia nigra), hindbrain (including cere-
bellum and medulla oblongata), pituitary, and spinal
cord (Medhurst et al., 2003). The highest levels were
reported in the corpus callosum and spinal cord;
however, using Northern blotting, other studies
reported abundant expression in the brain medulla,
amygdala, hippocampus, substantia nigra, hypothal-
amus, and thalamus, with lower levels in the striatum
and cerebral cortex (Matsumoto et al., 1996; Edinger
et al., 1998). They also observed high levels in the
white and gray matter of the spinal cord. While the
distribution of the receptor mRNA in the brain
has been studied extensively, the distribution of the

receptor protein in the brain has not been reported to
date. The apelin signaling pathway regulates fluid
homeostasis via hypothalamic-pituitary-adrenal axis
as well as modulating cardiovascular function in
the forebrain and brain stem (O’Carroll et al., 2013).
The precise function of apelin and its receptors in
other regions of the central nervous system are still to
be explored.

In the periphery, the highest apelin receptor mRNA
expression was reported in the spleen and placenta,
with lower levels in the heart, liver, lung, kidney,
pancreas, small intestine, stomach, and uterus
(Medhurst et al., 2003). No apelin receptor mRNA
was reported in skeletal muscle, testes, or prostate. In
neonatal tissues, the highest expression was observed
in lung, heart, and kidney, with lower levels detected
in the small intestine, stomach, spleen, and brain
(Hosoya et al., 2000). Apelin receptor is expressed at
the protein level in the right and left ventricle of
the heart, media, and intima of muscular arteries
and large elastic arteries and veins. However, in the
lungs, expression was predominantly localized to
vascular beds (Katugampola et al., 2001; Kleinz
et al., 2005). In addition, expression has been shown

TABLE 2
Expression of apelin receptor (APLNR), apelin, and ELA in mouse, rat, and human tissues

Compiled from Edinger et al. (1998), Hosoya et al. (2000), Lee et al. (2000), O’Carroll et al. (2000), Medhurst et al.
(2003), Kleinz and Davenport (2005), Regard et al. (2008), Pope et al. (2012), Deng et al. (2015), Wang et al. (2015b).

APLNR Apelin ELA

Human Rat Mouse Human Rat Mouse Human Rat Mouse

Brain 111 11 1 11 1 111
-paraventricular nucleus 1 11
-supraoptic nucleus 11 11
Anterior pituitary 1a 111 111 11a 1a

Intermediate pituitary 2/1 2/1 1/111
Posterior pituitary 2/1 2/11 1/11
Thymus 1 2 1 2
Spinal cord 1 111 11 11 11
Cerebellum 1 1 2 1 1 2
Hippocampus 1 1 2 1 1
Thalamus 1 1 1 1
Heart 1 11 111 1 11 11 2/1 1
Adrenal gland 1 1 1
Lungs 11 111 11 1 111 11 1
Stomach 1 1 1 2 1
Liver 1 2 1 2 2 2
Small intestine 11 1 1 2 1
Large intestine 11 1 1 1
Pancreas 1 2 1 1
Kidney 1 1 1 1 1 1 11 111
Testis 1 1 1 1 1 11
Prostate 1 1 11
Ovary 1 1 11 1 1
Uterus 1 1 11 2 1 2
Placenta 11 11 11
Mammary gland 1 11
Skeletal muscle 1 11 11 2 1 1
Adipose tissue 11 11 11b 11
Cartilage 11 11
Spleen 111 2 1 2 1
Skin 1 1
Bladder 1 1
Gall bladder 1

111, high expression; 11, moderate expression; low expression; 2, absence mRNA expression.
aExpression in whole pituitary gland.
bExpression reported in both white and brown adipose tissue.
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in vascular smooth muscle cells and endothelial cells
of human kidney and cultured human endothelial
cells (Kleinz et al., 2005).

B. Distribution of the Apelin Receptor in Rat Tissues

The distribution of the apelin receptor in rat tissues
has also been extensively studied. O’Dowd et al. (1993)
first showed by Northern blotting apelin receptor expres-
sion in the hippocampus, thalamus, cortex, and cerebel-
lum. Other studies have reported a similarly wide tissue
distribution in the rat compared with humans. The
mRNA was detected in the cortex (including hippocam-
pus), subcortical regions (nucleus accumbens, striatum,
hypothalamus), midbrain, cerebellum, and pituitary (De
Mota et al., 2000; Hosoya et al., 2000; Lee et al., 2000;
O’Carroll et al., 2000; Kawamata et al., 2001; Medhurst
et al., 2003). Similarly, high apelin receptor expression
was observed in the paraventricular nucleus and supra-
optic nucleus of the hypothalamus, where it colocalized
with vasopressin and oxytocin in magnocellular neurons
(O’Carroll and Lolait, 2003; De Mota et al., 2004; Reaux-
Le Goazigo et al., 2004). This may support previously
identified roles in the control of fluid homeostasis (Reaux
et al., 2001; Roberts et al., 2009; Hus-Citharel et al., 2014)
and perhaps an as yet unidentified role in reproduction.
At the protein level, the expression of the apelin receptor
in several regions of the brain has been reported, in-
dicating a good correlation between transcription and
translation. Apelin receptor immunoreactivity was ob-
served in both neuronal and glial cells in the rat brain
(Medhurst et al., 2003), while [Pyr1]apelin-13 binding
sites were found in the cerebellum, the basal surface of
the hypothalamic diencephalon, paraventricular nucleus
(magnocellular and parvocellular neurons), and dorsal
surface of the thalamus (Katugampola et al., 2001; Hazell
et al., 2012). In the pituitary, one study observed strong
expression in the anterior and intermediate lobes (De
Mota et al., 2000), while another reported only moderate
expression in the anterior pituitary but negligible levels in
the intermediate lobe (O’Carroll et al., 2000) and posterior
lobe (Pope et al., 2012). This anterior expression is
supported in additional studies (Tobin et al., 2008b),
although this study did not investigate expression in the
intermediate or posterior lobe.
In peripheral tissues, the highest mRNA expression

was found in the lung and heart. Other tissues including
the kidney, skeletal muscle, placenta, thyroid gland,
ovary, uterus, and adipose tissues also show expression
(Hosoya et al., 2000; O’Carroll et al., 2000; Medhurst
et al., 2003). A high density of the protein is found in the
lungs and heart, with lower levels in the kidney cortex
(Katugampola et al., 2001).

C. Distribution of the Apelin Receptor in
Mouse Tissues

Receptor expression in mice has been poorly studied.
In the mouse brain, low transcript levels are found in

the whole brain, cerebellum, hypothalamus, hippocam-
pus, and olfactory bulb (Medhurst et al., 2003; Regard
et al., 2008). However, another study using in situ
hybridization reported a restricted central distribution
in the brain, with strong expression noted in the para-
ventricular and supraoptic nucleus of the hypothala-
mus, aswell as in the anterior pituitary, but lower levels
in the posterior pituitary (Pope et al., 2012). Peripher-
ally, the highest expression levels were observed in the
heart, followed by moderate levels in the liver, kidney,
lung, skeletal muscle, and spleen, with lowest levels in
the testes, thymus, bladder, and ovary (Medhurst et al.,
2003; Pope et al., 2012).

D. Species Differences in Apelin Receptor Distribution

Although the central distribution of the receptor in
humans and rats is very similar, this is not the case for
the peripheral distribution. While the receptor was not
detected in the rat spleen and liver, its expression was
observed in these organs in humans as well as mice
(Medhurst et al., 2003). This suggests that there could
be a species difference in the distribution of the apelin
receptor in humans, rats, andmice. Indeed, such species
differences were reported by Pope et al. (2012), who
characterized the distribution of the receptor in mouse
using in situ hybridization and autoradiography. They
observed a restricted central distribution of the re-
ceptor, with receptor transcript and protein levels
abundant in the hypothalamus and anterior pitui-
tary. Rats had a more broad distribution in the central
nervous system (Pope et al., 2012). The functional
significance of such species difference is currently un-
known and may warrant further investigation. It could
partly reflect the complexity of the apelin signaling
system or that the distribution was limited to regions in
the hypothalamic-pituitary-adrenal axis of the mouse
brain. Additionally, although Medhurst et al. (2003),
using real time polymerase chain reaction, detected low
levels of the receptor in mouse liver and testes, Pope
et al. (2012) did not detect apelin receptor in these
organs using in situ hybridization and autoradiography.
This discrepancy reflects the need for more studies to
clarify the distribution of the apelin receptor in mouse
tissues to correctly infer functions.

VII. Endogenous Peptide Distribution

A. Apelin Distribution in Human Tissues

Apelin shares a similar wide distribution with its
cognate receptor in the brain and peripheral tissues. In
the brain, strong apelin expression was observed in all
regions, including the cortex, subcortex, and midbrain
as well as pituitary and spinal cord (De Mota et al.,
2000; Lee et al., 2000; Medhurst et al., 2003). In the
periphery, the highest expression was reported in the
placenta, with moderate expression levels in the heart,
lung, kidney, and testes, although lower levels were
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detected in the liver, skeletal muscle, pancreas, spleen,
small intestine, and uterus (Habata et al., 1999; Lee
et al., 2000; Kawamata et al., 2001; Medhurst et al.,
2003). The peptide is also expressed in large conduit
vessels, including coronary artery and saphenous vein,
renal blood vessels, blood vessels of the adrenal gland, and
cells of the cardiac atria and ventricles (Kleinz and
Davenport, 2004).Hence, the expression of apelin receptor
(see section VI) in organs that do not express the ligand,
such as the stomach and liver, may suggest an endocrine
function of the ligand where the secreted ligand is trans-
ported in circulation to distant sites of action.

B. Apelin Distribution in Rat Tissues

Apelin has a similar but more widespread distribu-
tion in the rat brain compared with the apelin receptor,
with high levels of apelin mRNA also expressed in the
claustrum, anterior and posterior cingulate, retrosple-
nial area, olfactory tubercle, and several areas of the
thalamic nuclei, including anterodorsal, mediodorsal,
ventroposterior, and habenular nuclei (Lee et al., 2000).
However, the possibility that apelin receptor may be
expressed in some of these regions cannot be excluded,
because comparedwith other studies on the distribution
of apelin and its receptor in the brain, Lee et al., (2000)
provided the most detailed anatomic distribution. At
the protein level, the most detailed characterization of
apelin expression in the brain was reported by Reaux
et al. (2002). They reported peptide distribution in
several brain regions such as telencephalon (including
septum, amygdala), diencephalon (including thalamus,
preoptic region, hypothalamus), mesencephalon (in-
cluding gray matter, dorsal raphe, cuneiform nucleus),
pons (including dorsal tegmental nucleus, parabrachial
nucleus, nucleus of Barrington), medulla oblongata
(including spinal trigeminal nucleus, lateral reticular
nucleus, nucleus of solitary tract), and circumventricular
organs, including subfornical organ, subcommissural
organ, and area postrema. Of these regions, the hypothal-
amus had the highest density of apelin-positive cell bodies
andnerve fibers.Other studies confirmed this distribution
and found high expression of the peptide, as well as
colocalization of apelin immunoreactivity with that of
vasopressin (Brailoiu et al., 2002; De Mota et al., 2004;
Reaux-Le Goazigo et al., 2004) and oxytocin (Brailoiu
et al., 2002), in the hypothalamic paraventricular and
supraoptic nucleus. In addition, apelin colocalized densely
with adrenocorticotrophin in corticotrophs and less
densely with growth hormones in somatotropes in the
anterior pituitary (Reaux-Le Goazigo et al., 2007). The
authors also observed strong apelin receptor protein and
mRNA expression in adrenocorticotrophin-positive and
-negative cells of the pituitary, suggesting autocrine/
paracrine actions of apelin-apelin receptor signaling in
the pituitary.
In peripheral tissues, high levels of apelin have been

reported in the mammary gland, heart, lung, and

adipose tissue (Habata et al., 1999; Kawamata et al.,
2001; Medhurst et al., 2003). Moderate to low levels
were expressed in the kidney, adrenal gland, intestine,
ovary, skeletal muscle, vas deferens, testes, and uterus
(Lee et al., 2000; O’Carroll et al., 2000; Kawamata et al.,
2001; Medhurst et al., 2003). In addition, Habata et al.
(1999) reported in pregnant and lactating rats that the
highest mRNA expression was during parturition,
although compared with controls, transcript levels were
increased during lactation. They also identified the
peptide in bovine milk and colostrum, as well as human
milk. In line with this, Mesmin et al. (2011) discovered
;46 endogenous apelin peptides including apelin-13,
apelin-17, apelin-22, and apelin-36 in milk and colos-
trum. Previously, apelin-13 and apelin-17 peptides have
been found in rat hypothalamus (De Mota et al., 2004).

C. Apelin Distribution in Mouse Tissues

So far, only a single real time quantitative poly-
merase chain reaction study investigated the distribu-
tion of apelin in mouse tissues, where the highest
mRNA expression was reported in the brain, with
moderate levels in the heart, kidney, and lungs while
lower levels were found in the testes, uterus, muscle,
spleen, and ovary (Medhurst et al., 2003).

D. Elabela/Toddler Distribution in Human, Rat, and
Mouse Tissues

Since ELA is a recent discovery, the distribution of
APELA mRNA and the peptide in human and rodent
tissues has not been thoroughly investigated yet.
However, ELA mRNA has been shown to be develop-
mentally regulated, with the inner cell mass of the
blastocyst showing highest expression, and is down-
regulated upon differentiation (Ho et al., 2015). See
section XII.A for further details of the role of ELA in
embryonic development. Initial studies found that,
alongside its expression during embryonic develop-
ment, ELA is also expressed in adult human kidney
and prostate tissues (Chng et al., 2013; Wang et al.,
2015b). APELA transcripts have been reported in
human blood vessels, with the highest levels detectable
in arteries compared with veins and lower levels in
human heart and lung tissue (Yang et al., 2017b).

In the rat, Deng et al. (2015) showed that ELA was
exclusively expressed in the adult kidney compared
with very low levels of apelin and apelin receptor.
Recently, Perjés et al. (2016) demonstrated that al-
though ELA mRNA was detectable in the adult rat
heart (albeit at very low levels compared with apelin),
this expression was mainly localized to noncardiomyo-
cytes, especially endothelial cells and fibroblasts.

VIII. Synthetic Agonists

Given the evidence that apelin treatment can be
beneficial in a number of models of disease (section
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XI), it is unsurprising that there have been many
attempts to produce synthetic apelin agonists with
improved characteristics (Table 3). Such improvements
have largely focused on increasing half-life due to the
potential limitations of apelin therapeutically as
a short-lived peptide. Many of these efforts have pro-
duced modified peptides based on the smallest active
fragments of apelin, employing techniques such as
polyethylene glycol (PEG-)ylation, the addition of un-
natural amino acids, and cyclization. One anticipates
that soon modified peptides based on the structure of
the ELA will be identified and characterized. Finally,
although small molecule synthetic agonists would prove
to be most useful, only a few small molecule agonists
have been reported, and these have generally proven
unsuitable for experimental or therapeutic use.

A. Peptide Modifications and Discovery of
Biased Ligands

PEGylation of certain drugs has previously been
shown to improve their pharmaceutical properties
and has led to 12 drugs in the clinic since 1990
(Turecek et al., 2016). For peptides, these benefits for
the most part consist of an improvement in half-life
through shielding from proteolytic enzymes. Attempts
to PEGylate apelin have met with reasonable success.
Jia et al. (2012) demonstrated that PEGylation of
apelin-12 resulted in a 400-fold loss in binding affinity
but that N-terminal PEGylation of apelin-36 with
a 40-kDa PEG conjugate was tolerated. Moreover,
in vivo assessment of ventricular ejection fraction
following 20-minute infusion of PEGylated apelin-36
maintained potency. These inotropic effects could still
be observed 100 minutes following cessation of infusion,
whereas the response was already lost after 30 minutes
using the endogenous peptide. In another study, Murza
et al. (2012) illustrated that modification of C-terminal
and central amino acids by addition of (PEG)4, (PEG)6,

and (Ala)4 linkers to apelin-13 was able to extend
plasma stability. These studies support PEGylation as
a means to improve the plasma stability of apelin
peptides without compromising functionality if the
modifications are made appropriately.

Acylation, typically using fatty acids, has also pro-
vided significant extension of peptide half-life in vivo.
The general strategy has been to increase the hydrody-
namic radius coupled with increased plasma-protein
binding to reduce metabolism and the rate of excretion
via the kidney (Juhl et al., 2016; O’Harte et al., 2018a,
see Section XI.E).

Low molecular weight molecules such as apelin are
rapidly cleared via the kidneys, but conjugation to
domain antibodies (the smallest stable fragment that
can be created) that bind to serum albumin when
injected into the plasma can potentially increase
serum half-life to that of albumin itself (;3 weeks).
This method has been used to extend the plasma half-
life of glucagon-like peptide-1 (Lin et al., 2015), where
the peptide ligand-antibody conjugate was generated
using fusion techniques but is limited to using the 20
genetically encoded amino acids. An alternative
strategy has been to use a modified peptide MM202
[QRPRLSHKGP-Nle-P-(3,4,5 trifluoro)F], containing
unnatural amino acids. This analog was designed to
have high affinity for the apelin receptor and to be
resistant to peptidase degradation (see below) and
chemically linked to an anti-serum albumin domain
antibody (AlbudAb) using maleimide chemistry. This
was via a (PEG)4 linker at the pyroglutamate on the
N terminus to extend half-life in blood. In competi-
tion binding experiments in human heart, MM202-
AlbudAb bound with high affinity (Ki 5 0.4 nM) to the
apelin receptor, similar to the endogenous ligand
[Pyr1]apelin-13 (Ki 5 1.5 nM), retained potent ago-
nist activity in b-arrestin and cyclic AMP assays and
crucially the antibody retained the desired high

TABLE 3
Some of the key agonists at the apelin receptor, their binding affinities, and whether they demonstrate

bias compared with [Pyr1]apelin-13 (the predominant apelin isoform in the cardiovascular system
(Maguire el al., 2009; Zhen et al., 2013) Endogenous agonists are denoted by “(E).”

Ligand Action Binding Affinity Units Bias References

[Pyr1]Apelin-13 (E) Full Agonist 7.0–8.8 pIC50 — Kawamata et al., 2001
Medhurst et al., 2003

Apelin-13 (E) Full Agonist 8.8–9.5 pIC50 — Fan et al., 2003
Hosoya et al., 2000
Medhurst et al., 2003

Apelin-17 (E) Full Agonist 7.9–9.0 pIC50 b-arrestin El Messari et al., 2004
Medhurst et al., 2003

Apelin-36 (E) Full Agonist 8.2–8.6 pIC50 — Fan et al., 2003
Hosoya et al., 2000
Kawamata et al., 2001
Medhurst et al., 2003

Elabela/Toddler-11 (E) Full Agonist 7.2 pIC50 Yang et al., 2016
Elabela/Toddler-21 (E) Full Agonist 8.7 pIC50 b-arrestin Yang et al., 2016
Elabela/Toddler-32 (E) Full Agonist 8.7 pIC50 b-arrestin Yang et al., 2016
MM07 Full Agonist 9.5 pEC50 G protein Brame et al., 2015
CMF-019 Full Agonist 8.6 pIC50 G protein Read et al., 2016
ML233 Full Agonist — — — Khan et al., 2011
E339-3D6 Full Agonist 6.4 pKi — Iturrioz et al., 2010a
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binding affinity to human serum albumin (KD 5 0.95
nM). Agonist properties were retained in vivo. In
Sprague-Dawley rats, MM202-AlbudAb at a concen-
tration of 5 nmol, significantly reduced left ventricu-
lar systolic and arterial pressure and increased
cardiac contractility and output (Read et al., 2019).
These results demonstrate for the first time that
chemically conjugating an apelin mimetic peptide to
AlbudAb structure retains agonist activity and has
wider applicability to other peptides modified by the
addition of unnatural amino acids.
The addition of unnatural amino acids can help

to improve stability and potency. For apelin-13 the
key modifications have generally been made at the C
terminus, as this is where cleavage by ACE2 occurs to
remove phenylalanine. Wang et al. (2013b) reported
two apelin analogs that were resistant to cleavage of
this phenylalanine residue and identified that one
was effective as an apelin mimetic, being able to
protect against ischemia-reperfusion injury both
in vivo and ex vivo. Similarly, Murza et al. (2015)
focused on replacing the terminal phenylalanine
with unnatural amino acids and identified several
peptides with improved affinity. In particular, the use
of large aromatic groups significantly improved bind-
ing, with F13Tyr(OBn) displaying a 60-fold improve-
ment over the native peptide and, remarkably, the
alpha methylated D-analog, F13(aMe)DTyr(OBn),
displaying picomolar affinity. Interestingly, they
reported that these molecules were more effective
than apelin-13 in preventing cAMP accumulation but
were equipotent in b-arrestin recruitment, suggest-
ing that modifications at the C terminus of the apelin
peptide may be important for imparting biased sig-
naling properties. Recently, a group reported that
through a combination of using unnatural amino
acids and lipidation of apelin-13, they were able to
produce an apelin agonist with a greatly enhanced
in vitro half-life of 29 hours in rat plasma (Juhl et al.,
2016). Such a finding is remarkable, particularly
since they report that the molecule maintains a high
potency at the receptor.
Cyclization of peptides results in conformational re-

striction and can improve stability by preventing pep-
tidase action, especially in small peptides such as
apelin, where there is ordinarily a large amount of free
movement. Initial experiments showed that cyclized
apelin-12 peptides could retain potency in recombinant
human apelin receptor expressing cell lines (Hamada
et al., 2008). Experiments byMacaluso and Glen (2010),
as discussed earlier, demonstrated the importance of
the RPRLmotif and some following attempts focused on
cyclization around the RPRL motif to extend plasma
half-life. From this approach, MM07 was identified by
Brame et al. (2015) and showed greater stability over
[Pyr1]apelin-13, with a half-life of 17 minutes compared
with 2 minutes in rat plasma.

A further limitation of endogenous apelin such as
[Pyr1]apelin-13 is that, in addition to activating G
proteins, signaling involves coupling to b-arrestin
(Evans et al., 2001), resulting in receptor desensiti-
zation (Masri et al., 2006, and has be characterized
in detail by Pope et al. (2016). This reduces the
efficacy of repeated dosing by apelin ligands.
MM07 was found to display G protein bias at the
apelin receptor, with reduced potency at b-arrestin-
mediated desensitization in cell and organ bath
assays. Importantly, in the cell-based functional
assay (DiscoverRx PathHunter; Eurofins DiscoverX
Corporation, Fremont, CA) used to measure b-arrestin
recruitment, the full-length apelin receptor is fused at the
C terminus with a fragment of b-galactosidase en-
zyme and is otherwise unmodified. The complemen-
tary fragment of the enzyme is linked to b-arrestin.
Ligand binding induces b-arrestin recruitment, forc-
ing complementation of the two b-galactosidase en-
zyme fragments. The resulting functional enzyme
hydrolyzes substrate to generate a chemiluminescent
signal directly proportional to ligand activity (Bassoni
et al., 2012).

This G protein bias was maintained in human
volunteers, producing the expected vasodilatation when
tested using both Aellig hand-vein and forearm venous
occlusion plethysmography techniques. As predicted,
repeated administration of MM07 to the human fore-
arm vasculature did not result in a reduction of the
response. Apelin peptide (but not the target receptor) is
significantly reduced in cardiovascular disease such as
heart failure and pulmonary arterial hypertension
(PAH) (Goetze et al., 2006; Alastalo et al., 2011;
Chandra et al., 2011; Yang et al., 2017b), where the
therapeutic hypothesis is that apelin receptor agonists
are needed to replace the missing endogenous peptide.
Desensitization and the development of tolerance are
a limiting factor for many agonists targeting GPCRs.

Importantly, as proof of concept, MM07 signifi-
cantly reduced the elevation of right ventricular sys-
tolic pressure and hypertrophy in the monocrotaline
rat model of PAH. Monocrotaline-induced changes in
cardiac structure and function, including right ven-
tricular end-systolic and end-diastolic volumes, ejec-
tion fraction, and left ventricular end-diastolic volume,
were attenuated by MM07 (Yang et al., 2019). MM07
also significantly reduced monocrotaline-induced mus-
cularization of small pulmonary blood vessels. MM07
stimulated endothelial nitric oxide synthase phosphor-
ylation and expression, promoted proliferation, and
attenuated apoptosis of human pulmonary arterial
endothelial cells in vitro. These findings suggest that
chronic treatment with MM07 is beneficial in this
animal model by addressing disease etiology. These
data support the development of G protein-biased
apelin receptor agonists with improved pharmacoki-
netic profiles for use in human disease.
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Murza et al. (2017) also reported on biased cyclized
apelin-like peptides. Instead of cyclizing around the
RPRL motif, they replaced His7 and Met10 with
allylglycine and cyclized between these residues. They
further replaced the C-terminal phenylalanine residue
with Tyr(OBn) and produced various modifications
upon this scaffold structure. They were able to display
that replacement of the Tyr(OBn) residue with non-
aromatic residues or transfer into the ring structure
markedly reduced the ability to recruit b-arrestins.
Such bias toward G protein signaling was similar to
MM07. However, unlike MM07, which produced clear
decreases in blood pressure in human volunteers,
Murza et al. (2017) reported that their G protein biased
compounds had a reduced ability to induce hypotensive
effects in rats. Such an observation is supported by the
report of modified apelin-17 peptide fragments biased
toward the b-arrestin pathway, which weremore able to
induce decreases in blood pressure in rats (El Messari
et al., 2004). Of the compounds described byMurza et al.
(2017), compound 18 is notable, despite its low micro-
molar affinity. This is due to its lack of the RPRL motif,
a motif previously thought critical to binding. Addi-
tional studies that have looked at cyclization away
from the RPRL motif include a patent by Novartis
(Basel, Switzerland) (Golosov et al., 2013) producing
peptides based on [Pyr1]apelin-13 with a range of
bridging linkers, including esters, disulfides, amides,
and short polyether bridges. Of these, some showed
improved half-lives and a few were reported to possess
similar potency to [Pyr1]apelin-13. McAnally et al.
(2017) also identified biased agonists displaying prefer-
ential signaling via either G protein or b-arrestin by
screening;450 compounds designed rationally but also
with a random side-chain substitution approach. Two of
the most promising compounds that were either G
protein or b-arrestin biased were selected to be charac-
terized further, including extracellular signal regulated
kinases 1/2 activation assays and radioligand binding.
Two apelin-36 analogs, designated N-58 (where Lys28

was substituted by Ala28) and N-140 (a PEGylated
analog of N-58, to increase plasma half-life), were
reported to induce metabolic effects in vivo, but in
contrast to the native peptide, apelin-36, did not lower
blood pressure, suggesting actions that might be
independent of canonical apelin receptor signaling
(Galon-Tilleman et al., 2017). In a subsequent study,
both N-58 and N-140 competed for the binding of
[125I]-apelin in human heart homogenates with the
expected nanomolar affinities. N-58 and N-140 were
100- and 2000-fold, respectively, less potent at
recruiting b-arrestin in cell-based assays compared
with the apelin-36 but inhibited forskolin-induced
cAMP release, a measure of Gai pathway activation,
with nanomolar potencies. These results support the
hypothesis that the modifications may bias the re-
sponse to N-58 and N-140 toward Gai or Gaq pathways

that were previously shown to be important in medi-
ating themetabolic effects of apelin peptides (Nyimanu
et al., 2018).

While many studies have focused on unnatural amino
acid addition, cyclization, and PEGylation as ameans to
improve the pharmacological properties of peptides, one
very interesting study has looked at the use of pepdu-
cins. These are lipidated peptide sequences usually
8–16 amino acids in length and based on the structure
of the intracellular loops of G protein-coupled receptors.
McKeown et al. (2014) produced a complete array of
N-lipidated 12-mer peptide sequences for the apelin
receptor and 7 demonstrated agonism at 1 or 10 mM
and were resynthesized. One compound (designated
compound 1), displayed activity and was found to be
selective for the apelin receptor. This result was not
unexpected given the sequence from which it was based
is a poorly conserved region of the GPCR. Furthermore,
to confirm selectivity they produced the peptide with
D-amino acids as well as without the N-terminal
palmitate lipidation and demonstrated a complete loss
of activity. Such a unique approach is very interesting
and could widely be applicable to drug discovery at
orphan GPCRs.

B. Small Molecules and Discovery of Biased Ligands

One of the first reports of a peptidomimetic small
molecule was E339-3D6 (Iturrioz et al., 2010a, Table 3),
which showed a reasonable affinity for the apelin
receptor (Ki ;400 nM in radioligand binding experi-
ments) and selectivity over other related GPCRs.
However, with a molecular weight of 1400 Da, the
compound would not qualify as a small molecule.
Moreover, it was later shown to be a mixture of
polymethylated species (Margathe et al., 2014). The
constituents of this mixture were separated and some
were found to bind to the apelin receptor with im-
proved affinity compared with the parent mixture,
although these affinities were still relatively low and
the molecules had comparatively high molecular
weights for compounds to be classed as drug-like.

Another attempt to identify small molecule agonists
used a high-throughput screen of ;330,600 molecules
and found ML233 (Khan et al., 2011, Table 3). This
molecule conformed to the traditional definition of
a small molecule with a molecular weight of 359 Da,
under the usual 500 Da cut-off defined by Lipinski’s
rules. Unfortunately, it showed poor solubility in saline
at room temperature, and its structure indicated it
would likely be toxic through being both a Michael
acceptor and possessing a reactive activated quinone
group (Lagorce et al., 2015).

Recently, several studies and patents have reported
the development of more suitable drug-like small
molecules. Narayanan et al., (2016) used a drug library
of approximately 100 compounds screened in a high-
throughput Ca21 mobilization assay and identified four
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compounds based on the same structural scaffold that
they designated compound 1. By experimenting with
three key side chain sites, they explored the changes
that were tolerated by the scaffold and suggested that
this could act as a starting point for the production of
more suitable drug-like small molecules. Although
these molecules were small (molecular weight ;500
Da), they possessed relatively low potencies in the
micromolar range. The important question will be
whether potency can be improved by side-chain exper-
imentation or if it is a limit of the scaffold itself.
Further studies explored the properties of a molecule

designated CMF-019 (Read et al., 2016, Table 3) derived
from the patent (Hachtel et al., 2014). This molecule
had a suitably low molecular weight (455 Da) and high
nanomolar affinity for the apelin receptor. The high
binding affinity translated into a functional effect with
similar levels of cAMP inhibition to [Pyr1]apelin-13
observed in cells expressing the recombinant human
apelin receptor. It was also able to promote cardiac
contractility (Read et al., 2016) and vasodilatation
(Read et al., 2017, 2019) in vivo, as one would expect
for an apelin agonist. Interestingly, the molecule
showed much lower activity in recruiting b-arrestin
and in internalizing the apelin receptor, suggesting that
it was highly biased toward the G protein signaling
pathways. Such bias could be very useful as an apelin
therapy by enabling it to activate the beneficial G
protein pathways without internalizing the receptor
and thereby maintaining the response over time. Im-
portantly, although the bias of the compound was
identified in vitro (Read et al., 2016), it has since been
shown to translate to reduced receptor internalization
in vivo (Read et al., 2017). A potential drawback of this
molecule was a comparatively high logP, which resulted
in limited solubility and prevented high doses from
being administered in the in vivo studies. Nevertheless,
it is arguable that CMF-019 provides the most suitable
scaffold upon which to explore new small molecule
apelin agonists, as it already possesses high affinity to
the apelin receptor and novel syntheses have already
been explored (Trifonov et al., 2018).
Several series of small molecule apelin agonists

that share some structural similarity to CMF-019 were
recently reported by Amgen (Chen et al., 2017), Bristol-
Myers Squibb (Myers et al., 2017), RTI Interna-
tional (Narayanan et al., 2016), and Sanford-Burnham
(Pinkerton and Smith, 2015). They all possess two
hydrophobic substituents extending from a heterocyclic
core, reminiscent of the Sanofi series of compounds from
which CMF-019 is derived (Hachtel et al., 2014; Fig. 7).
The structural similarities between these compounds
suggest that they may bind within the same site in the
apelin receptor and computational docking experiments
support this (Fig. 8). However, it is also possible that the
compounds bind to an allosteric site distinct from the
apelin binding site and modulate activity through an

alternative allosteric mechanism. The identification of
similar patterns of substituent structure activity rela-
tionships may further support the hypothesis of a com-
mon binding site. It will be fascinating to see if other
compound series display G protein bias similar to
CMF-019. To our knowledge, these experiments have
not yet been performed and reported. The discovery that
the apelin receptor is tractable to biased agonism with
CMF-019 suggests this will become an area of expand-
ing interest.

C. Summary

There have been significant advances in the develop-
ment of synthetic agonists at the apelin receptor.
Studies utilizing peptide modification have been able
to improve plasma stability and affinity through a vari-
ety of methods, including PEGylation, acylation, cycli-
zation, and the addition of unnatural amino acids.
Initial studies to identify small molecules have had
significant issues. However, recently more suitable
small molecules have emerged, in particular CMF-
019. These will be useful in future studies as tool
compounds and in the development of potential small
molecule therapeutics.

IX. Synthetic Antagonists

Just as there has been much interest in the de-
velopment of agonists at the apelin receptor, antago-
nists at the receptor have also been sought (Table 4). So
far, although a number have been described, there is
still a need to find more suitable molecules for use in
both in vitro and in vivo studies. Apelin antagonists
might also possess therapeutic potential themselves
and recently there has been interest in their use for the
treatment of cancer due to their anti-angiogenic effects.

One of the first antagonists described was F13A, an
apelin analog in which the C-terminal phenylalanine
was mutated to an alanine residue. Initially, De
Mota et al. (2000) described alterations in the apelin
peptide K17F [a 17-amino acid chain stretching from
lysine (1) to phenylalanine (17) of the apelin sequence]
and identified that the first four amino acids were not
required for activity, thus describing apelin-13. They
further suggested that substitution of the terminal
phenylalanine for alanine completely abolished activ-
ity. Lee et al. (2005) later described the antagonist
activity of F13A in spontaneously hypertensive rats
through the blockade of hypotensive responses in-
duced by apelin. Despite these two studies suggesting
F13A does not possess agonist activity and the latter
describing it as an antagonist, other studies dispute
this. Both Fan et al. (2003) and Medhurst et al. (2003)
describe it in alanine mutagenesis studies as an
agonist as discussed in section V. Fan et al. (2003)
reported that F13A possessed equal potency to apelin-
13 in inducing receptor internalization, meanwhile
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Medhurst et al. (2003) reported a decrease in both
binding affinity to the apelin receptor (2- to 14-fold)
and in potency in a FLIPR assay (8-fold). In a recent
study, Yang et al. (2017a) also reported on the activ-
ity of F13A, demonstrating that it possessed simi-
lar activity to [Pyr1]apelin-13(1–12) in an in vitro
b-arrestin recruitment assay and that it was also able
to contract saphenous vein ex vivo with subnanomolar
potency. These studies suggest, therefore, that F13A
retains agonistic activity and is not in fact an antag-
onist. Perhaps the best explanation is that it acts as
a partial agonist; this would explain its ability to
antagonize hypotensive responses to apelin (Lee
et al., 2005) and its agonist activity when tested on
its own (Medhurst et al., 2003; Yang et al., 2017a).
Another reported peptide antagonist is ALX40-4C

(Zhou et al., 2003b, Table 4). It was originally identified
at the CXCR4 chemokine receptor in the context of
HIV infection [it was through this that Zhou and
colleagues identified its activity at the apelin receptor
that acts as a coreceptor for HIV infection (Section
XI.G)]. They demonstrated direct binding to the re-
ceptor with an IC50 of 2.9 mM and inhibition of in-
ternalization induced by apelin. Despite antagonistic
effects, there is little evidence that it could be used as
a selective apelin antagonist. Indeed, it was identified
initially as a CXCR4 antagonist and, although its
sequence of a string of highly charged amino acids
might make it effectual in blocking the apelin receptor,

it is unlikely to aid selectivity over other GPCRs.
Without selectivity it is unlikely to find use either as
a pharmacological tool compound or in therapy.

A peptide ligand, MM54 (Table 4), designed based on
known functionality of apelin sequences at the apelin
receptor would be expected to show more promising
selectivity (Macaluso et al., 2011). Macaluso and
colleagues started with the RPRL motif to produce
two cyclic “anchors” with a dipeptide linker in be-
tween. This was based on the message-address hy-
pothesis of peptide agonists. In this case, RPRL is
the address, while HKGPMPF is the message. The
inclusion of two addresses and a scrambled message
was hypothesized to produce antagonistic effects.
They hypothesized that the linker could be altered
to act as a “switch,” thus alternating receptor stabi-
lization between agonist and antagonist states.
MM54, bound to the human apelin receptor in left
ventricular (LV) heart homogenates with submicro-
molar affinity (KD 5 320 nM). MM54 antagonized
apelin mediated b-arrestin recruitment (KB 5 118
nM) and receptor internalization (KB 5 1.3 mM) but,
interestingly, activated the G protein pathway as an
agonist (EC50 5 1.4 mM), suggesting pathway bias
(Davenport et al., 2018). This was confirmed in vivo in
humans, where at the highest concentration tested
(100 nmol/min infusion rate), MM54 caused a signifi-
cant absolute increase in forearm blood flow com-
pared with control arm, representing a ;75% change

Fig. 7. The scaffold structures of five reported series of small molecule apelin agonists from Amgen (Chen et al., 2017), Bristol-Myers Squibb (Myers
et al., 2017), RTI International (Narayanan et al., 2016), Sanford-Burnham (Pinkerton and Smith, 2015), and Sanofi (Hachtel et al., 2014). CMF-019 is
derived from the Sanofi series. All of these molecules possess a broadly similar structure, consisting of two hydrophobic groups (circled in pink)
extending from a heterocyclic core group (in blue).

Apelin and Elabela/Toddler Receptor Pharmacology 483



from baseline. In the hand vein, MM54 caused
a significant concentration-dependent dilatation in
veins over the concentration range tested, with the
highest dose causing;60% reversal (Davenport et al.,
2018). Recently Harford-Wright et al. (2017) reported
on the use of MM54 to treat glioblastoma. In this
study, they tested MM54 for selectivity for the apelin
receptor by screening it in radioligand binding assays
against a panel of 55 other GPCRs or ion channels.
A small molecule, ML221 (Table 4), displayed an-

tagonistic action in themicromolar range to both cAMP
and b-arrestin signaling through the apelin receptor
(Maloney et al., 2012). However, it showed a poor
pharmacokinetic profile with very limited solubility
in aqueous media at pH 7.4 and poor stability and
therefore is not recommended for in vivo studies.
However, ML221 effectively antagonizes the action of
apelin and ELA in vitro (Yang et al., 2017b) and is,
therefore, useful for in vitro studies especially as it has
good selectivity for the apelin receptor.
Most recently, the U.S Food and Drug Administration-

approved compound, protamine (Table 4) was identi-
fied as an antagonist at the apelin receptor (Le
Gonidec et al., 2017). This compound is usually used
after cardiac surgery, where it binds to heparin to
reverse anticlotting activity. The study demonstrates
a binding affinity of 390 nM at the apelin receptor and

full antagonistic activities against both G protein and
b-arrestin signaling, as well as against in vivo di-
latation in mice. Screening against several other
homologous GPCRs, such as the AT1 receptor, sug-
gests some degree of selectivity. However, caution is
advised as the structure of protamine is based on
a series of highly positively charged arginine residues
and is reminiscent of ALX40-4C.

There is still a need for a selective antagonist at the
apelin receptor, because currently available molecules
possess limitations. Future studies will lead to selec-
tive, high affinity antagonists for use in pharmacolog-
ical study as well as in therapy.

Fig. 8. The apelin receptor structure from PDBID 5VBL (Ma et al., 2017) with docked poses of five series of apelin agonists. The apelin receptor
residues, W24, W85, Y93, K268, and Y271 are labeled and displayed as gray space filling. The structure of the four C-terminal residues of the apelin analog
from PDBID 5VBL are displayed as gray sticks. The receptor and peptide are overlaid with docked poses of an Amgen (violet balls and sticks), a Bristol-
Myers Squibb (yellow balls and sticks), an RTI International (orange balls and sticks), a Sanford-Burnham (magenta balls and sticks), and a Sanofi
(cyan balls and sticks) small molecule apelin agonist. Only polar hydrogens are shown. Structures were derived from the following patents: Amgen
(Chen et al., 2017), Bristol-Myers Squibb (Myers et al., 2017), RTI International (Narayanan et al., 2016), Sanford-Burnham (Pinkerton and Smith,
2015), and Sanofi (Hachtel et al., 2014). Pinkerton and Smith (2015) confirmed the Sanford-Burnham apelin compounds were selective vs. the
angiotensin II receptor (AT1), the most closely related GPCR, with no significant off target binding.

TABLE 4
Some of the key antagonists at the apelin receptor and their binding

affinities
MM54, an antagonist at the b-arrestin and internalization pathway, consists of

a cyclized peptide based around the RPRL motif. MM54 has been tested for
selectivity (Bowes et al., 2012) against over 50 GPCRs (including the most closely
related angiotensin II receptor AT1) and ion channels. ALX40-4C and protamine both
consist of a series of positively charged amino acids and display low binding affinities
and likely low selectivity for the apelin receptor.

Ligand Action Binding
Affinity Units References

MM54 Antagonist 8.2 pKi Macaluso et al., 2011
ALX40-4C Antagonist 5.5 pIC50 Zhou et al., 2003b
ML221 Antagonist — — Maloney et al., 2012
Protamine Antagonist 6.4 pKi Le Gonidec et al.,

2017

484 Read et al.



X. Radiolabeled Ligands

Several radiolabeled ligands based on the structure of
apelin have been designed against the apelin receptor
and have mostly focused on apelin-13 or its pyrogluta-
mated analog (Table 5). Fan et al. (2003) directly labeled
apelin-13 with 125iodine producing [125I]apelin-13,
which bound to the apelin receptor with a binding
affinity of 0.63 nM. Katugampola et al. (2001), on the
other hand, used [Pyr1]apelin-13 and found that [125I]-
[Pyr1]apelin-13 bound to the receptor with an affinity of
0.35 and 0.33 nM in human left ventricle and right
atria, respectively. Moreover, they demonstrated bind-
ing with a Hill slope close to unity, consistent with the
identification of only one apelin receptor subtype in
humans. Finally, this study looked at the kinetics of
[125I]-[Pyr1]apelin-13 binding and demonstrated
rapid association at 23°C with a half-time of 6 minutes
followed by a slower dissociation with a half-time of
53 minutes. Other radiolabeling studies have used
modified peptides to obtain suitable ligands. Hosoya
et al. (2000) substituted Phe77 to a tyrosine residue to
allow the addition of 125I using a lactoperoxidase. They
then further substituted Met75 for a norleucine residue
to prevent oxidation during the labeling process. The
final ligand, [125I]-[Pyr1]-[Nle75, Tyr77]apelin-13, bound
to the apelin receptor with an affinity of 20 pM and is
commercially available. Similar modifications have
been made for apelin-36 to produce [125I]-[Nle75, Tyr77]
apelin-36, which binds to the apelin receptor with an
affinity of 6.3 pM. For similar reasons to Hosoya and
colleagues, Medhurst et al. (2003) oxidized Met75 when
producing a tritiated [Pyr1]apelin-13 ligand. They found
that the unoxidized ligand was unstable, while the
Met75 residue was prone to spontaneous oxidation
during tritiation, purification and storage. The final
ligand [3H]-[Pyr1]-[Met75(O)]apelin-13 bound with an
affinity of 2.5 nM to the apelin receptor.

XI. Apelin Physiology and Pathophysiology

A. Developmental Roles

ELA appears to be the principal developmental
peptide at the apelin receptor. It was in part due to
discrepancies in apelin receptor and apelin peptide
knock-out zebrafish, as well as the fact that apelin is
not expressed until much later in development than
its receptor, that prompted the discovery of ELA (Pauli

et al., 2014). Nevertheless, apelin has been shown to
have some developmental roles. Kidoya et al. (2015)
found that apelin, through its receptor, was impor-
tant for arterial-venous alignment in the skin. They
demonstrated that knockout mice of both the re-
ceptor and peptide were less able to deal with hot or
cold heat stress, suggesting an important role in
thermoregulation.

B. Cancer

Apelin expression is elevated in a number of cancers,
such as lung non-small cell carcinomas, gastroesopha-
geal, glioblastoma, colon, hepatocellular, prostate, en-
dometrial, and oral squamous cell carcinoma. It induces
endothelial cell migration and proliferation, supporting
a role in tumor neoangiogenesis; for a detailed review on
the subject see Yang et al. (2016). The high expression of
apelin in cancerous tissues raises the possibility of
using it as a biomarker. Clinical trials are underway
to determine if a reduction in serum apelin levels can be
used to assess the efficacy of bevacizumab treatment as
a measure of tumor vasculature normalization follow-
ing similar observations in a mouse model (Zhang et al.,
2016). In glioblastoma patients, high ELA expression
has also been associated with poor survival, implicating
the peptide as a potential biomarker for the disease
(Ganguly et al., 2019). Furthermore, this correlation
may be causative and it has been hypothesized that
ELA has an oncogenic role promoting tumor progres-
sion. This has also been demonstrated in both in vitro
and in vivo with ovarian clear cell carcinoma studies,
where ELA was shown to contribute to cancer growth,
progression, and migration, and knockout of ELA re-
duced the extent to which these processes occurred (Yi
et al., 2017).

Directly targeting the apelin receptor with antago-
nists could prove a useful therapy if used in appropriate
combination with current market drugs. In a recent
study, Harford-Wright et al. (2017) reported on MM54
treatment of glioblastoma. They demonstrated that
glioblastoma stem-like cells expressing higher apelin
levels were better able to initiate tumor development.
Furthermore, knocking down apelin with shRNA could
reduce the number of progressing tumors in an in vivo
implant model. They went on to look at pharmacological
inhibition with MM54 and showed that it impaired the
expansion of glioblastoma stem-like cells that were
resistant to standard therapy in vitro. This translated

TABLE 5
Some of the key radiolabeled ligands at the apelin receptor and their binding affinities

Ligand Action Binding Affinity Units References

[125I][Nle75,Tyr77]apelin-36 (human) Full Agonist 11.2 pKd Kawamata et al., 2001
[125I][Glp65, Nle75, Tyr77]apelin-13 Full Agonist 10.7 pKd Hosoya et al., 2000
[125I][Pyr1]apelin-13 Full Agonist 9.5 pKd Katugampola et al., 2001
[3H][Pyr1][Met(0)11]-apelin-13 Full Agonist 8.6 pKd Medhurst et al., 2003
[125I]apelin-13 Full Agonist 9.2 pKd Fan et al., 2003
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to the in vivo tumor xenograft model with MM54
reducing tumor growth and promoting survival of
transplanted mice. Interestingly, targeting the apelin
receptor in this model proved beneficial by reducing
vascularization and proliferation in the tumor and
reduction in gliomagenesis via GSK3b signaling. How-
ever, another recent study has identified loss-of-func-
tion mutations in the apelin receptor in patients
refractory to immunotherapy (Patel et al., 2017). They
showed a role for the apelin receptor in modifying
T-cell responses through the JAK-STAT pathway,
leading to an augmentation of the interferon-g re-
sponse. This response appeared to be independent of
canonical G protein signaling through the apelin re-
ceptor, and whereas the authors demonstrated that
knocking down the apelin receptor inmousemelanoma
models reduced the efficacy of T-cell-based therapies,
they did not show whether an antagonist would do the
same. This question should be addressed because, if
the JAK-STAT response is ligand independent, this
could avoid the potential complication of apelin re-
ceptor blockade, reducing host immune responses in
cancer.

C. Fibrosis

Apelin is involved in fibrotic mechanisms in a number
of tissues, including kidney, liver, heart, and lung; for
a detailed review, seeHuang et al. (2016b). Intriguingly,
apelin displays conflicting roles in these different
tissues, protecting against renal, myocardial, and pul-
monary fibrosis, while potentially promoting liver
fibrosis.
In the kidney, plasma apelin levels are significantly

lower in patients with autosomal dominant polycystic
kidney disease compared with controls, and apelin
levels correlated with estimated glomerular filtration
rate (Kocer et al., 2016). The mechanism by which
apelin is protective has been suggested to involve
transforming growth factor b (TGFb) signaling with
demonstrations that apelin is able to reduce renal
interstitial fibrosis through suppressing tubular epithe-
lial to mesenchymal transition via a Smad-dependent
mechanism (Wang et al., 2014). Moreover, in a renal
ischemia/reperfusion model in rats, apelin was down-
regulated and infusion of apelin-13 could reduce acute
injury through suppression of TGF- b1 (Chen et al.,
2015).
In addition to its involvement in renal fibrosis, TGFb

is known to have roles in numerous fibrotic mechanisms
(Leask and Abraham, 2004), including in the myocar-
dium (Koitabashi et al., 2011). A downstreammiRNA of
TGF- b, miR-125b, has been shown to be upregulated in
cardiac fibrosis and to inhibit apelin (Nagpal et al.,
2016). This supports a role for apelin downregulation
in fibrosis and provides a mechanism through which
it may occur. It also suggests that apelin replacement
could be beneficial. Indeed, it has been shown that

infusion of various apelin isoforms is beneficial
in several models of myocardial damage; for example,
in mice with ligated coronary arteries to induce
infarction and subsequent cardiac hypertrophy and
fibrosis, apelin-13 was protective (Li et al., 2012).
Furthermore, apelin recruited bone marrow cells
and adenovirally mediated overexpression of apelin
in these cells enhanced cardiac repair (Li et al.,
2013). In isolated perfused rat hearts, infusion of
apelin-12 analogs were beneficial in reducing myo-
cardial infarct size, cell membrane damage, and
cardiac dysfunction. This protection was associ-
ated with activation of various cellular kinases,
leading to activation of numerous downstream tar-
gets, including nitric oxide synthase, mitochondrial
ATP-sensitive potassium channel channels, and
the sarcolemmal Na1/H1 and Na1/Ca21 exchangers
(Pisarenko et al., 2015a). Additionally, these apelin-
12 analogs reduced reactive oxygen species, result-
ing in a reduction in cellular membrane damage
(Pisarenko et al., 2015b). Other reports have sug-
gested that apelin-13 can protect against in vivo
myocardial ischemia-reperfusion by inactivating gly-
cogen synthase kinase 3b, preventing the opening of
the mitochondrial permeability transition pore in-
volved in the reperfusion injury salvage kinase path-
way (Yang et al., 2015b). In ApoE-knockout mice
infused with angiotensin II to induce atherosclerosis
of the coronary arteries, coinfusion of apelin-13 could
activate nitric oxide and thereby attenuate athero-
sclerosis of these vessels, as well as prevent vascular
remodeling in a vein graft model (Chun et al., 2008).

Pulmonary fibrosis occurs in many lung pathologies
and there is evidence that apelin can help to prevent
this. In a rat model of bronchopulmonary dysplasia (a
chronic disease that normally occurs in premature
infants treated with oxygen and positive pulmonary
pressure), treatment with apelin-13 reduced pulmonary
fibrin deposition and inflammation (Visser et al., 2010).
Meanwhile, in a rat model of acute respiratory distress
syndrome induced by oleic acid, apelin-13 treatment
could reduce inflammation and lung injury. F13A also
reduced oleic acid induced histopathological changes
(Fan et al., 2015a).

Unlike in kidney, myocardial, and lung fibrosis where
apelin is beneficial, in hepatic fibrosis the role of apelin
is less clear. In cirrhotic rat liver, both the apelin
receptor and peptide are increased, meanwhile in
patients with cirrhosis, circulating apelin levels are
increased (Principe et al., 2008). However, treatment of
cirrhotic rats with F13A led to an alleviation of liver
fibrosis (Principe et al., 2008; Reichenbach et al., 2012).
This might suggest that the lower activity of F13A is
sufficient to partially antagonize the elevated endoge-
nous apelin, supporting a role as a partial agonist.
Alternatively, it is possible that the elevation of apelin
is a protective mechanism, and hence, F13A is
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protective as an agonist. Further studies are required to
clarify the role of apelin in liver fibrosis.
Overall, apelin is beneficial in a number of different

disease models of tissue fibrosis in kidney, heart, and lung
tissues; however, itmayaccentuate liver fibrosis.Sucharole
in myocardial and pulmonary fibrosis could be particularly
useful in treating heart failure and PAH where substan-
tial fibrosis is known to occur in both organs (Murtha
et al., 2017; Thenappan et al., 2018) and where apelin has
already been identified as a potential therapeutic strategy.

D. Pulmonary Arterial Hypertension and
Heart Failure

1. Preclinical Studies and Plasma Levels in Patients
with Pulmonary Arterial Hypertension. The vasodila-
tory and inotropic effects of apelin signaling have made
it of particular interest as a potential therapeutic for
diseases such as PAH and heart failure (HF) (Yang
et al., 2015a; Kuba at al., 2019). Interestingly, there
is significant evidence that the apelin peptide is down-
regulated in both diseases. This has been found in
plasma from patients in Group 1 PAH (including
idiopathic PAH, PAH associated with drugs or toxins,
and autoimmune disease, Goetze et al., 2006; Alastalo
et al., 2011; Chandra et al., 2011; Yang et al., 2017b).
The main source of apelin and ELA in the human
vasculature is from the endothelium. Apelin is local-
ized to the small secretory vesicles of the constitutive
rather than the regulated pathway (Yang et al., 2017b).
Following continuous release from the constitutive
pathway, the peptides are thought to act in an autocrine
or paracrine manner, predominantly on apelin recep-
tors present on endothelial cells to release vasodilators.
Plasma levels of ELA (0.34 nmol/l) and apelin (0.26
nmol/l) measured in the same healthy volunteers (Yang
et al., 2017b) are comparatively low and may represent
overspill, in agreement with locally released rather
than circulating mediators. Apelin isoforms have com-
parable potencies at the apelin receptors expressed on
cardiomyocytes and vascular endothelial and smooth
muscle cells from human cardiovascular tissue isolated
in organ baths (Table 6). Plasma levels are comparable

toEC50 valuesmeasured in isolated human tissue assays
and are likely to be sufficient to have functional effects.

In agreement with lower plasma levels, pulmonary
artery endothelial cells (Kim et al., 2013) and pulmo-
nary microvascular endothelial cells (Alastalo et al.,
2011) have lower levels of apelin when cultured from
PAH patients compared with cells from control donors.
Mice where the gene encoding apelin has been deleted,
develop more severe pulmonary hypertension under
hypoxia (Chandra et al., 2011). They also display higher
right ventricular systolic pressure, increased muscula-
rization of the alveolar wall arteries, and greater loss of
pulmonary microvasculature in response to hypoxia
compared with wild-type controls (Chandra et al.,
2011). In all animal models of PAH studies to date,
apelin is reduced in the right ventricle in themonocrota-
line rat (Falcão-Pires et al., 2009) and Sugen 5416 with
hypoxia-induced (Drake et al., 2011; Frump et al., 2015)
rat models of PAH. Apelin levels are correlated with
contractile and diastolic function of the right ventricle
in the latter model (Neto-Neves et al., 2017). Despite
downregulation of apelin, the receptor is still present in
PAH tissue (Andersen et al., 2009; Kim et al., 2013).
Daily injection of apelin (Falcão-Pires et al., 2009;
Alastalo et al., 2011), agents that stimulate apelin
expression (Spiekerkoetter et al., 2013; Bertero et al.,
2014; Nickel et al., 2015), or downstream mediators of
the apelin pathway (Kim et al., 2013) attenuate the
development of PAH in these models. As previously
discussed (section V.B), ELA is also downregulated in
humans as well as MCT and Sugen/hypoxia models.
Like apelin, daily injection of ELA is able to replace the
missing endogenous apelin ligands and attenuate PAH
in anMCTmodel (Yang et al., 2017b). Therefore a range
of studies provide evidence that exogenously adminis-
tered apelin and ELA exert a protective effect and
support the receptor as a new therapeutic target for
peptide and small molecule agonists.

In HF it has been shown in several studies that apelin
levels are decreased in human patient plasma (Földes
et al., 2003; Chong et al., 2006; Francia et al., 2007), in
tissues from a number of ratmodels (Iwanaga et al., 2006;

TABLE 6
Apelin isoforms have comparable potencies at the apelin receptor expressed on cardiomyocytes, vascular

endothelial and smooth muscle cells from human isolated cardiovascular tissue
EC50 values are geometric means. Values are mean 6 S.E.M.

Action [Pyr1]Apelin-13 Apelin-13 Apelin-36

EC50 pD2 EMAX EC50 pD2 EMAX EC50 pD2 EMAX

Inotropya 0.1 9.9 6 0.2 49% 0.08 10.1 6 0.3 64% 0.04 10.4 6 0.2 39%
Vasodilatationb 1.6 8.8 6 0.1 39% 0.6 9.2 6 0.2 51% 0.8 9.1 6 0.2 43%
Vasoconstrictionc 1.6 8.8 6 0.5 30% 0.8 9.1 6 0.2 19% 0.6 9.2 6 0.5 17%

EC50, the concentration (nmol/l) of apelin peptide producing 50% of the maximum response to that peptide; EMAX,
maximum response, expressed as a % of a reference stimulus; pD2, negative log10 EC50.

aHuman, electrically paced atrial strip. Maximum response is % inotropic response to calcium (8.95 mmol/l).
bEndothelium-dependent vasodilatation in human mammary artery pre-constricted with ET-1. Maximum response

(EMAX) is % reversal of ET-1 response.
cContraction of endothelium-denuded saphenous vein. Maximum response (EMAX) is %KCL (100 mmol/l). Tissues were

maintained in organ baths at 37°C in oxygenated physiologic saline (Maguire et al., 2009).
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Koguchi et al., 2012), in mouse doxorubicin-induced
cardiotoxicity, and in a dog model (Wang et al.,
2013a). Another study in human suggested that apelin
plasma levels are only decreased in late-stage HF and
are in fact increased in early stage disease (Chen et al.,
2003). Such an effect would be unsurprising, given
what is known about HF progression, with an often
compensatory early stage followed by maladaptation
later. However, these results were not corroborated in
a study on Dahl salt-sensitive rats in which there was
no change in apelin levels in the early stage of the
disease but the levels did decrease as expected in later
disease (Iwanaga et al., 2006). Overall, these studies
support plasma apelin levels as a useful biomarker of
disease progression. Importantly, apelin levels can
also be modulated in disease and it has been shown
that patients fitted with LV assist devices display
higher apelin levels in addition to improved disease
parameters (Chen et al., 2003; Francia et al., 2007).
Although apelin is highly downregulated, expres-

sion of the apelin receptor appears to be less strongly
suppressed in these diseases and crucially remains
responsive to apelin. In rats induced to develop PAH
by hypobaric hypoxia, apelin receptor levels were
unchanged (Andersen et al., 2009), whereas in an
MCT model, the apelin receptor was downregulated
in concert with apelin (Falcão-Pires et al., 2009). In rat
models of HF, apelin receptor expression has mostly
been found to decrease. This was the case in LV
myocytes from hypertensive animals, where infusion
of [Pyr1]apelin-13 restored some receptor expression
(Pang et al., 2014), as well as in the myocardium of
an isoproterenol-induced injury model (Jia et al.,
2006). Studies using Dahl salt-sensitive hypertensive
rats have demonstrated a decrease in apelin receptor
expression in the same pattern as observed for the
apelin peptide (Iwanaga et al., 2006; Koguchi et al.,
2012), whereas one also found no change in the early
stage of the disease (Iwanaga et al., 2006), perhaps
suggesting that earlier intervention could be more
beneficial. Mice induced to exhibit cardiotoxicity with
doxorubicin also displayed reductions in apelin re-
ceptor expression (Hamada et al., 2015). A study using
microembolization-induced HF in dogs showed that
the apelin receptor was not decreased compared with
controls, although apelin was (Wang et al., 2013a).
2. Clinical Studies in Pulmonary Arterial

Hypertension. In a double-blind randomized crossover
study, systemic [Pyr1]apelin-13 infusion resulted in
a reduction in pulmonary vascular resistance and in-
creased cardiac output in PAH patients. Significantly,
the effect of the peptide was enhanced in a subgroup
of patients who were also receiving a phosphodiester-
ase type 5 inhibitor (Brash et al., 2018). Although this
was an acute study, it provides proof of principle that
apelin receptor agonismwas beneficial in these patients
particularly in improving cardiac output. Secondly, as

predicted from in vitro studies, where apelin induces
release of vasodilators through apelin receptors pres-
ent on the endothelium, phosphodiesterase type 5
inhibitors reduced metabolism of nitric oxide. This is
important as the current therapy usually includes
a phosphodiesterase type 5 inhibitor in combination
with an endothelin receptor antagonist. It has pre-
viously been demonstrated in vitro in human isolated
vessels that [Pyr1]apelin-13 acts as a physiologic an-
tagonist to endothelin-1 (Maguire et al., 2009). This
provides tantalizing circumstantial evidence that ape-
lin agonism would be of benefit when used in combi-
nation with existing therapies.

Additionally, it has been shown in patients fitted with
LV assist devices that the apelin receptor is the most
upregulated gene, in concert with improved disease
parameters (Chen et al., 2003). Together these studies
demonstrate that while the apelin receptor may un-
dergo some downregulation in disease, this is suscepti-
ble to modulation and its expression is seen to increase
alongside positive changes in cardiac parameters.

Given the downregulation of apelin but mainte-
nance of signaling through the receptor, replacement
of the downregulated endogenous agonist could be
useful therapeutically. One concern with this strategy
is that in the diseased state, one would anticipate the
endothelium becoming damaged and therefore less
responsive to apelin, limiting therapeutic efficacy.
However, previous work has shown that infusion of
apelin is beneficial in a number of diseasemodels. [Pyr1]
apelin-13 given intraperitoneally was able to alleviate
right ventricle hypertrophy and diastolic dysfunction in
the MCT rat model of PAH (Falcão-Pires et al., 2009). It
has also been shown that ELA is able to replace the
missing endogenous apelin peptide and prevent PAH
in an MCT model (Yang et al., 2017b). In several rat
models of HF, including isoproterenol-induced (Jia
et al., 2006); Dahl salt-sensitive hypertensive (Koguchi
et al., 2012); two-kidney, one clip hypertensive
(Pang et al., 2014); and left anterior descending coro-
nary artery ligation (Berry et al., 2004; Atluri et al.,
2007), apelin induced beneficial changes in the disease
state. In mice subjected to transverse aortic constriction
to induce a pressure-overloadmodel of HF, [Pyr1]apelin-
13 administered intraperitoneally in liposomal nano-
carriers displayed a longer duration of action and
a reduction in LV size and fibrosis compared with mice
administered [Pyr1]apelin-13 (Serpooshan et al., 2015).
Such a result is promising in suggesting that simply
by extending the duration of action, rather than the
dose of [Pyr1]apelin-13 administered, it would be possi-
ble to extend the benefits observed in disease. The
improvements in rodent models were recapitulated in
the microembolism-induced dog model given apelin-13
discussed earlier, with an improvement in ejection
fraction and LV systolic parameters observed acutely
(Wang et al., 2013a). As well as demonstrating that
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apelin can be beneficial when infused, studies have
also shown that deletion of the apelin receptor and
ligand exacerbate disease. In a doxorubicin-induced
mouse model of cardiotoxicity, deletion of the apelin
receptor led to a more severe reduction in cardiac
contractility and accelerated myocardial damage com-
paredwith control animals (Hamada et al., 2015). At the
same time, apelin knockout mice developed impaired
cardiac contractility when aged, or chronic HF when
subjected to pressure overload (Kuba et al., 2007). An
interesting study in patients has also hinted at benefi-
cial effects of apelin in humans (Boal et al., 2015). This
study discussed the idea that patients with higher body
mass indices and decompensated HF displayed lower
in-hospital mortality, while apelin is also increased in
these patients with obesity patients. Using an obese
mouse model subjected to ischemia-reperfusion to test
this hypothesis, they suggest a mechanism whereby
apelin prevents the nuclear translocation of a transcrip-
tion factor critical to mitochondrial regulation, FOXO3,
thus promoting cell survival pathways and consequent
cardioprotection. In conclusion, there is strong evidence
that the apelin-apelin receptor signaling axis is per-
turbed in both PAH and HF and that modulation of this
system by reintroduction of the downregulated apelin
ligand or of ELA could be beneficial.

E. Diabetes and Metabolic Disease

Type two diabetes mellitus (T2DM) is a common,
long-term metabolic disorder characterized by hyper-
glycemia (high blood glucose) resulting from insulin
resistance and relative insulin insufficiency. Insulin
resistance describes the stage at which a greater than
normal amount of insulin is required to obtain
a normal physiologic response to glucose homeostasis.
Insulin resistance is not only the main underlying
disorder in the pathophysiology of T2DM, but also
a well-recognized risk factor for cardiovascular dis-
ease (Balkau and Eschwège, 1999; Patel et al., 2016)
and has been the focus of therapeutic intervention
to date.
Apelin has been highlighted as a naturally occurring

peptidewhich inhibits insulin secretion, decreases glucose
levels, increases insulin sensitivity and has a role in the
pathogenesis of diabetes related complications.
In vitro studies in both human and murine pancre-

atic islets have shown that apelin is predominantly
expressed in b- and a-cells, while the apelin receptor is
found on INS-1 clonal b-cells (Ringström et al., 2010).
Selective deletion of the apelin receptor in pancreatic
islet b-cells of mice resulted in a reduction of islet size,
density, and cell mass. These cells showed a decreased
insulin secretion in vitro, and the mice displayed de-
creased glucose tolerance (Li et al., 2006; Han et al.,
2015). Insulin exerted direct control on apelin gene
expression in adipocytes of humans and rodents and
there was a large increase in apelin expression in fat

cells of all hyperinsulinemia-associated obesities (Boucher
et al., 2005). Both in vitro and in vivo studies have
demonstrated that apelin inhibits either glucose- or
GLP-1-stimulated insulin secretion (Sorhede Winzell
et al., 2005; Guo et al., 2009) and decreases glucose
levels in mice after intravenous apelin injection (Dray
et al., 2008). Furthermore, apelin reduced insulin re-
sistance during a hyperinsulinemic-euglycemic clamp
in mice by stimulating glucose uptake in soleus
muscle (Dray et al., 2008). The role of apelin in insulin
resistance has also been studied in mice with gener-
alized apelin deficiency; these mice were insulin
resistant and the resistance was reversed after exog-
enous apelin administration (Yue et al., 2010). Fur-
ther studies in mice have shown that chronic apelin
treatment decreases insulin resistance by increas-
ing fatty acid oxidation and mitochondrial biogenesis
(Attané et al., 2012).

Finally, in a study to assess whether apelin could be
beneficial when administered in a diabetic rat model, it
was found that [Pyr1]apelin-13 could induce a reduction
in plasma insulin and glucose levels with a concurrent
reduction in blood pressure (Akcılar et al., 2015a). Long-
term treatment with acylated analogs of apelin-13
amide [particularly pGlu(Lys8GluPAL)apelin-13] ame-
liorated diet induced obesity-diabetes in mice and
improved lipid profile (O’Harte et al., 2018a). Apelin-
13 analogs with improved in vitro plasma stability,
potently lowered glucose and insulin levels in vitro
(isolated mouse pancreatic islet cells) and in vivo
(O’Harte et al., 2018b). These studies, therefore, in-
dicate an important role for the apelin system in the
regulation of glucose in diabetes and suggest it could be
used potentially as a therapeutic intervention.

There are limited published data studying the re-
lationship between apelin, plasma glucose levels, and
insulin sensitivity in humans. Observational human
studies have confirmed the presence of increased apelin
concentrations in type 2 diabetes mellitus and obesity
(Castan-Laurell et al., 2011), and they have raised the
possibility of its use as a biomarker (Ma et al., 2014).
Studies in patients receiving either metformin alone or
in combination with vildagliptin demonstrated that
apelin levels were enhanced when compared with
controls for those receiving the monotherapy and even
more greatly increased when on combinatorial therapy
(Fan et al., 2015b). These increases in apelin were seen
alongside an improvement in fasting glucose and gly-
cosylated hemoglobin levels, supporting the use of
apelin as a marker of improved diabetic control in
patients.

Only one published study has measured the meta-
bolic effects of intravenously infused apelin in humans.
Gourdy et al. (2018) demonstrated that apelin in-
fused over a 2-hour period during hyperinsulinemic-
euglycemic clamping improves insulin sensitivity in
overweight men. Meanwhile, unpublished data from
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our group demonstrated a decrease in blood glucose in
nondiabetic volunteers following a 6-minute apelin
intravenous infusion (100 nmol/min).
Diabetes is associated with the development of

microvascular complications (diabetic nephropathy,
neuropathy, and retinopathy) and macrovascular com-
plications (coronary artery disease, peripheral arterial
disease, and stroke). The role of apelin and its connec-
tion with the etiopathogenesis of diabetes-related com-
plications is being increasingly investigated.
Patients with diabetes can develop proliferative di-

abetic retinopathy, characterized by fibrovascular pro-
liferation, subsequent bleeding, and retinal detachment
(Wu et al., 2017a). Although the exact etiopathogenesis
remains unclear (Crawford et al., 2009), apelin may
contribute by promoting proliferation and migration of
retinal pigment epithelial cells, collagen I expression,
and retinal neovascularization (Wu et al., 2017a).
Apelin is also coexpressed with VEGF in epiretinal
membranes andwas found to be elevated in eye vitreous
(Wu et al., 2017a).
The apelin receptor is localized to the glomeruli and

blood vessels in the kidneys; however, the role of the
apelin system in diabetic nephropathy remains contro-
versial. Experiments in rodents showed that apelin has
protective effects on the diabetic kidney through anti-
oxidant and anti-inflammatory mechanisms. It has
been shown that short-term subcutaneous apelin ad-
ministration is sufficient to reduce kidney and glomer-
ular hypertrophy, as well as renal inflammation, while
in prolonged 6-month treatment, it also improves
albuminuria. These protective effects are believed to
be by antioxidant mechanisms such as upregulation of
antioxidant catalase (Day et al., 2013). Apelin also
regulates kidney inflammation by modulating inflam-
matory response and by inhibiting histone hyperacety-
lation (Hu et al., 2016). In contrast, some research has
indicated that apelin may aggravate the progression of
diabetic nephropathy by inducing podocyte dysfunction
and abnormal glomerular angiogenesis (Guo et al.,
2015; Hu et al., 2016).
Apelin may have a therapeutic role in diabetic

cardiomyopathy and is known to be the most potent
endogenous inotropic agent (Maguire et al., 2009). It
may alleviate microvascular insufficiency through va-
sodilatation (Maguire et al., 2009) and promoting neo-
vascularization (Hu et al., 2016). Apelin increases
vascular density by upregulating the mitochondrial
enzyme sirtuin 3, as well as angiopoietins/Tie-2 and
VEGF/VEGF receptor 2 expression (Hu et al., 2016). In
the heart, apelin also reduces glucose intolerance in
obese hyperinsulinemic rodents and increases glucose
uptake (Dray et al., 2008).
Overall, these studies suggest that patients with

T2DM may benefit from apelin administration by
improving insulin sensitivity, increasing cardiac output
(through direct heart stimulation) and enhancing blood

flow (through blood vessel dilatation). Nevertheless, the
role of the apelin system in relation to diabetes and its
complications is still unclear and further investigation
is required.

F. Gastrointestinal Function

Given that apelin was first identified in bovine
stomach extracts and is implicated inmetabolic disease,
it is not surprising that studies have looked for a direct
role of apelin in the gut. Apelin mRNA is present in the
gastrointestinal tract of the adult rat, with highest
levels observed in the stomach fundus, followed by
ileum, duodenum, jejunum, and colon (Wang et al.,
2004). Interestingly, the same study suggests apelin
mRNA levels are significantly higher in fetal and post-
natal rat stomachs than in adult stomachs. However,
immunohistochemistry suggests the peptide is not
present until 20 days postpartum, around the time of
weaning. A further study confirmed this and also
demonstrated localization of the apelin receptor to the
stomach epithelium of developing rats (Wang et al.,
2009). The current consensus suggests an inhibitory
mechanism that prevents translation of apelin mRNA
in rat neonates until they transition from milk to solid
food. The authors hypothesize that apelin is delivered in
maternal milk and inhibits its own translation, al-
though this is yet to be confirmed. Apelin mRNA is
highly expressed in pregnant rat mammary glands and
bovine colostrum and is still detectable in commercial
bovine milk (Habata et al., 1999; Hosoya et al., 2000;
Mesmin et al., 2011), possibly supporting a dietary role
in neonatal mammals.

The apelin peptide is localized in vesicle-like struc-
tures adjacent to the lumen of gastric glands in the
stomach, suggesting luminal secretion (Wang et al.,
2004). Apelin is present in the mouse gut lumen and
secretion of the [Pyr1]apelin-13 isoform is stimulated by
glucose ex vivo and in vivo. Once luminal, [Pyr1]apelin-
13 acts to significantly reduce levels of sodium glucose
transporter 1 and increase glucose transporter 2 in the
brush border of enterocytes. Overall, this results in an
increase in intestinal transepithelial glucose transport
from the lumen to the bloodstream. Furthermore, [Pyr1]
apelin-13 administered by oral gavage increases hep-
atoportal plasma glucose in mice, while glycemia in-
duced by an oral glucose load is effectively blocked by
oral administration of the apelin receptor antagonist
MM54 (Dray et al., 2013). The authors propose a gut
glucose-apelin cycle, where glucose induces luminal
secretion of apelin from intestinal cells before apelin,
in turn, facilitates further absorption of glucose. How-
ever, such a hypothesis seems to contradict the pre-
viously observed hypoglycemic action of intravenously
administered apelin-13 (Dray et al., 2008) (see section
XI.E). Why apelin increases blood glucose via absorp-
tion from the intestinal lumen yet lowers it systemically
remains unclear.
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In addition to lumenal regulation of glucose absorp-
tion, several in vitro studies using a mouse enteroendo-
crine cell line (STC-1) have demonstrated that apelin-12
and apelin-13 stimulate release of cholecystokinin
(CCK). Interestingly, apelin-12 is more potent than
apelin-13, while apelin-36 does not stimulate secretion
of CCK in STC-1 cells (Wang et al., 2004; Flemström
et al., 2011; Wattez et al., 2013). Moreover, in the rat
in vivo, intravenous administration of apelin-13 induces
luminal secretion of CCK (Wattez et al., 2013) and intra-
arterial infusion of apelin-13 induces secretion of bi-
carbonate in the duodenum that is blocked by the CCK
selective antagonist devazepide (Flemström et al.,
2011). Furthermore, CCK is secreted from isolated rat
intestinal mucosal cells following apelin-12 (Flemström
et al., 2011) or apelin-13 (Wattez et al., 2013) treatment.
While CCK secretion was shown to be induced by
systemic administration of apelin in vivo, these authors
hypothesize that apelin in the gut lumen, either from
the glucose-apelin cycle or dietary intake, may contrib-
ute to CCK release. Apelin-13 also induces secretion of
glucagon-like peptide 1 (GLP-1) in STC-1 cells and
in vivo in anesthetized rats when administered in-
travenously (Wattez et al., 2013). On the other hand,
[Pyr1]apelin-13 inhibits insulin secretion in rat insuli-
noma cells (INS-1) (Guo et al., 2009), while intravenous
administration of apelin-36 inhibits insulin secretion in
mice (Sörhede Winzell et al., 2005) (see section XI.E).
How and why apelin induces secretion of the incretin
GLP-1 yet reduces insulin secretion is currently
unresolved.
Apelin was also recently shown to undergo trans-

cytosis from the lumen to intraduodenal structures,
such as neuronal plexuses. Here, the apelin receptor is
present in excitatory choline acetyl transferase (ChAT)
expressing motor neurons and inhibitory neuronal
nitric oxide synthase expressing neurons of the enteric
nervous system (Fournel et al., 2017). In this setting,
a “physiologic switch” was proposed where apelin-13 at
100 nM stimulates only ChAT neuron firing, resulting
in increased duodenal contractility and increased glu-
cose absorption. However, 1 mM apelin-13 stimulates
both ChAT and neuronal nitric oxide synthase neurons,
inducing increased duodenal nitric oxide and no overall
change in duodenal contractility or glucose absorption
from baseline. This is reminiscent of the glucose-apelin
cycle study where 1 mM [Pyr1]apelin-13 induced weaker
downregulation of sodium glucose transporter 1 than
a 100 nM concentration (Dray et al., 2013), potentially
indicating a similar physiologic switch. Importantly,
chronic oral administration of 1 mM apelin-13 reverses
duodenal hypercontractility, lowers glucose absorption,
and improves insulin sensitivity in obese/diabetic mice
(Fournel et al., 2017), indicating a potential for apelin as
an oral therapeutic in metabolic disease.
Apelin is also implicated in colitis and repair of colonic

epithelium. In sodium dextran sulfate (DSS)-induced rat

and mouse models of colitis, colonic apelin mRNA in-
creased during inflammation as well as the tissue repair
stage following the DSS treatment. Immunostaining
revealed a similar pattern for levels of the peptide where
apelin immunoreactivity increased in the surface epithe-
lium, in epithelial cells of tubular glands, and in the stem
cell regions at the bases of the glands in animals treated
with DSS. The same study showed epithelial apelin
immunoreactivity is also higher in colonic tissue from
human patients with ulcerative colitis or Crohn’s disease
than in control histologic samples. Finally, subcutaneous
[Pyr1]apelin-13 administration three times a day in mice
pretreated with DSS stimulates colonic epithelial cell
proliferation. The study concludes that increased apelin in
early and repair phases of colitismay facilitate recovery of
colonic tissue and that exogenous administration of the
peptide may be beneficial in human bowel disease (Han
et al., 2007).

Evidence suggests that apelin signaling may play an
important role in gastrointestinal physiology and path-
ophysiology, although the precise functions remain
incompletely understood. On top of this, the role of the
second endogenous apelin receptor ligand, ELA, is
wholly unexplored, either exogenously or endogenously
in the gastrointestinal tract, and it will be of great
interest to see what complexities this peptide contrib-
utes to the field.

G. Human Immunodeficiency Virus/Simian
Immunodeficiency Virus Coreceptor

Human immunodeficiency viruses (HIV) and Simian
immunodeficiency viruses (SIV) generally use the CD4
receptor and a coreceptor, usually one of the chemokine
receptors CCR5 or CXCR4, to infect host cells. However,
the apelin receptor (which displays some structural
similarities to CXCR) can also perform this function for
a number of HIV-1 and SIV strains (Choe et al., 1998;
Edinger et al., 1998; Zhang et al., 1998; Puffer et al.,
2000) and this can be blocked by apelin (Cayabyab et al.,
2000; Puffer et al., 2000; Zou et al., 2000). Key inter-
actions occurred through the first 20 N-terminal amino
acids of the apelin receptor and the gp120 HIV-1 viral
protein. Apelin blocked this by interactingwith the second
10 residues of the N terminus (Zhou et al., 2003a). Since
these early experiments, there have been few follow-up
studies and the relevance and implications of apelin
receptor involvement in HIV-1/SIV infection have not
been addressed. Intriguingly, interplay between the
apelin receptor and CXCR4 has a role in vascular
maturation in murine retinas, whereby apelin signaling
upregulates transcription of microRNA 139-5p, in turn
downregulating CXCR4 to promote healthy retinal vas-
cularization (Papangeli et al., 2016).

H. Fluid Homeostasis

Apelin has been shown to have roles in the uptake and
retention of fluid as reviewed by Flahault et al. (2017).
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These responses were modest and appear mostly to be
through interactions with regions of the central nervous
system associated with arginine-vasopressin. Apelin
receptor knockout mice drank less than wild-type
mice, also although the volume and osmolality of
urine excreted did not differ. Furthermore, although
wild-type mice showed reduced urine volume and
increased osmolality following 24-hour water depri-
vation, apelin receptor knockout mice did not (Roberts
et al., 2009). In rats injected intracerebroventricu-
larly with [Pyr1]apelin-13, a dose-dependent increase
in drinking behavior and water uptake was observed
(Taheri et al., 2002). It was also shown more recently
that apelin-17 can directly affect the collecting ducts
in the kidney to counteract the antidiuretic effects of
vasopressin, thus enhancing the diuretic effects of
apelin and the complexity of apelin-vasopressin inter-
actions (Hus-Citharel et al., 2008, 2014).

I. Age-Associated Sarcopenia

The apelin receptor was recently implicated in age-
associated sarcopenia, which is a degenerative dis-
ease involving loss of skeletal muscle mass and
strength, ultimately resulting in disability and, fre-
quently, hospitalization of the elderly. A single study
(Vinel et al., 2018) has investigated this and, in-
terestingly, found that apelin levels are negatively
correlated with age in rodents and humans. Further-
more, restoration of apelin signaling had a positive
effect on muscle function in ageing mice deficient in
either apelin or its receptor. There is evidence to
suggest that apelin peptide is endogenously secreted
from skeletal muscle upon contraction to induce
anti-inflammatory pathways, mitochondriogenesis,
and autophagy to improve muscle function. This
may provide an explanation for the beneficial effects
of exercise on decreasing age-associated sarcopenia in
elderly individuals. Overall, apelin has potential for
use as a biomarker and therapeutic strategy in this
disease.

XII. Elabela/Toddler Physiology
and Pathophysiology

A. Developmental Roles

ELA was first discovered as a critical developmental
peptide in zebrafish cardiogenesis (Chng et al., 2013;
Pauli et al., 2014), an important role that is supported
by the high degree of conservation at the functional
C-terminal end of the peptide. This effect is mediated
through the apelin receptor and may occur through an
enhancement of nodal/TGFb signaling. In fact, nodal
elevation in aplnra/b double knockout zebrafish em-
bryos is sufficient to rescue them from the resulting
cardiac differentiation defects (Deshwar et al., 2016).
Following its identification, it was not initially clear
whether ELA was involved in other developmental

mechanisms and, consequently, a number of studies
set out to investigate this.

In experiments also studying zebrafish embryos,
Helker et al., (2015) demonstrated that ELA was
important for angioblast migration during the forma-
tion of large axial vessels, the dorsal aorta, and cardinal
vein. Crucially, this was through the apelin receptor
with knockout embryos unable to form the vessels
correctly. Additionally, wild-type angioblasts injected
into a knockout background embryo were able to restore
function, showing that these cells were responding to
secreted ELA.

In mammalian development, ELA has been studied
in human embryonic stem cells (ECSs; Ho et al., 2015)
and mouse ESCs (Li et al., 2015), where it functions to
maintain self-renewal. Both of these studies reported
that neither human nor mouse ESCs express the apelin
receptor. However, in both cases, they do demonstrate
ELA expression. Ho et al., (2015) reported that a loss of
ELA by shRNAknockdown leads to a loss of morphology
and an inability to form teratomas, a characteristic trait
of stem cells. This could be rescued by exogenously
applied ELA, perhaps suggesting an alternative re-
ceptor in this cell type. Li et al. (2015), meanwhile,
found that ELA was a downstream target of p53 whose
knock down could prevent DNA damage-induced apo-
ptosis in mouse ESCs. They performed a BLAST search
to identify potential additional targets of ELA with
similar sequences to the apelin receptor but claim not to
have identified any. They instead suggested that ELA
RNA is involved in a feedback loop with p53 in mouse
ESCs to regulate DNA damage-induced apoptosis and
demonstrated that the coding region of ELA is dispens-
able to function in support of this. Recently, it was
shown that the ELA-apelin receptor axis plays an
important role in coronary artery development in the
mouse heart (Sharma et al., 2017), supporting zebrafish
studies and the vasculature defects observed in knock-
out organisms. In this study, Sharma et al. (2017)
genetically labeled apelin receptor expressing cells
and found that these cells were found in sinus venosus
and not endocardial coronary progenitors. In both
homo- and heterozygous apelin receptor mutants, the
sinus venosus coronary progenitors failed to migrate
properly to form vasculature structures in the heart, but
this failure could be compensated for by enhanced
endocardial progenitor proliferation. ELA mutant
hearts phenocopied the receptor mutants but apelin
mutants did not, supporting ELA as the important
signaling peptide in this pathway.

Intriguingly, ELA also has an effect on development
via maternal expression. In both mice and humans, the
chorionic ectoderm and syncytiotrophoblast of the de-
veloping placenta express high levels of ELA, where it
promotes heathy placental development and angiogen-
esis. In pregnant mice, ELA knockout resulted in
defective placenta, causing preeclampsia, a gestational
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hypertensive syndrome highly implicated in fetal and
maternal morbidity and mortality (Ho et al., 2017).

B. Adult Cardiovascular Roles

In addition to being present in various mammalian
cell types including human pluripotent stem cells,
Wang et al., (2015b) showed that ELA was able to
perform functions in adult cell types and tissues. They
demonstrated that ELA could induce angiogenesis of
human umbilical vein endothelial cells in vitro in
Geltrex-coated wells and that this was abolished if
apelin receptor was knocked down. They also reported
that ELA could induce relaxation in mouse aortic blood
vessels. Since then, further studies have identified ELA
as a positive inotrope and vasodilatory agent ex vivo
(Perjés et al., 2016) and in vivo in rats (Murza et al.,
2016; Yang et al., 2017b). The study by Yang et al.
(2017b) also looked at the ability of ELA peptides to bind
to the apelin receptor in homogenates of human LV and
to activate signaling pathways in cell-based assays
expressing the human receptor. This study went on to
demonstrate that ELA is present in both large and
small diameter human blood vessels, as well as in
human plasma.

C. Disease and the Possibility of a Second Receptor
for Elabela/Toddler

Perhaps most interestingly, the study by Yang et al.
(2017b) showed that ELAwas downregulated in plasma
serum, pulmonary arterial endothelial cells, and pul-
monary microvascular endothelial cells from patients
with PAH, raising the possibility that ELA is not only
functional in the adult human but also altered in the
diseased state. They went on to demonstrate that ELA
was able to attenuate the onset of PAH in a MCT rat
model. A number of other studies have also looked at the
ability of ELA tomodify disease in animal models. Chen
et al. (2017a) demonstrated that both ELA-32 and ELA-
11 could protect against renal ischemia-reperfusion
injury, while Schreiber et al. (2017) showed that
adenovirally delivered ELA could protect against kid-
ney damage in a Dahl salt-sensitive rat model. How-
ever, what is still unclear is whether ELA mediates
these protective effects through the apelin receptor or
through a distinct receptor. Several studies have pro-
duced contradictory evidence regarding this.
Chen et al. (2017a) used siRNA knockdown of the

apelin receptor in NRK-52E cells and did not observe
any changes in cell viability either in normoxic or
hypoxic conditions. Meanwhile, Ho et al. (2017)
looked at ELA and apelin knockout in pregnant mice.
They showed that ELA, but not apelin knockouts,
displayed preeclampsia-like symptoms and that in-
fusion of ELA could alleviate them. They also demon-
strated that ELA knockout mice placentas were not
rescued by apelin but were by ELA infusion, again
suggesting differences in signaling pathways. They

conclude that the preeclampsia alleviation is likely
achieved through apelin receptor signaling in endo-
thelial cells. They also do not rule out a possible
contribution from additional unidentified ELA recep-
tors. On the contrary, Sato et al. (2017) suggested that
administration of ELA peptide could protect against
cardiac dysfunction, hypertrophy, and fibrosis in
pressure overload mice. Importantly, apelin receptor
knockout mice did not respond to ELA administra-
tion, demonstrating that the protection was mediated
by the ELA-apelin receptor axis. These studies raise
important questions about whether such a second
receptor for ELA exists. If this receptor was another
GPCR, it would be remarkable that it should be
selective between apelin and ELA. Indeed, while
many peptides bind to multiple GPCRs, it is rare to
have a GPCRwith multiple ligands and would be even
more so if they should have such diversity in structure
to enable binding to additional targets. It is likely
that, as many ligands do, apelin and ELA have
different signaling profiles in different tissues/organs
(as well as between cell and animal models), and this
could explain discrepancies in ELA and apelin knock-
outs; however, it would not be able to explain the
differences in outcomes observed when the receptor is
knocked out. There has been some evidence, as
mentioned previously, of ELA RNA having a role in
development before the apelin receptor is expressed
(Li et al., 2015) and it could be that such mechanisms
are maintained to adulthood. The interactions of
apelin, ELA, and the apelin receptor in such condi-
tions, therefore, warrant further investigation.

XIII. Human Polymorphisms

A. Apelin Receptor

Single nucleotide polymorphisms (SNPs) in the ape-
lin receptor have been reported in a number of popula-
tions. The majority occur outside the coding regions of
the gene because of its critical importance in develop-
ment. However, they may be predictive of outcomes
either through linkage with other SNPs or through
affecting transcription factor binding. Although the
nucleotide substitutions in this review are given for
the forward strand of the gene as identified in the NCBI
SNP database and with the most common ancestral
allele listed first, it should be noted that many of them
have alternative aliases that may refer to the reverse
orientation. When these occur prominently in the
literature, they have also been used but with the
forward allele put in brackets for clarification.

The rs948847 (A445C) SNP (G/T) occurs in a coding
region of the gene but predicts no change in amino acid
(glycine). In Italian populations it has been shown to
have no relation to either heart failure related events
(Sarzani et al., 2007) or coronary artery disease (CAD)
(Falcone et al., 2012). Similarly, Akcılar et al. (2015b)
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demonstrated no difference in allele frequencies be-
tween patients with CAD and controls. However, they
found that carriers of the CC (GG) genotype had greater
weights and higher systolic and diastolic blood pres-
sures. Soualmia et al. (2017) in a Tunisian population
found no association with diabetic retinopathy but
found that CC (GG) bearers had higher total cholesterol
levels than those with the AA (TT) genotype. These
studies suggest that although the C (G) allele may not
be able to predict disease in these populations, it could
contribute to risk factors for cardiovascular disease. In
fact, one study by Hata et al. (2007) in Japan found an
association with brain infarction events and went on to
demonstrate that only the A (T) allele may be able to
form a DNA-protein complex, perhaps suggesting
a mechanism for the difference, although no transcrip-
tion factor was predicted to bind.
The rs9943582 (G154A) SNP (C/T) occurs in the 59

untranslated region of the gene. In a Han Chinese
population it has not shown association with the age of
onset or clinical outcomes of ischemic stroke (Zhang
et al., 2017). However, in a meta-analysis conducted by
Chen et al. (2017c), it was reported that the T allele
carried a 5.2% increased risk for CAD compared with
the C allele. Hata et al. (2007) suggested that the G (C)
allele of this SNP had an association with brain in-
farction in a Japanese population and that this was
caused by higher binding of the transcription factor,
sp1, leading to greater enhancer activity. Follow-up
studies by the same group have focused on the relation-
ship of the G (C) allele with ischemic stroke and have
suggested that this allele leads to higher apelin receptor
mRNA levels due to the higher binding affinity of sp1
(Hata et al., 2011). They went on to suggest that the G
(C) allele was more likely to trigger changes in blood
pressure and atherosclerosis with a connection to stroke
propensity (Hata et al., 2011). Hinohara et al. (2009) in
a Japanese and Korean study reported no association of
the polymorphism to CAD or coronary atherosclerosis.
Similarly, Jin et al. (2012) found no association in
single-locus analysis in a population of Chinese with
hypertension. However, they found a sex-specific female
association with CAD when analyzed in concert with
rs7119375. Huang et al. (2016a) also found no differ-
ences in allele distribution between hypertensive and
control Chinese patients. In a Han Chinese population
of CAD patients, Wang et al. (2015a) suggest that the A
(T) allele was negatively associated with left ventricular
(LV) systolic function, LV end-diastolic diameter, left
atrial diameter, and LV ejection fraction. Interestingly,
these findings are contrary to the reports by Hata et al.
(2007) suggesting the risk allele as the G (C) variant.
The rs7119375 SNP (G/A) is near the 59 untranslated

terminus and has been reported in a number of Chi-
nese populations. As discussed earlier, it has been
shown to have an association with CAD in female
patients with hypertension when analyzed with

rs9943582 (Jin et al., 2012). It has also been shown in
Han Chinese populations to have an association with
essential hypertension, body mass index, and the onset
age of hypertension when analyzed with rs10501367
(C/T) (Li et al., 2009), although this may be sex de-
pendent or depend on the haplotype of other SNPs
identified in the study (Niu et al., 2010). Huang et al.
(2016a), in contrast, found no significant differences
between hypertensive patients and controls. This could
reflect the sex differences suggested earlier, and Li et al.
(2016) demonstrated that the AA genotype was associ-
ated with higher systolic blood pressures than the GG
combination in both hypertensive and control Chinese
female patients, with carriers of the A allele having
a 1.8 times greater risk of developing hypertension.

The rs11544374 (G212A) SNP (G/A) also occurs in the
59 untranslated region. In a Southern Italian popula-
tion, Sarzani et al. (2007) studied the progression of
patients with idiopathic dilated cardiomyopathy com-
pared with controls and suggested a lower risk of heart
failure-related events in patients bearing the A allele.
Falcone et al. (2012) again in an Italian population
studied association with CAD. They found no relation-
ship, but did find evidence of an association with
hypertension in CAD patients possessing the G allele.
In an Indian study, Mishra et al. (2015) looked at
association with high-altitude pulmonary edema
(HAPE) by comparing patients with HAPE, HAPE-
free sojourners, and healthy highland natives. They
found an overrepresentation of the A allele in patients
with HAPE and, most interestingly, found that it was
associated with reduced apelin-13 levels in patients
with HAPE and healthy highland natives. This is
contrary to the findings of Kotanidou et al. (2015) in
Greek children and adolescents. They found that
apelin was reduced in youngsters with obesity but that
the A allele was associated with higher apelin levels in
this instance.

Several SNPs have been studied throughmultiple loci
analyses, some of which have already been discussed.
The following, rs721608 (A/G), rs746886 (G/A), and
rs2282623 (C/T), are SNPs in the 39-untranslated re-
gion. These were studied in a Han Chinese population,
and it was found that rs746886 and rs2282623 demon-
strated associations with diastolic and mean arterial
blood pressure responses to low-sodium intervention. It
was then shown that the A-T(A)-T haplotype of the
three SNPs was related to decreased diastolic blood
pressure and mean arterial blood pressure responses to
low sodium, while the G-C(G)-C haplotype was associ-
ated with increased systolic blood pressure and mean
arterial blood pressure responses to high sodium (Zhao
et al., 2010). The rs2282623 SNP was also studied by
Mishra et al. (2015) and, like with rs11544374, they
found a difference between patients withHAPE, HAPE-
free sojourners, and healthy highland natives with an
overrepresentation of the G (C) allele in this case.
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B. Apelin

In addition to polymorphisms in the apelin receptor,
a number of SNPs have been identified in the apelin
peptide and studied in similar diseases. These all occur
in noncoding regions of the gene, and this is consistent
with the high degree of amino acid conservation of the
peptide between species.
The rs3761581 SNP (G/T) is located in a suggested

promoter region of the 59-untranslated region, and
many studies refer to it as an A/C substitution according
to the reverse strand orientation. In Chinese popula-
tions, it has been found that there is a significant
association with hypertension in men but not women
(Niu et al., 2010; Huang et al., 2016a) but that the A (T)
allele increased the risk of hypertension regardless of
sex (Huang et al., 2016a). Meanwhile, Zhu et al. (2015)
suggested an association with combined hypertension
and renal artery stenosis. In Indian populations,
Gupta et al. (2016) looked at associations in essential
hypertension and acute coronary syndrome and found
that the G allele was elevated in acute coronary
syndrome, although there was not a significant asso-
ciation. Mishra et al. (2015) also looked in Indian
populations and support the G allele as the risk allele,
finding a significant elevation in patients with HAPE
compared with HAPE-free sojourners or healthy
highland natives.
The rs56204867 (T-1860C) SNP (A/G) occurs in a pro-

moter region and has largely been studied in Chinese
populations. Li et al. (2009) found that in combination
with the rs3761581 SNP, the haplotypes T(A)-A(T) and
C(G)-C(G), respectively, were significantly associated
with hypertension, increased BMI, and earlier onset age
of hypertension. Huang et al. (2016a) suggested the C
(G) allele increased the risk of hypertension regardless
of sex, although only men showed a significant differ-
ence between patients with hypertension and controls.
In contrast, Niu et al. (2010) found that it was not
associated with hypertension as a single locus. This was
followed up by Jin et al. (2012), who demonstrated no
association with CAD as a single locus but a haplotype
G-A(T) association with rs56204867and rs3761581, re-
spectively. In a statin drug treatment study, Jia et al.
(2015) found that women with a TT (AA) genotype had
a greater systolic blood pressure reduction after
24 weeks of treatment compared with patients with
the C (G) allele. In a Turkish population, it was found
that the C (G) allele was higher in patients with CAD
than controls and that patients with the CC (GG)
genotype had lower apelin levels than those with the
TT (AA) genotype (Akcılar et al., 2015c).
Liao et al. (2011) found a significant association of the

rs3115757 SNP (G/C) with BMI and waist circumfer-
ence in Chinesewomen but notmen. They compared the
CG and GG genotype to the CC genotype and found that
the latter was more likely to have higher BMI and waist

circumference. In adipocytes from women of the CC
genotypes only, apelin mRNA and protein concentra-
tions were higher in cells treated with high glucose plus
insulin than in those with normal glucose. In contrast,
in Egyptian women it has been shown that the GG
genotype is associated with higher BMI and waist
circumference and a 12 times higher risk of developing
obesity; these individuals also showed higher insulin
resistance (Aboouf et al., 2015). Further studies in
Chinese populations have suggested that the C allele
might have detrimental effects on arterial stiffness with
rank order CC.CG.GG (Liao et al., 2015) and carries
an increased risk of hypertension regardless of sex
(Huang et al., 2016a). Whereas in Indian patients with
HAPE, there is an overrepresentation of the G allele
compared with HAPE-free sojourners or healthy high-
land natives (Mishra et al., 2015). The study by Liao
et al. (2015) has also implicated the rs3115758 SNP (T/
G), which is in complete linkage disequilibrium with
rs3115757. They identified it in the binding site of
miRNA-765 and -650 and showed that the C (G) allele is
associated with arterial stiffness in women but notmen.
As a mechanism they suggested that the C (G) allele
increases the binding of miRNA-765, which leads to
reduced apelin expression. Another study implicated
the TT genotype as a risk factor for CAD in a Turkish
population (Pakizeh et al., 2015). This last study also
implicated the AA genotype of the rs3115759 SNP (A/G)
in Turkish CAD patients.

The rs2235312 SNP (G/A) has been studied in Indian
populations, but appears in the literature with the T/C
notation. Mishra et al. (2015) found an overrepresenta-
tion of the T (A) allele in patients with HAPE compared
with HAPE-free sojourners or healthy highland natives
in a genome-wide association study. They showed that
in patients with HAPE and healthy highland natives,
this T (A) allele was associatedwith decreased apelin-13
and nitrate levels. In a study in a North Indian
population, Gupta et al. (2016) found that the SNP
was not associated with essential hypertension and
acute coronary syndrome.

In type II diabetes, the rs2281068 SNP (C/T) has
been shown to have a significant correlation in a Chi-
nese population (Zheng et al., 2016). Meanwhile, the
rs2235306 SNP (T/C) has been nominally associated
with fasting glucose levels in male Han Chinese subjects
with normal glucose association but not with type II
diabetes (Zhang et al., 2009). This latter polymorphism
has demonstrated a significant association with diastolic
BP responses to potassium supplementation (60 mmol/
day) in women, with the response following the genotypic
rank order TT.TC.CC (Zhao et al., 2010).

XIV. Knockout Mouse Models

As discussed earlier, the second peptide at the apelin
receptor, now identified as ELA, was predicted due to
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the discrepancies observed between embryonic knock-
outs of apelin and its receptor (Charo et al., 2009,
Table 7). Knockouts of the receptor in mice caused
prenatal mortality (Ishida et al., 2004; Charo et al.,
2009; Roberts et al., 2009; Scimia et al., 2012; Kang
et al., 2013) with a failure in cardiac development as the
cause (Kang et al., 2013). Furthermore, neonates that
survived to later embryonic stages displayed incom-
plete vascular maturation, in part due to a deficiency in
vascular smooth muscle cells, as well as incomplete
ventricular wall development (Kang et al., 2013). Those
surviving to adulthood have been shown to display
decreased contractile function in the heart, which
translates to a reduced exercise capacity (Charo et al.,
2009). Interestingly, they also displayed a reduced pro-
pensity to develop HF in response to pressure overload
(Scimia et al., 2012). In contrast, apelin peptide knock-
outs had normal heart development (Kidoya et al., 2008;
Charo et al., 2009) and were born in Mendelian ratio.
They also displayed defects in contractility and exercise
tolerance (Charo et al., 2009) and were at a greater risk
from age-related and pressure overload-induced HF
(Kuba et al., 2007).
In zebrafish, ELA knockouts phenocopied apelin re-

ceptor mutations (Chng et al., 2013; Pauli et al., 2014)
and it was this, among other observations, that aided in
its identification as an endogenous apelin receptor
ligand. It is only very recently that mouse ELAmutants
have been produced (Freyer et al., 2017; Ho et al., 2017).
The knockout was embryonically lethal, in agreement
with its role as a critical developmental signaling
molecule. The likely cause of death was misregulation
of hematopoietic progenitors at late gastrulation stages,
leading to cardiac and vascular defects, thus mimick-
ing some of the observations of Kang et al., (2013).
Apelin and ELA double knockouts did not further
increase embryonic lethality, supporting the hypoth-
esis that in mammalian systems it is ELA, and not
apelin, that plays the crucial developmental role
(Freyer et al., 2017). However, the authors suggest

that some discrepancies, particularly with regards to
survival rates between ELA and apelin receptor
knockouts, are suggestive of independent actions of
the apelin receptor either through alternative ligands
or potential stretch-mediated responses.

Therefore, although it seems evident that ELA plays
a critical role in the early development of the cardio-
vascular system through the apelin receptor, it remains
to be seen whether the apelin receptor may have
additional developmental roles. Furthermore, genera-
tion of an inducible ELA knockout would be interesting
by allowing further exploration of its roles in the adult
mammalian system. Recent studies have illustrated
activity in the adult cardiovascular system, as well as
changes in ELA expression in the diseased state (Yang
et al., 2017b). Given that the apelin peptide mutant
shares some similarities with the adult apelin receptor
mutants (Kuba et al., 2007), it is tempting to propose
a dichotomous situation with ELA as the key devel-
opmental ligand through the apelin receptor. Apelin
may function as the key adult signaling peptide, where
it is widely expressed throughout mammalian tissues,
reflecting its presence within endothelial cells. In
contrast, the distribution of ELA is more restricted
and may function in specific organs such as the kidney.
Such a reductionist view is likely too simplistic, and
further exploration of the roles of ELA in the adult
system will help to shed light on the possible interplay
between the two endogenous apelin receptor agonists in
health and disease.

XV. Conclusions and Perspectives

The field of apelin/ELA research is rapidly expanding,
with over 2000 publications with;40,000 citations. Key
questions remain. It is intriguing to know why two
peptide families with only limited sequence similar-
ity have evolved to signal through the same receptor.
The majority of peptide families target at least two
GPCR subtypes. The importance of the spatiotemporal

TABLE 7
Phenotypes observed in apelin, apelin receptor, and apela knockout mouse models

The lack of similarity between apelin and apelin receptor knock-out mice prompted the suggestion that there might be another ligand at the receptor. Apela knock-outs
largely phenocopy the receptor knock-outs, supporting the idea that ELA is the missing endogenous ligand.

Apelin Knockout Mice Apelin Receptor Knockout Mice Apela Mutant Mice

Mendelian birth ratio (Kidoya et al.,
2008; Charo et al., 2009)

Loss of homozygous mice (Ishida et al., 2004; Charo et al.,
2009; Roberts et al., 2009; Scimia et al., 2012; Kang
et al., 2013)

Loss of homozygous mice (Freyer et al.,
2017; Ho et al., 2017)

Normal heart morphology (Kuba et al.,
2007; Kidoya et al., 2008; Charo et al.,
2009)

Severe cardiac and vascular developmental defects (Kang
et al., 2013)

Severe cardiac and vascular developmental
defects (Freyer et al., 2017; Ho et al.,
2017)

Normal blood pressure (Charo et al.,
2009)

Normal blood pressure (Ishida et al., 2004; Charo et al.,
2009)

Pre-eclampsia (Ho et al., 2017)

Modest decrease in basal cardiac
contractility (Charo et al., 2009)

Modest decrease in basal cardiac contractility (Charo
et al., 2009)

?

Marked decrease in exercise capacity
(Charo et al., 2009)

Marked decrease in exercise capacity (Charo et al., 2009) ?

Severe heart failure in response to
pressure overload (Kuba et al., 2007)

Markedly reduced heart failure in response to pressure
overload (Scimia et al., 2012)

?
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signaling pathway in cardiovascular development is
clear (Chng et al., 2013; Pauli et al., 2014), with loss of
ELA causing profound heart defects but the relative
contributions of apelin and ELA in adults remains to be
resolved. Novel ligands based on ELA structure-activity
are beginning to be discovered, and these may enable the
action of the two endogenous pathways at the same
receptor to be dissected (Murza et al., 2016). The apelin
receptor has been shown to be tractable to discovering
both peptide and small molecule ligands biased toward
activating the G protein pathway to cause the desired
vasodilatation and increase in cardiac output without
desensitizing the receptor. Importantly, the efficacy of
such compounds has been shown in the clinic using
volunteers (Brame et al., 2015), one of few GPCR systems
to be tested in human studies. Efficacy now needs to be
demonstrated in patients, where loss of apelin signaling
has been observed in conditions such as PAH or in
metabolic disorders such as diabetes where substantial
evidencehas been obtained inanimalmodels. Todate only
a few ligands targeting GPCRs have been identified as
biased (Wootten et al., 2018). The concept of biased
agonism can potentially revolutionize understanding of
the fundamental biology of GPCR cell signaling. Intrigu-
ingly, the apelin pathway has been implicated in cancer,
and apelin ligands have been shown to be efficacious in
animal models of the most common brain tumor, glioblas-
toma. Further studies are needed to exploit this new
target, particularly as current treatments lack efficacy.
New pharmacological tools need to be developed, espe-
cially antagonistswith better pharmacokinetics for in vivo
use, which is critical for the field to advance. Thismay also
include monoclonal antibodies targeting the receptor
(Hutchings et al., 2017). Methods using mass spectrome-
try are beingdeveloped to identify andquantify apelin and
ELA isoforms in vivo and in tissues. TheN terminus of the
apelin receptor was truncated (Ma et al., 2017) to obtain
initialX-ray crystallographic data and remains anarea for
further structural analysis, potentially using new techni-
ques such as cryoelectronmicroscopy (Draper-Joyce et al.,
2018). Finally, there are still over 50 orphan Class A
GPCRs, where endogenous ligands remain to be discov-
ered (Davenport et al., 2013). About one-half have been
predicted from structural motifs to be activated by
peptides. The discovery of ELA, from a region previously
classified as noncoding for proteins (Pauli et al., 2015),
provides compelling support for further analysis of the
human genome to identify the remaining endogenous
peptide ligands for orphan GPCRs.
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and Genç O (2015c) Characterization of the apelin -1860T.C polymorphism in
Turkish coronary artery disease patients and healthy individuals. Int J Physiol
Pathophysiol Pharmacol 7:165–171.

Alastalo TP, Li M, Perez V, Pham D, Sawada H, Wang JK, Koskenvuo M, Wang L,
Freeman BA, Chang HY, et al. (2011) Disruption of PPARg/b-catenin-mediated
regulation of apelin impairs BMP-induced mouse and human pulmonary arterial
EC survival. J Clin Invest 121:3735–3746.

Alexander SPH, Christopoulos A, Davenport AP, Kelly E, Marrion NV, Peters JA,
Faccenda E, Harding SD, Pawson AJ, Sharman JL, et al.; CGTP Collaborators
(2017) The concise guide to pharmacology 2017/18: G protein-coupled receptors. Br
J Pharmacol 174 (Suppl 1):S17–S129.

Alipour FG, Ashoori MR, Pilehvar-Soltanahmadi Y, and Zarghami N (2017) An
overview on biological functions and emerging therapeutic roles of apelin in di-
abetes mellitus. Diabetes Metab Syndr 11 (Suppl 2):S919–S923.

Andersen CU, Markvardsen LH, Hilberg O, and Simonsen U (2009) Pulmonary
apelin levels and effects in rats with hypoxic pulmonary hypertension. Respir Med
103:1663–1671.

Ashley EA, Powers J, Chen M, Kundu R, Finsterbach T, Caffarelli A, Deng A,
Eichhorn J, Mahajan R, Agrawal R, et al. (2005) The endogenous peptide apelin
potently improves cardiac contractility and reduces cardiac loading in vivo. Car-
diovasc Res 65:73–82.

Atluri P, Morine KJ, Liao GP, Panlilio CM, Berry MF, Hsu VM, Hiesinger W,
Cohen JE, and Joseph Woo Y (2007) Ischemic heart failure enhances endog-
enous myocardial apelin and APJ receptor expression. Cell Mol Biol Lett 12:
127–138.

Attané C, Foussal C, Le Gonidec S, Benani A, Daviaud D, Wanecq E, Guzmán-Ruiz
R, Dray C, Bezaire V, Rancoule C, et al. (2012) Apelin treatment increases com-
plete fatty acid oxidation, mitochondrial oxidative capacity, and biogenesis in
muscle of insulin-resistant mice. Diabetes 61:310–320.

Balkau B and Eschwège E (1999) Insulin resistance: an independent risk factor for
cardiovascular disease? Diabetes Obes Metab 1 (Suppl 1):S23–S31.

Barnes GD, Alam S, Carter G, Pedersen CM, Lee KM, Hubbard TJ, Veitch S, Jeong
H, White A, Cruden NL, et al. (2013) Sustained cardiovascular actions of APJ
agonism during renin-angiotensin system activation and in patients with heart
failure. Circ Heart Fail 6:482–491.

Bassoni DL, Raab WJ, Achacoso PL, Loh CY, and Wehrman TS (2012) Measurements
of b-arrestin recruitment to activated seven transmembrane receptors using en-
zyme complementation. Methods Mol Biol 897:181–203.

Berry MF, Pirolli TJ, Jayasankar V, Burdick J, Morine KJ, Gardner TJ, and Woo YJ
(2004) Apelin has in vivo inotropic effects on normal and failing hearts. Circulation
110 (11):II187-II193.

Bertero T, Lu Y, Annis S, Hale A, Bhat B, Saggar R, Saggar R, Wallace WD, Ross DJ,
Vargas SO, et al. (2014) Systems-level regulation of microRNA networks by miR-
130/301 promotes pulmonary hypertension. J Clin Invest 124:3514–3528.

Bertrand C, Valet P, and Castan-Laurell I (2015) Apelin and energy metabolism.
Front Physiol 6:115.

Blanc M, David F, Abrami L, Migliozzi D, Armand F, Bürgi J, and van der Goot FG
(2015) SwissPalm: protein palmitoylation database. F1000Res 4:261.

Boal F, Roumegoux J, Alfarano C, Timotin A, Calise D, Anesia R, Drougard A, Knauf
C, Lagente C, Roncalli J, et al. (2015) Apelin regulates FoxO3 translocation to
mediate cardioprotective responses to myocardial injury and obesity. Sci Rep 5:
16104.

Boucher J, Masri B, Daviaud D, Gesta S, Guigné C, Mazzucotelli A, Castan-Laurell I,
Tack I, Knibiehler B, Carpéné C, et al. (2005) Apelin, a newly identified adipokine
up-regulated by insulin and obesity. Endocrinology 146:1764–1771.

Bowes J, Brown AJ, Hamon J, Jarolimek W, Sridhar A, Waldron G, and Whitebread
S (2012) Reducing safety-related drug attrition: the use of in vitro pharmacological
profiling. Nat Rev Drug Discov 11:909–922.

Brailoiu GC, Dun SL, Yang J, Ohsawa M, Chang JK, and Dun NJ (2002) Apelin-
immunoreactivity in the rat hypothalamus and pituitary. Neurosci Lett 327:
193–197.

Brame AL, Maguire JJ, Yang P, Dyson A, Torella R, Cheriyan J, Singer M, Glen RC,
Wilkinson IB, and Davenport AP (2015) Design, characterization, and first-in-hu-
man study of the vascular actions of a novel biased apelin receptor agonist. Hy-
pertension 65:834–840.

Brash L, Barnes GD, Brewis MJ, Church AC, Gibbs SJ, Howard LSGE, Jayasekera
G, Johnson MK, McGlinchey N, Onorato J, et al. (2018) Short-term hemodynamic
effects of apelin in patients with pulmonary arterial hypertension. JACC Basic
Transl Sci 3:176–186.

Butcher AJ, Prihandoko R, Kong KC, McWilliams P, Edwards JM, Bottrill A, Mistry
S, and Tobin AB (2011) Differential G-protein-coupled receptor phosphorylation
provides evidence for a signaling bar code. J Biol Chem 286:11506–11518.

Castan-Laurell I, Dray C, Attané C, Duparc T, Knauf C, and Valet P (2011) Apelin,
diabetes, and obesity. Endocrine 40:1–9.

Castan-Laurell I, Dray C, Knauf C, Kunduzova O, and Valet P (2012) Apelin,
a promising target for type 2 diabetes treatment? Trends Endocrinol Metab 23:
234–241.

Castan-Laurell I, Masri B, and Valet P (2019) The apelin/APJ system as a thera-
peutic target in metabolic diseases. Expert Opin Ther Targets 23:215–225.

Cayabyab M, Hinuma S, Farzan M, Choe H, Fukusumi S, Kitada C, Nishizawa N,
Hosoya M, Nishimura O, Messele T, et al. (2000) Apelin, the natural ligand of the
orphan seven-transmembrane receptor APJ, inhibits human immunodeficiency
virus type 1 entry. J Virol 74:11972–11976.

Apelin and Elabela/Toddler Receptor Pharmacology 497



Ceraudo E, Galanth C, Carpentier E, Banegas-Font I, Schonegge AM, Alvear-Perez
R, Iturrioz X, Bouvier M, and Llorens-Cortes C (2014) Biased signaling favoring gi
over b-arrestin promoted by an apelin fragment lacking the C-terminal phenylal-
anine. J Biol Chem 289:24599–24610.

Chandra SM, Razavi H, Kim J, Agrawal R, Kundu RK, de Jesus Perez V, Zamanian
RT, Quertermous T, and Chun HJ (2011) Disruption of the apelin-APJ system
worsens hypoxia-induced pulmonary hypertension. Arterioscler Thromb Vasc Biol
31:814–820.

Chandrasekaran B, Dar O, and McDonagh T (2008) The role of apelin in cardiovas-
cular function and heart failure. Eur J Heart Fail 10:725–732.

Chapman NA, Dupré DJ, and Rainey JK (2014) The apelin receptor: physiology,
pathology, cell signalling, and ligand modulation of a peptide-activated class A
GPCR. Biochem Cell Biol 92:431–440.

Charo DN, Ho M, Fajardo G, Kawana M, Kundu RK, Sheikh AY, Finsterbach TP,
Leeper NJ, Ernst KV, Chen MM, et al. (2009) Endogenous regulation of cardio-
vascular function by apelin-APJ. Am J Physiol Heart Circ Physiol 297:
H1904–H1913.

Chaves-Almagro C, Castan-Laurell I, Dray C, Knauf C, Valet P, and Masri B (2015)
Apelin receptors: from signaling to antidiabetic strategy. Eur J Pharmacol 763 (Pt
B):149–159.

Chen H, Wan D, Wang L, Peng A, Xiao H, Petersen RB, Liu C, Zheng L, and Huang K
(2015) Apelin protects against acute renal injury by inhibiting TGF-b1. Biochim
Biophys Acta 1852:1278–1287.

Chen H, Wang L, Wang W, Cheng C, Zhang Y, Zhou Y, Wang C, Miao X, Wang J,
Wang C, et al. (2017a) Elabela and an elabela fragment protect against AKI. J Am
Soc Nephrol 28:2694–2707.

Chen MM, Ashley EA, Deng DX, Tsalenko A, Deng A, Tabibiazar R, Ben-Dor
A, Fenster B, Yang E, King JY, et al. (2003) Novel role for the potent en-
dogenous inotrope apelin in human cardiac dysfunction. Circulation 108:
1432–1439.

Chen N, Chen X, Chen Y, Cheng AC, Connors RV, Deignan J, Dransfield PJ, Du X,
Fu Z, Heath JA, et al. (2017b) Triazole agonists of the APJ receptor. Patent
WO2016187308A1. 2016 May 18.

Chen T, Wu B, and Lin R (2017c) Association of apelin and apelin receptor with the
risk of coronary artery disease: a meta-analysis of observational studies. Onco-
target 8:57345–57355.

Chen X, Bai B, Tian Y, Du H, and Chen J (2014) Identification of serine 348 on the
apelin receptor as a novel regulatory phosphorylation site in apelin-13-induced G
protein-independent biased signaling. J Biol Chem 289:31173–31187.

Chen Z, Wu D, Li L, and Chen L (2016) Apelin/APJ system: a novel therapeutic target
for myocardial ischemia/reperfusion injury. DNA Cell Biol 35:766–775.

Cheng J, Luo X, Huang Z, and Chen L (2019) Apelin/APJ system: a potential ther-
apeutic target for endothelial dysfunction-related diseases. J Cell Physiol 234:
12149–12160.

Chng SC, Ho L, Tian J, and Reversade B (2013) ELABELA: a hormone essential for
heart development signals via the apelin receptor. Dev Cell 27:672–680.

Choe H, Farzan M, Konkel M, Martin K, Sun Y, Marcon L, Cayabyab M, Berman M,
Dorf ME, Gerard N, et al. (1998) The orphan seven-transmembrane receptor apj
supports the entry of primary T-cell-line-tropic and dualtropic human immuno-
deficiency virus type 1. J Virol 72:6113–6118.

Chong KS, Gardner RS, Morton JJ, Ashley EA, and McDonagh TA (2006) Plasma
concentrations of the novel peptide apelin are decreased in patients with chronic
heart failure. Eur J Heart Fail 8:355–360.

Chun HJ, Ali ZA, Kojima Y, Kundu RK, Sheikh AY, Agrawal R, Zheng L, Leeper NJ,
Pearl NE, Patterson AJ, et al. (2008) Apelin signaling antagonizes Ang II effects in
mouse models of atherosclerosis. J Clin Invest 118:3343–3354.

Crawford TN, Alfaro DV III, Kerrison JB, and Jablon EP (2009) Diabetic retinopathy
and angiogenesis. Curr Diabetes Rev 5:8–13.

Dalzell JR, Rocchiccioli JP, Weir RA, Jackson CE, Padmanabhan N, Gardner RS,
Petrie MC, and McMurray JJ (2015) The emerging potential of the apelin-APJ
system in heart failure. J Card Fail 21:489–498.

Davenport AP, Brame AL, Kuc RE, Cheriyan J, Glen RC, Wilkinson IB,
and Maguire JJ (2018) First in human study of a novel biased apelin receptor
ligand, MM54, a G-alpha(i) agonist/beta-arrestin antagonist (Abstract). Circ
Res 123:E70.

Davenport AP, Alexander SP, Sharman JL, Pawson AJ, Benson HE, Monaghan AE,
Liew WC, Mpamhanga CP, Bonner TI, Neubig RR, et al. (2013) International
Union of Basic and Clinical Pharmacology. LXXXVIII. G protein-coupled receptor
list: recommendations for new pairings with cognate ligands. Pharmacol Rev 65:
967–986.

Day RT, Cavaglieri RC, and Feliers D (2013) Apelin retards the progression of di-
abetic nephropathy. Am J Physiol Renal Physiol 304:F788–F800.

De Mota N, Lenkei Z, and Llorens-Cortès C (2000) Cloning, pharmacological char-
acterization and brain distribution of the rat apelin receptor. Neuroendocrinology
72:400–407.

De Mota N, Reaux-Le Goazigo A, El Messari S, Chartrel N, Roesch D, Dujardin C,
Kordon C, Vaudry H, Moos F, and Llorens-Cortes C (2004) Apelin, a potent diuretic
neuropeptide counteracting vasopressin actions through inhibition of vasopressin
neuron activity and vasopressin release. Proc Natl Acad Sci USA 101:
10464–10469.

Deng C, Chen H, Yang N, Feng Y, and Hsueh AJW (2015) Apela regulates fluid
homeostasis by binding to the APJ receptor to activate Gi signaling. J Biol Chem
290:18261–18268.

Deshwar AR, Chng SC, Ho L, Reversade B, and Scott IC (2016) The apelin receptor
enhances Nodal/TGFb signaling to ensure proper cardiac development. eLife 5:
e13758.

Drake JI, Bogaard HJ, Mizuno S, Clifton B, Xie B, Gao Y, Dumur CI, Fawcett P,
Voelkel NF, and Natarajan R (2011) Molecular signature of a right heart failure
program in chronic severe pulmonary hypertension. Am J Respir Cell Mol Biol 45:
1239–1247.

Draper-Joyce CJ, Khoshouei M, Thal DM, Liang YL, Nguyen ATN, Furness SGB,
Venugopal H, Baltos JA, Plitzko JM, Danev R, et al. (2018) Structure of the
adenosine-bound human adenosine A1 receptor-Gi complex. Nature 558:559–563.

Dray C, Knauf C, Daviaud D, Waget A, Boucher J, Buléon M, Cani PD, Attané C,
Guigné C, Carpéné C, et al. (2008) Apelin stimulates glucose utilization in normal
and obese insulin-resistant mice. Cell Metab 8:437–445.

Dray C, Sakar Y, Vinel C, Daviaud D, Masri B, Garrigues L, Wanecq E, Galvani S,
Negre-Salvayre A, Barak LS, et al. (2013) The intestinal glucose-apelin cycle
controls carbohydrate absorption in mice. Gastroenterology 144:771–780.

Edinger AL, Hoffman TL, Sharron M, Lee B, Yi Y, Choe W, Kolson DL, Mitrovic B,
Zhou Y, Faulds D, et al. (1998) An orphan seven-transmembrane domain receptor
expressed widely in the brain functions as a coreceptor for human immunodefi-
ciency virus type 1 and simian immunodeficiency virus. J Virol 72:7934–7940.

El Messari S, Iturrioz X, Fassot C, De Mota N, Roesch D, and Llorens-Cortes C (2004)
Functional dissociation of apelin receptor signaling and endocytosis: implications
for the effects of apelin on arterial blood pressure. J Neurochem 90:1290–1301.

Evans NA, Groarke DA, Warrack J, Greenwood CJ, Dodgson K, Milligan G,
and Wilson S (2001) Visualizing differences in ligand-induced beta-arrestin-GFP
interactions and trafficking between three recently characterized G protein-
coupled receptors. J Neurochem 77:476–485.

Falcão-Pires I, Gonçalves N, Henriques-Coelho T, Moreira-Gonçalves D, Roncon-
Albuquerque R Jr, and Leite-Moreira AF (2009) Apelin decreases myocardial in-
jury and improves right ventricular function in monocrotaline-induced pulmonary
hypertension. Am J Physiol Heart Circ Physiol 296:H2007–H2014.

Falcone C, Bozzini S, Schirinzi S, Buzzi MP, Boiocchi C, Totaro R, Bondesan M,
and Pelissero G (2012) APJ polymorphisms in coronary artery disease patients
with and without hypertension. Mol Med Rep 5:321–325.

Fan X, Zhou N, Zhang X, Mukhtar M, Lu Z, Fang J, DuBois GC, and Pomerantz RJ
(2003) Structural and functional study of the apelin-13 peptide, an endogenous
ligand of the HIV-1 coreceptor, APJ. Biochemistry 42:10163–10168.

Fan XF, Xue F, Zhang YQ, Xing XP, Liu H, Mao SZ, Kong XX, Gao YQ, Liu SF,
and Gong YS (2015a) The apelin-APJ axis is an endogenous counterinjury mech-
anism in experimental acute lung injury. Chest 147:969–978.

Fan Y, Zhang Y, Li X, Zheng H, Song Y, Zhang N, Shen C, Fan X, Ren F, Shen J, et al.
(2015b) Treatment with metformin and a dipeptidyl peptidase-4 inhibitor elevates
apelin levels in patients with type 2 diabetes mellitus. Drug Des Devel Ther 9:
4679–4683.

Flahault A, Couvineau P, Alvear-Perez R, Iturrioz X, and Llorens-Cortes C (2017)
Role of the vasopressin/apelin balance and potential use of metabolically stable
apelin analogs in water metabolism disorders. Front Endocrinol (Lausanne) 8:120.

Flemström G, Mäkelä K, Purhonen AK, Sjöblom M, Jedstedt G, Walkowiak J,
and Herzig KH (2011) Apelin stimulation of duodenal bicarbonate secretion:
feeding-dependent and mediated via apelin-induced release of enteric cholecysto-
kinin. Acta Physiol (Oxf) 201:141–150.

Földes G, Horkay F, Szokodi I, Vuolteenaho O, Ilves M, Lindstedt KA, Mäyränpää M,
Sármán B, Seres L, Skoumal R, et al. (2003) Circulating and cardiac levels of
apelin, the novel ligand of the orphan receptor APJ, in patients with heart failure.
Biochem Biophys Res Commun 308:480–485.

Fournel A, Drougard A, Duparc T, Marlin A, Brierley SM, Castro J, Le-Gonidec S,
Masri B, Colom A, Lucas A, et al. (2017) Apelin targets gut contraction to control
glucose metabolism via the brain. Gut 66:258–269.

Francia P, Salvati A, Balla C, De Paolis P, Pagannone E, Borro M, Gentile G, Sim-
maco M, De Biase L, and Volpe M (2007) Cardiac resynchronization therapy
increases plasma levels of the endogenous inotrope apelin. Eur J Heart Fail 9:
306–309.

Freyer L, Hsu CW, Nowotschin S, Pauli A, Ishida J, Kuba K, Fukamizu A, Schier AF,
Hoodless PA, Dickinson ME, et al. (2017) Loss of apela peptide in mice causes low
penetrance embryonic lethality and defects in early mesodermal derivatives. Cell
Rep 20:2116–2130.

Frump AL, Goss KN, Vayl A, Albrecht M, Fisher A, Tursunova R, Fierst J, Whitson J,
Cucci AR, Brown MB, et al. (2015) Estradiol improves right ventricular function in
rats with severe angioproliferative pulmonary hypertension: effects of endogenous
and exogenous sex hormones. Am J Physiol Lung Cell Mol Physiol 308:L873–L890.

Galanth C, Hus-Citharel A, Li B, and Llorens-Cortès C (2012) Apelin in the control of
body fluid homeostasis and cardiovascular functions. Curr Pharm Des 18:789–798.

Galon-Tilleman H, Yang H, Bednarek MA, Spurlock SM, Paavola KJ, Ko B, To C, Luo
J, Tian H, Jermutus L, et al. (2017) Apelin-36 modulates blood glucose and body
weight independently of canonical APJ receptor signaling. J Biol Chem 292:
1925–1933.

Ganguly D, Cai C, Sims MM, Yang CH, Thomas M, Cheng J, Saad AG, and Pfeffer
LM (2019) APELA expression in glioma, and its association with patient survival
and tumor grade. Pharmaceuticals (Basel) 12:1–11.

Gerbier R, Leroux V, Couvineau P, Alvear-Perez R, Maigret B, Llorens-Cortes C,
and Iturrioz X (2015) New structural insights into the apelin receptor: identifica-
tion of key residues for apelin binding. FASEB J 29:314–322.

Gilbert JS (2017) From apelin to exercise: emerging therapies for management of
hypertension in pregnancy. Hypertens Res 40:519–525.

Goetze JP, Rehfeld JF, Carlsen J, Videbaek R, Andersen CB, Boesgaard S, and Friis-
Hansen L (2006) Apelin: a new plasma marker of cardiopulmonary disease. Regul
Pept 133:134–138.

Golosov A, Grosche P, Hu QY, Imase H, Parker DT, Yasoshima K, Zecri F, and Zhao
H (2013) Synthetic apelin mimetics for the treatment of heart failure. Patent
WO2013111110A3. 2013 Jan 25.

Gourdy P, Cazals L, Thalamas C, Sommet A, Calvas F, Galitzky M, Vinel C, Dray C,
Hanaire H, Castan-Laurell I, et al. (2018) Apelin administration improves insulin
sensitivity in overweight men during hyperinsulinaemic-euglycaemic clamp. Di-
abetes Obes Metab 20:157–164.

Guo C, Liu Y, Zhao W, Wei S, Zhang X, Wang W, and Zeng X (2015) Apelin promotes
diabetic nephropathy by inducing podocyte dysfunction via inhibiting proteasome
activities. J Cell Mol Med 19:2273–2285.

498 Read et al.



Guo L, Li Q, Wang W, Yu P, Pan H, Li P, Sun Y, and Zhang J (2009) Apelin inhibits
insulin secretion in pancreatic beta-cells by activation of PI3-kinase-phosphodies-
terase 3B. Endocr Res 34:142–154.

Gupta MD, Girish MP, Shah D, Rain M, Mehta V, Tyagi S, Trehan V, and Pasha Q
(2016) Biochemical and genetic role of apelin in essential hypertension and acute
coronary syndrome. Int J Cardiol 223:374–378.

Habata Y, Fujii R, Hosoya M, Fukusumi S, Kawamata Y, Hinuma S, Kitada C,
Nishizawa N, Murosaki S, Kurokawa T, et al. (1999) Apelin, the natural ligand of
the orphan receptor APJ, is abundantly secreted in the colostrum. Biochim Biophys
Acta 1452:25–35.

Hachtel S, Wohlfart P, Weston J, Müller M, Defossa E, Mertsch K, Weng J,
Binnie RA, Abdul-Latif F, and Bock WJ (2014) Benzoimidazole-carboxylic acid
amide derivatives as APJ receptor modulators. Patent WO2014044738A1.
2013 Sep 19.

Hamada J, Baasanjav A, Ono N, Murata K, Kako K, Ishida J, and Fukamizu A
(2015) Possible involvement of downregulation of the apelin-APJ system in
doxorubicin-induced cardiotoxicity. Am J Physiol Heart Circ Physiol 308:
H931–H941.

Hamada J, Kimura J, Ishida J, Kohda T, Morishita S, Ichihara S, and Fukamizu A
(2008) Evaluation of novel cyclic analogues of apelin. Int J Mol Med 22:547–552.

Han S, Englander EW, Gomez GA, Rastellini C, Quertermous T, Kundu RK,
and Greeley GH Jr (2015) Pancreatic islet APJ deletion reduces islet density and
glucose tolerance in mice. Endocrinology 156:2451–2460.

Han S, Wang G, Qiu S, de la Motte C, Wang HQ, Gomez G, Englander EW,
and Greeley GH Jr (2007) Increased colonic apelin production in rodents with
experimental colitis and in humans with IBD. Regul Pept 142:131–137.

Harford-Wright E, Andre-Gregoire G, Jacobs KA, Treps L, Le Gonidec S, Leclair HM,
Gonzalez-Diest S, Roux Q, Guillonneau F, Loussouarn D, et al. (2017) Pharmaco-
logical targeting of apelin impairs glioblastoma growth. Brain 140:2939–2954.

Hassan AS, Hou J, Wei W, and Hoodless PA (2010) Expression of two novel tran-
scripts in the mouse definitive endoderm. Gene Expr Patterns 10:127–134.

Hata J, Kubo M, and Kiyohara Y (2011) Genome-wide association study for ischemic
stroke based on the Hisayama study. Nihon Eiseigaku Zasshi 66:47–52.

Hata J, Matsuda K, Ninomiya T, Yonemoto K, Matsushita T, Ohnishi Y, Saito S,
Kitazono T, Ibayashi S, Iida M, et al. (2007) Functional SNP in an Sp1-binding site
of AGTRL1 gene is associated with susceptibility to brain infarction. Hum Mol
Genet 16:630–639.

Hazell GGJ, Hindmarch CC, Pope GR, Roper JA, Lightman SL, Murphy D, O’Carroll
AM, and Lolait SJ (2012) G protein-coupled receptors in the hypothalamic para-
ventricular and supraoptic nuclei--serpentine gateways to neuroendocrine ho-
meostasis. Front Neuroendocrinol 33:45–66.

Helker CS, Schuermann A, Pollmann C, Chng SC, Kiefer F, Reversade B, and Herzog
W (2015) The hormonal peptide Elabela guides angioblasts to the midline during
vasculogenesis. eLife 4:6726.

Hinohara K, Nakajima T, Sasaoka T, Sawabe M, Lee BS, Ban JM, Park JE, Izumi T,
and Kimura A (2009) Validation of the association between AGTRL1 poly-
morphism and coronary artery disease in the Japanese and Korean populations.
J Hum Genet 54:554–556.

Ho L, Tan SY, Wee S, Wu Y, Tan SJ, Ramakrishna NB, Chng SC, Nama S, Szczer-
binska I, Chan YS, et al. (2015) Elabela is an endogenous growth factor that sus-
tains hESC self-renewal via the PI3K/AKT pathway [published correction appears
in Cell Stem Cell (2015) 17:635]. Cell Stem Cell 17:435–447.

Ho L, van Dijk M, Chye STJ, Messerschmidt DM, Chng SC, Ong S, Yi LK, Boussata
S, Goh GH, Afink GB, et al. (2017) ELABELA deficiency promotes preeclampsia
and cardiovascular malformations in mice. Science 357:707–713.

Hosoya M, Kawamata Y, Fukusumi S, Fujii R, Habata Y, Hinuma S, Kitada C,
Honda S, Kurokawa T, Onda H, et al. (2000) Molecular and functional character-
istics of APJ. Tissue distribution of mRNA and interaction with the endogenous
ligand apelin. J Biol Chem 275:21061–21067.

Hu H, He L, Li L, and Chen L (2016) Apelin/APJ system as a therapeutic target in
diabetes and its complications. Mol Genet Metab 119:20–27.

Huang F, Zhu P, Huang Q, Yuan Y, Lin F, and Li Q (2016a) Associations between
gene polymorphisms of the apelin-APJ system and the risk of hypertension. Blood
Press 25:257–262.

Huang S, Chen L, Lu L, and Li L (2016b) The apelin-APJ axis: a novel potential
therapeutic target for organ fibrosis. Clin Chim Acta 456:81–88.

Huang Z, Wu L, and Chen L (2018) Apelin/APJ system: a novel potential therapy
target for kidney disease. J Cell Physiol 233:3892–3900.

Hus-Citharel A, Bodineau L, Frugière A, Joubert F, Bouby N, and Llorens-Cortes C
(2014) Apelin counteracts vasopressin-induced water reabsorption via cross talk
between apelin and vasopressin receptor signaling pathways in the rat collecting
duct. Endocrinology 155:4483–4493.

Hus-Citharel A, Bouby N, Frugière A, Bodineau L, Gasc J-M, and Llorens-Cortes C
(2008) Effect of apelin on glomerular hemodynamic function in the rat kidney.
Kidney Int 74:486–494.

Hutchings CJ, Koglin M, Olson WC, and Marshall FH (2017) Opportunities for
therapeutic antibodies directed at G-protein-coupled receptors. Nat Rev Drug
Discov 16:661.

Ishida J, Hashimoto T, Hashimoto Y, Nishiwaki S, Iguchi T, Harada S, Sugaya T,
Matsuzaki H, Yamamoto R, Shiota N, et al. (2004) Regulatory roles for APJ,
a seven-transmembrane receptor related to angiotensin-type 1 receptor in blood
pressure in vivo. J Biol Chem 279:26274–26279.

Iturrioz X, Alvear-Perez R, De Mota N, Franchet C, Guillier F, Leroux V, Dabire H,
Le Jouan M, Chabane H, Gerbier R, et al. (2010a) Identification and pharmaco-
logical properties of E339-3D6, the first nonpeptidic apelin receptor agonist.
FASEB J 24:1506–1517.

Iturrioz X, Gerbier R, Leroux V, Alvear-Perez R, Maigret B, and Llorens-Cortes C
(2010b) By interacting with the C-terminal Phe of apelin, Phe255 and Trp259 in
helix VI of the apelin receptor are critical for internalization. J Biol Chem 285:
32627–32637.

Iwanaga Y, Kihara Y, Takenaka H, and Kita T (2006) Down-regulation of cardiac
apelin system in hypertrophied and failing hearts: possible role of angiotensin II-
angiotensin type 1 receptor system. J Mol Cell Cardiol 41:798–806.

Japp AG, Cruden NL, Amer DA, Li VK, Goudie EB, Johnston NR, Sharma S, Neilson
I, Webb DJ, Megson IL, et al. (2008) Vascular effects of apelin in vivo in man. J Am
Coll Cardiol 52:908–913.

Japp AG, Cruden NL, Barnes G, van Gemeren N, Mathews J, Adamson J, Johnston
NR, Denvir MA, Megson IL, Flapan AD, et al. (2010) Acute cardiovascular effects of
apelin in humans: potential role in patients with chronic heart failure. Circulation
121:1818–1827.

Jia J, Men C, Tang KT, and Zhan YY (2015) Apelin polymorphism predicts blood
pressure response to losartan in older Chinese women with essential hypertension.
Genet Mol Res 14:6561–6568.

Jin W, Su X, Xu M, Liu Y, Shi J, Lu L, and Niu W (2012) Interactive association of
five candidate polymorphisms in Apelin/APJ pathway with coronary artery disease
among Chinese hypertensive patients. PLoS One 7:e51123.

Jia YX, Pan CS, Zhang J, Geng B, Zhao J, Gerns H, Yang J, Chang JK, Tang CS,
and Qi YF (2006) Apelin protects myocardial injury induced by isoproterenol in
rats. Regul Pept 133:147–154.

Jia ZQ, Hou L, Leger A, Wu I, Kudej AB, Stefano J, Jiang C, Pan CQ, and Akita GY
(2012) Cardiovascular effects of a PEGylated apelin. Peptides 38:181–188.

Juhl C, Els-Heindl S, Schönauer R, Redlich G, Haaf E, Wunder F, Riedl B, Burkhardt
N, Beck-Sickinger AG, and Bierer D (2016) Development of potent and metaboli-
cally stable APJ ligands with high therapeutic potential. ChemMedChem 11:
2378–2384.

Kang Y, Kim J, Anderson JP, Wu J, Gleim SR, Kundu RK, McLean DL, Kim JD, Park
H, Jin SW, et al. (2013) Apelin-APJ signaling is a critical regulator of endothelial
MEF2 activation in cardiovascular development. Circ Res 113:22–31.

Katugampola SD, Maguire JJ, Matthewson SR, and Davenport AP (2001) [(125)I]-
(Pyr(1))Apelin-13 is a novel radioligand for localizing the APJ orphan receptor in
human and rat tissues with evidence for a vasoconstrictor role in man. Br
J Pharmacol 132:1255–1260.

Kawamata Y, Habata Y, Fukusumi S, Hosoya M, Fujii R, Hinuma S, Nishizawa N,
Kitada C, Onda H, Nishimura O, et al. (2001) Molecular properties of apelin: tissue
distribution and receptor binding. Biochim Biophys Acta 1538:162–171.

Khan P, Maloney PR, Hedrick M, Gosalia P, Milewski M, Li L, Roth GP, Sergienko E,
Suyama E, Sugarman E, et al. (2011) Functional agonists of the apelin (APJ)
receptor. Probe Reports from the NIH Molecular Libraries Program, National
Center for Biotechnology Information, Bethesda, MD.

Kidoya H, Naito H, Muramatsu F, Yamakawa D, Jia W, Ikawa M, Sonobe T, Tsu-
chimochi H, Shirai M, Adams RH, et al. (2015) APJ regulates parallel alignment of
arteries and veins in the skin. Dev Cell 33:247–259.

Kidoya H, Ueno M, Yamada Y, Mochizuki N, Nakata M, Yano T, Fujii R,
and Takakura N (2008) Spatial and temporal role of the apelin/APJ system in the
caliber size regulation of blood vessels during angiogenesis. EMBO J 27:522–534.

Kim J (2014) Apelin-APJ signaling: a potential therapeutic target for pulmonary
arterial hypertension. Mol Cells 37:196–201.

Kim J, Kang Y, Kojima Y, Lighthouse JK, Hu X, Aldred MA, McLean DL, Park H,
Comhair SA, Greif DM, et al. (2013) An endothelial apelin-FGF link mediated by
miR-424 and miR-503 is disrupted in pulmonary arterial hypertension. Nat Med
19:74–82.

Kleinz MJ and Davenport AP (2004) Immunocytochemical localization of the en-
dogenous vasoactive peptide apelin to human vascular and endocardial endothelial
cells. Regul Pept 118:119–125.

Kleinz MJ and Davenport AP (2005) Emerging roles of apelin in biology and medi-
cine. Pharmacol Ther 107:198–211.

Kleinz MJ, Skepper JN, and Davenport AP (2005) Immunocytochemical localisation
of the apelin receptor, APJ, to human cardiomyocytes, vascular smooth muscle and
endothelial cells. Regul Pept 126:233–240.

Kocer D, Karakukcu C, Ozturk F, Eroglu E, and Kocyigit I (2016) Evaluation of
fibrosis markers: apelin and transforming growth factor-b1 in autosomal dominant
polycystic kidney disease patients. Ther Apher Dial 20:517–522.

Koguchi W, Kobayashi N, Takeshima H, Ishikawa M, Sugiyama F, and Ishimitsu T
(2012) Cardioprotective effect of apelin-13 on cardiac performance and remodeling
in end-stage heart failure. Circ J 76:137–144.

Koitabashi N, Danner T, Zaiman AL, Pinto YM, Rowell J, Mankowski J, Zhang D,
Nakamura T, Takimoto E, and Kass DA (2011) Pivotal role of cardiomyocyte TGF-
b signaling in the murine pathological response to sustained pressure overload.
J Clin Invest 121:2301–2312.

Kotanidou EP, Kalinderi K, Kyrgios I, Efraimidou S, Fidani L, Papadopoulou-Alataki
E, Eboriadou-Petikopoulou M, and Galli-Tsinopoulou A (2015) Apelin and G212A
apelin receptor gene polymorphism in obese and diabese youth. Pediatr Obes 10:
213–219.

Kuba K, Zhang L, Imai Y, Arab S, Chen M, Maekawa Y, Leschnik M, Leibbrandt A,
Markovic M, Schwaighofer J, et al. (2007) Impaired heart contractility in Apelin
gene-deficient mice associated with aging and pressure overload [published cor-
rection appears in Circ Res (2008) 102:e36]. Circ Res 101:e32–e42.

Kuba K, Sato T, Imai Y, and Yamaguchi T (2019) Apelin and Elabela/Toddler; double
ligands for APJ/Apelin receptor in heart development, physiology, and pathology.
Peptides 111:62–70.

Kumar P, Ashokan A, and Aradhyam GK (2016) Apelin binding to human APJ re-
ceptor leads to biased signaling. Biochim Biophys Acta 1864:1748–1756.

Lagorce D, Sperandio O, Baell JB, Miteva MA, and Villoutreix BO (2015) FAF-
Drugs3: a web server for compound property calculation and chemical library de-
sign. Nucleic Acids Res 43 (W1):W200–W207.

Lanctôt PM, Leclerc PC, Escher E, Leduc R, and Guillemette G (1999) Role of
N-glycosylation in the expression and functional properties of human AT1 receptor.
Biochemistry 38:8621–8627.

Langelaan DN, Reddy T, Banks AW, Dellaire G, Dupré DJ, and Rainey JK (2013)
Structural features of the apelin receptor N-terminal tail and first transmembrane

Apelin and Elabela/Toddler Receptor Pharmacology 499



segment implicated in ligand binding and receptor trafficking. Biochim Biophys
Acta 1828:1471–1483.

Leask A and Abraham DJ (2004) TGF-beta signaling and the fibrotic response.
FASEB J 18:816–827.

Lee DK, Cheng R, Nguyen T, Fan T, Kariyawasam AP, Liu Y, Osmond DH, George
SR, and O’Dowd BF (2000) Characterization of apelin, the ligand for the APJ
receptor. J Neurochem 74:34–41.

Lee DK, Ferguson SS, George SR, and O’Dowd BF (2010) The fate of the internalized
apelin receptor is determined by different isoforms of apelin mediating differential
interaction with beta-arrestin. Biochem Biophys Res Commun 395:185–189.

Lee DK, Saldivia VR, Nguyen T, Cheng R, George SR, and O’Dowd BF (2005) Mod-
ification of the terminal residue of apelin-13 antagonizes its hypotensive action.
Endocrinology 146:231–236.

Le Gonidec S, Chaves-Almagro C, Bai Y, Kang HJ, Smith A, Wanecq E, Huang XP,
Prats H, Knibiehler B, Roth BL, et al. (2017) Protamine is an antagonist of apelin
receptor, and its activity is reversed by heparin. FASEB J 31:2507–2519.

Li G, Sun X, Zhao D, He L, Zheng L, Xue J, Wang B, and Pan H (2016) A promoter
polymorphism in APJ gene is significantly associated with blood pressure changes
and hypertension risk in Chinese women. Oncotarget 7:86257–86265.

Li L, Yang G, Li Q, Tang Y, Yang M, Yang H, and Li K (2006) Changes and relations
of circulating visfatin, apelin, and resistin levels in normal, impaired glucose tol-
erance, and type 2 diabetic subjects. Exp Clin Endocrinol Diabetes 114:544–548.

Li L, Zeng H, and Chen JX (2012) Apelin-13 increases myocardial progenitor cells
and improves repair postmyocardial infarction. Am J Physiol Heart Circ Physiol
303:H605–H618.

Li L, Zeng H, Hou X, He X, and Chen JX (2013) Myocardial injection of apelin-
overexpressing bone marrow cells improves cardiac repair via upregulation of Sirt3
after myocardial infarction. PLoS One 8:e71041.

Li M, Gou H, Tripathi BK, Huang J, Jiang S, Dubois W, Waybright T, Lei M, Shi J,
Zhou M, et al. (2015) An apela RNA-containing negative feedback loop regulates
p53-mediated apoptosis in embryonic stem cells. Cell Stem Cell 16:669–683.

Li WW, Niu WQ, Zhang Y, Wu S, Gao PJ, and Zhu DL (2009) Family-based analysis
of apelin and AGTRL1 gene polymorphisms with hypertension in Han Chinese.
J Hypertens 27:1194–1201.

Liao YC, Chou WW, Li YN, Chuang SC, Lin WY, Lakkakula BV, Yu ML, and Juo SH
(2011) Apelin gene polymorphism influences apelin expression and obesity phe-
notypes in Chinese women. Am J Clin Nutr 94:921–928.

Liao YC, Wang YS, Hsi E, Chang MH, You YZ, and Juo SH (2015) MicroRNA-765
influences arterial stiffness through modulating apelin expression. Mol Cell
Endocrinol 411:11–19.

Lin J, Hodge RJ, O’Connor-Semmes RL, and Nunez DJ (2015) GSK2374697, a long
duration glucagon-like peptide-1 (GLP-1) receptor agonist, reduces postprandial
circulating endogenous total GLP-1 and peptide YY in healthy subjects. Diabetes
Obes Metab 17:1007–1010.

Luo X, Liu J, Zhou H, and Chen L (2018) Apelin/APJ system: a critical regulator of
vascular smooth muscle cell. J Cell Physiol 233:5180–5188.

Lv SY, Cui B, Chen WD, and Wang YD (2017) Apelin/APJ system: a key therapeutic
target for liver disease. Oncotarget 8:112145–112151.

Ma WY, Yu TY, Wei JN, Hung CS, Lin MS, Liao YJ, Pei D, Su CC, Lu KC, Liu PH,
et al. (2014) Plasma apelin: a novel biomarker for predicting diabetes. Clin Chim
Acta 435:18–23.

Ma Y, Yue Y, Ma Y, Zhang Q, Zhou Q, Song Y, Shen Y, Li X, Ma X, Li C, et al. (2017)
Structural basis for apelin control of the human apelin receptor. Structure 25:
858–866.e4.

Macaluso NJ and Glen RC (2010) Exploring the ‘RPRL’ motif of apelin-13 through
molecular simulation and biological evaluation of cyclic peptide analogues.
ChemMedChem 5:1247–1253.

Macaluso NJ, Pitkin SL, Maguire JJ, Davenport AP, and Glen RC (2011) Discovery of
a competitive apelin receptor (APJ) antagonist. ChemMedChem 6:1017–1023.

Maguire JJ, Kleinz MJ, Pitkin SL, and Davenport AP (2009) [Pyr1]apelin-13 iden-
tified as the predominant apelin isoform in the human heart: vasoactive mecha-
nisms and inotropic action in disease. Hypertension 54:598–604.

Maloney PR, Khan P, Hedrick M, Gosalia P, Milewski M, Li L, Roth GP, Sergienko E,
Suyama E, Sugarman E, et al. (2012) Discovery of 4-oxo-6-((pyrimidin-2-ylthio)
methyl)-4H-pyran-3-yl 4-nitrobenzoate (ML221) as a functional antagonist of the
apelin (APJ) receptor. Bioorg Med Chem Lett 22:6656–6660.

Margathe JF, Iturrioz X, Alvear-Perez R, Marsol C, Riché S, Chabane H, Tounsi N,
Kuhry M, Heissler D, Hibert M, et al. (2014) Structure-activity relationship studies
toward the discovery of selective apelin receptor agonists. J Med Chem 57:
2908–2919.

Masri B, Lahlou H, Mazarguil H, Knibiehler B, and Audigier Y (2002) Apelin (65-77)
activates extracellular signal-regulated kinases via a PTX-sensitive G protein.
Biochem Biophys Res Commun 290:539–545.

Masri B, Morin N, Pedebernade L, Knibiehler B, and Audigier Y (2006) The apelin
receptor is coupled to Gi1 or Gi2 protein and is differentially desensitized by apelin
fragments. J Biol Chem 281:18317–18326.

Matsumoto M, Hidaka K, Akiho H, Tada S, Okada M, and Yamaguchi T (1996) Low
stringency hybridization study of the dopamine D4 receptor revealed D4-like
mRNA distribution of the orphan seven-transmembrane receptor, APJ, in human
brain. Neurosci Lett 219:119–122.

McAnally D, Siddiquee K, Sharir H, Qi F, Phatak S, Li JL, Berg E, Fishman J,
and Smith L (2017) A systematic approach to identify biased agonists of the apelin
receptor through high-throughput screening. SLAS Discov 22:867–878.

McKeown SC, Zecri FJ, Fortier E, Taggart A, Sviridenko L, Adams CM, McAllister
KH, and Pin SS (2014) The design and implementation of a generic lipopeptide
scanning platform to enable the identification of ‘locally acting’ agonists for the
apelin receptor. Bioorg Med Chem Lett 24:4871–4875.

McKinnie SM, Fischer C, Tran KM, Wang W, Mosquera F, Oudit GY, and Vederas JC
(2016) The metalloprotease neprilysin degrades and inactivates apelin peptides.
ChemBioChem 17:1495–1498.

Medhurst AD, Jennings CA, Robbins MJ, Davis RP, Ellis C, Winborn KY, Lawrie
KW, Hervieu G, Riley G, Bolaky JE, et al. (2003) Pharmacological and immuno-
histochemical characterization of the APJ receptor and its endogenous ligand
apelin. J Neurochem 84:1162–1172.

Mesmin C, Fenaille F, Becher F, Tabet J-C, and Ezan E (2011) Identification and
characterization of apelin peptides in bovine colostrum and milk by liquid
chromatography-mass spectrometry. J Proteome Res 10:5222–5231.

Mishra A, Kohli S, Dua S, Thinlas T, Mohammad G, and Pasha MA (2015) Ge-
netic differences and aberrant methylation in the apelin system predict the
risk of high-altitude pulmonary edema. Proc Natl Acad Sci USA 112:
6134–6139.

Murtha LA, Schuliga MJ, Mabotuwana NS, Hardy SA, Waters DW, Burgess JK,
Knight DA, and Boyle AJ (2017) The processes and mechanisms of cardiac and
pulmonary fibrosis. Front Physiol 8:777.

Murza A, Besserer-Offroy É, Côté J, Bérubé P, Longpré JM, Dumaine R, Lesur O,
Auger-Messier M, Leduc R, Sarret P, et al. (2015) C-Terminal modifications of
apelin-13 significantly change ligand binding, receptor signaling, and hypotensive
action. J Med Chem 58:2431–2440.

Murza A, Parent A, Besserer-Offroy E, Tremblay H, Karadereye F, Beaudet N, Leduc
R, Sarret P, and Marsault É (2012) Elucidation of the structure-activity relation-
ships of apelin: influence of unnatural amino acids on binding, signaling, and
plasma stability. ChemMedChem 7:318–325.

Murza A, Sainsily X, Coquerel D, Côté J, Marx P, Besserer-Offroy É, Longpré JM,
Lainé J, Reversade B, Salvail D, et al. (2016) Discovery and structure-activity
relationship of a bioactive fragment of elabela that modulates vascular and cardiac
functions. J Med Chem 59:2962–2972.

Murza A, Sainsily X, Côté J, Bruneau-Cossette L, Besserer-Offroy É, Longpré JM,
Leduc R, Dumaine R, Lesur O, Auger-Messier M, et al. (2017) Structure-activity
relationship of novel macrocyclic biased apelin receptor agonists. Org Biomol Chem
15:449–458.

Myers MC, Lawrence RM, Bilder DM, Meng W, Pi Z, Brigance RP, and Finlay H
(2017) Heteroarylhydroxypyrimidinones as agonists of the APJ receptor. Patent
WO2017106396A1. 2016 Dec 15.

Nagpal V, Rai R, Place AT, Murphy SB, Verma SK, Ghosh AK, and Vaughan DE
(2016) MiR-125b is critical for fibroblast-to-myofibroblast transition and cardiac
fibrosis. Circulation 133:291–301.

Narayanan S, Maitra R, Deschamps JR, Bortoff K, Thomas JB, Zhang Y, Warner K,
Vasukuttan V, Decker A, and Runyon SP (2016) Discovery of a novel small mole-
cule agonist scaffold for the APJ receptor. Bioorg Med Chem 24:3758–3770.

Neto-Neves EM, Frump AL, Vayl A, Kline JA, and Lahm T (2017) Isolated heart
model demonstrates evidence of contractile and diastolic dysfunction in right
ventricles from rats with sugen/hypoxia-induced pulmonary hypertension. Physiol
Rep 5:e13438.

Nickel NP, Spiekerkoetter E, Gu M, Li CG, Li H, Kaschwich M, Diebold I, Hennigs
JK, Kim KY, Miyagawa K, et al. (2015) Elafin reverses pulmonary hypertension via
caveolin-1-dependent bone morphogenetic protein signaling. Am J Respir Crit Care
Med 191:1273–1286.

Niu W, Wu S, Zhang Y, Li W, Ji K, Gao P, and Zhu D (2010) Validation of genetic
association in apelin-AGTRL1 system with hypertension in a larger Han Chinese
population. J Hypertens 28:1854–1861.

Nobles KN, Xiao K, Ahn S, Shukla AK, Lam CM, Rajagopal S, Strachan RT, Huang
TY, Bressler EA, Hara MR, et al. (2011) Distinct phosphorylation sites on the b(2)-
adrenergic receptor establish a barcode that encodes differential functions of
b-arrestin. Sci Signal 4:ra51.

Nyimanu D, Read C, Williams TL, Kuc RE, Bednarek MA, Ambery P, Jermutus L,
Glen RC, Maguire JJ, and Davenport AP (2018) The apelin-36 mutant peptide N-
58 (apelin 36-[l28A]) and its pegylated analogue N-140 (apelin 36-[L2c-30kDa-
PEG) that mediate beneficial metabolic actions are G-protein biased ligands at the
apelin receptor (Abstract). Circulation 138 (Suppl 1):15595.

O’Carroll A-M and Lolait SJ (2003) Regulation of rat APJ receptor messenger ribo-
nucleic acid expression in magnocellular neurones of the paraventricular and
supraopric nuclei by osmotic stimuli. J Neuroendocrinol 15:661–666.

O’Carroll AM, Lolait SJ, Harris LE, and Pope GR (2013) The apelin receptor APJ:
journey from an orphan to a multifaceted regulator of homeostasis. J Endocrinol
219:R13–R35.

O’Carroll AM, Selby TL, Palkovits M, and Lolait SJ (2000) Distribution of mRNA
encoding B78/apj, the rat homologue of the human APJ receptor, and its endoge-
nous ligand apelin in brain and peripheral tissues. Biochim Biophys Acta 1492:
72–80.

O’Dowd BF, Heiber M, Chan A, Heng HH, Tsui LC, Kennedy JL, Shi X, Petronis A,
George SR, and Nguyen T (1993) A human gene that shows identity with the gene
encoding the angiotensin receptor is located on chromosome 11. Gene 136:355–360.

O’Harte FPM, Parthsarathy V, Hogg C, and Flatt PR (2018a) Long-term treatment
with acylated analogues of apelin-13 amide ameliorates diabetes and improves
lipid profile of high-fat fed mice. PLoS One 13:e0202350.

O’Harte FPM, Parthsarathy V, Hogg C, and Flatt PR (2018b) Apelin-13 analogues
show potent in vitro and in vivo insulinotropic and glucose lowering actions. Pep-
tides 100:219–228.
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