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The apelin receptor (APJ) is a member of the family A of G-protein-coupled receptors
(GPCRs) and is involved in range of physiological and pathological functions, including
fluid homeostasis, anxiety, and depression, as well as cardiovascular and metabolic
disorders. APJ was classically described as a monomeric transmembrane receptor that
forms a ternary complex together with its ligand and associated G proteins. More recently,
increasing evidence indicates that APJ may interact with other GPCRs to form heterodimers,
which may selectively modulate distinct intracellular signal transduction pathways. Besides,
the apelin/APJ system plays important roles in the physiology and pathophysiology of
several organs, including regulation of blood pressure, cardiac contractility, angiogenesis,
metabolic balance, and cell proliferation, apoptosis, or inflammation. Additionally, the
apelin/APJ system is widely expressed in the central nervous system, especially in neurons
and oligodendrocytes. This article reviews the role of apelin/APJ in energy metabolism
and water homeostasis. Compared with the traditional diuretics, apelin exerts a positive
inotropic effect on the heart, while increases water excretion. Therefore, drugs targeting
apelin/APJ system undoubtedly provide more therapeutic options for patients with
congestive heart failure accompanied with hyponatremia. To provide more precise
guidance for the development of clinical drugs, further in-depth studies are warranted on
the metabolism and signaling pathways associated with apelin/APJ system.

Keywords: apelin, apelin receptor, signal transduction, energy metabolism, water homeostasis

INTRODUCTION

The apelin receptor (APJ) was first identified as an orphan G protein-coupled receptor (GPCR)
in 1993, with the closest identity to the angiotensin II (Ang II) receptor, type ATla (O'Dowd
et al,, 1993). APJ belongs to family A of the GPCRs (O'Dowd et al., 1993), and is a potential
pharmacotherapeutic target for heart failure, hypertension, and other cardiovascular diseases.
AP] shares 31% identity with the amino acid sequence of the human AT1 receptor, and its
hydrophobic transmembrane region shares 54% identity with human AT1 (O'Dowd et al., 1993),
while it does not bind to members of the angiotensin family (De Mota et al., 2000).
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APJ remained an orphan receptor until 1998 when Tatemoto
et al. (Tatemoto et al., 1998; Lee et al., 2000) identified a
36-amino acid peptide termed Apelin, for APJ endogenous ligand.

BIOLOGICAL CHARACTERISTICS OF
APELIN/APJ SYSTEM

Tissue Distribution and Receptor Binding
The human apelin gene, namely APLN, is localized on the
chromosome Xq25-26.1 (Figure 1A). Its gene sequence contains
three exons and two introns (Lee et al, 2000), the coding
region spans two exons 1 and 2, and the 3' untranslated region
also spans two exons 2 and 3, thereby explaining the existence
of two transcription products with different sizes in different
tissues (O’Carroll et al., 2000). Apelin gene in rats and mice,
known as Apln, is located at chromosomal locations Xq35
and XA3.2, respectively. Apelin encodes a 77-amino acid
prepropeptide, and amino acid sequence of apelin is similar
to that of Ang-II. Bovine, human, rat, and mouse preproapelin
precursors have 76-95% homology and appear to exist
endogenously as a dimeric protein (Medhurst et al, 2003).
The results of aligned studies based on amino acid sequences
of cattle, humans, rats, and mice showed that 17 amino acids
of apelin at the C-terminal (Lys-Phe-Arg-Arg-Gln-Arg-Pro-
Arg-Leu-Ser-His-Lys-Gly-Pro-Met-Pro-Phe, apelin-17) were
extremely conserved (Galanth et al., 2012). Other experimental
results showed that tryptophan at position 55 and phenylalanine
at position 77 were highly conserved among different species
(Medhurst et al., 2003). The N-terminal residue of preapelin
is post-translationally modified by endopeptidase to form
pro-apelin-55, which is subsequently cleaved into various forms
(Tatemoto et al., 1998), including apelin-13 (65-77), apelin-17
(61-77), and apelin-36 (42-77; Figure 1B). Recently, in vitro
studies have shown that the pro-protein convertase subtilisin/
kexin type 9 (PCSK9) can cleave pro-apelin-55 directly into
apelin-13 without producing longer isoform peptides (Flahault
et al., 2017). The biological activity of apelin is inversely
proportional to its length, in which the efficacy of apelin-17
is higher than that of apelin-36, while lower than that of
apelin-13 (Beltowski, 2006). Translated N-terminal glutamine
residues of apelin-13 are catalyzed by glutamine cyclase to
modify pyroglutamidation to produce the pyroglutamide form
of apelin-13 [pyr']-apelin-13, which can prevent it from
degradation by exopeptidase, thereby exerting more long-term
biological activities (Habata et al., 1999). Besides, [pyr']-apelin-13
has been broadly used to study in vivo and in vitro reactions,
and is considered as a physiological ligand for APJ due to
its higher anti-degradation properties (Habata et al, 1999;
Maguire et al.,, 2009; Azizi et al, 2013).

Apelin is abundantly distributed in the central nervous system
(CNS) and peripheral tissues in humans and rodents. In the
human’s CNS, apelin is found in the dorsal raphe nucleus,
amygdala, and hypothalamus (De Mota et al, 2004). Apelin is
also highly expressed in the thalamus and frontal cortex of CNS,
and is relatively less expressed in the hypothalamus, midbrain,
caudate nucleus, and substantia nigra-amygdala connections.

The expression of apelin was also detected in the spinal cord
and pituitary (De Mota et al., 2000; Lee et al., 2000; O’Carroll
et al, 2000). Moderate expression of apelin was previously
detected in the heart, liver, kidney, gastrointestinal (GI) tract,
adipose tissue, ovary, and testis in peripheral tissues (Edinger
et al,, 1998; Hosoya et al., 2000; Lee et al., 2000; Kawamata
et al, 2001; Medhurst et al., 2003; Kleinz and Davenport,
2005), and is highly expressed in lung and breast (Kawamata
et al,, 2001). In rats, preproapelin and AP] mRNA were detected
in peripheral tissues, including testis, intestine, kidney, and in
the fetus. In peripheral tissues, apelin is expressed at the highest
level in the placenta, highly in the heart, lung, kidney, and
vascular endothelial cells, while its expression is relatively low
in adipose tissues, connective tissues, and vascular smooth
muscle cells (VSMCs; O’Carroll et al., 2000).

The human APJ gene, known as APLNR, is localized on
autosomal 11q12 and encodes 380 amino acid proteins (O’ Dowd
et al., 1993). APJ gene in rats and mice, known as Aplnr, is
located at chromosomal locations 3q24 and 2E1, respectively,
and both encode 377 amino acid proteins (O'Carroll et al,
2013). The ApelinR amino acid sequence is conserved across
species, with more than 90% of homology between human
and rodents, and up to 50% of homology with other
non-mammalian species, such as zebrafish or frog (O'Dowd
et al, 1993; Devic et al, 1996). The gene encoding AP] is
intronless (O'Dowd et al,, 1993). Glu20 and Asp23 at the
extracellular N-terminus of APJ are the first physiological sites
found to bind to the ligand apelin and may play substantial
roles (Zhou et al., 2003a,b). Thereafter, direct mutation of
binding sites by a three-dimensional molecular model
demonstrated that Asp94, Glul74, and Asp284 could also
be involved in the binding of human apelin (Asp.$1092, Glu
172, and Asp.$10282 in the rat sequence; Gerbier et al., 2015).
AP] is not a subtype of the angiotensin receptor and cannot
bind to angiotensin to exert biological effects. Besides, p-arrestin-
related phosphorylation, palmitoylation, and glycosylation sites
at the C-terminal of APJ have been experimentally confirmed
(O'Dowd et al,, 1993), and these sites are essential for the
phosphorylation and endocytosis of AP]J.

In situ hybridization and immunohistochemistry showed that
APJ is extensively expressed in the CNS, including supraoptic
nucleus, paraventricular nucleus, midbrain, basal ganglia,
hippocampus, and spinal cord (O'Carroll et al., 2013). In particular,
APJ and arginine vasopressin (AVP) are co-expressed in neuronal
cells in the supraoptic and paraventricular nuclei of the
hypothalamus (De Mota et al., 2004; Reaux-Le Goazigo et al.,
2004; Bodineau et al, 2011). Furthermore, a moderate APJ
mRNA expression was found in the renal collecting duct (CD;
Hus-Citharel et al., 2008) where the AVP V2 receptor (V2R)
are also expressed (Ostrowski et al., 1992). This strongly strengthens
that apelin may regulate body fluid balance with AVP (Roberts
et al., 2010). The distribution of APJ in the peripheral tissues
is similar to that of apelin, with the highest expression in the
placenta and spleen, and a relatively low expression in the heart,
lung, liver, kidney, and GI tract (O’Carroll et al., 2000). APJ
can also be expressed in interleukin-2 (IL-2)-activated peripheral
blood mononuclear cells (Beltowski, 2006).
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MNLRLCVQALLLLWLSLTAVCG GSLMPLPDGNGLEDGNVRHL VQPRGSRNGPGPWQGGRRK FRRQ RPRLSHKGPMPF
Human : MNLRLCVQALLLLWLSLTAVCG GSLMPLPDGNGLEDGNVRHL VQPRGSRNGPGPWQGGRRK FRRQ RPRLSHKGPMP
Rat : MNLSFCVQALLLLWLSLTAVCG VPLMLPPDGKGLEEGNMRYL VKPRTSRTGPGAWQGGRRK FRRQ RPRLSHKGPMPF
Cattle : MNLRRCVQALLLLWLCLSAVCG GPLLOTSDGKEMEEGTIRYL VQPRGPRSGPGPWQGGRRK FRRQ RPRLSHKGPMPF
FIGURE 1 | Schematically presentation of apelin in gene and protein. (A) The human apelin gene is located in the chromosome Xg25-26.1. Its gene sequence
contains three exons and two introns. The apelin gene encodes a 77-amino acid propeptide, preapelin, which has a hydrophobic N-terminal region and a
C-terminal. The N-terminal is a signal sequence, and the C-terminal has a variety of biological activities and specific regions that bind to apelin receptor (APJ).
(B) The N-terminal residue of preapelin is modified by endopeptidase to form pro-apelin-55, which is subsequently cleaved into various forms, including apelin-13,
apelin-17, and apelin-36. The results of the cohort study of the amino acid sequences of cattle, humans, and rats showed that the 17 amino acids at the C-terminal
were extremely conserved. Apelin-13 is the shortest active fragment present in organisms. Apelin-36 has 86-100% structural homology between human, cattle, and
rat, while the C-terminal sequence homology up to 100%.

Apelin/APJ System-Associated Signaling by
Pathways
The apelin/AP] system mediates signal transduction mainly by

inhibiting forskolin (FSK)-induced cyclic adenosine
monophosphate (cAMP) production, suggesting that Gati/o protein
is involved in apelin/APJ system-associated signaling pathway.

coupling to G protein (Figure 2). Apelin-36, apelin-13, apelin-
17, and [pyr']-apelin-13 block various biological effects generated
by protein kinase A (PKA) pathway (Habata et al, 1999
De Mota et al., 2000; Medhurst et al., 2003; El Messari et al., 2004)

The APJ-coupled Gai protein was first confirmed by determining
the extracellular acidification rates of apelin-13 and apelin-36
(Tatemoto et al., 1998). Further experiments on phosphorylated
inhibition of adenylate cyclase and extracellular signal-regulated
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kinase B (PKB) pathway.

FIGURE 2 | Apelin-associated signaling pathways. Apelin-13 (in addition to apelin-17, apelin-36, and [pyr']-apelin-13) binds to APJ to couple Gai, inhibits forskolin
(FSK)-induced cAMP generation, and blocks various biological effects produced by the protein kinase A (PKA) pathway; it (or apelin-36) binds to APJ-coupled Gio or
Gag/11 to activate extracellular signal-regulated kinase 1/2 (ERK1/2) through protein kinase C (PKC) pathway; it (or [pyr']-apelin-13) activates phosphorylation of
ribosomal protein S6 kinase (p70S6) through the PIBK/Akt and ERK1/2 signaling pathways. Apelin-13 promotes cell proliferation, division, migration, and metabolic
function through the PI3K/Akt signaling pathway or MAPK pathway; and it (or apelin-12) stimulates endothelial nitric oxide synthase (eNOS) through the protein

kinase 1/2 (ERK1/2) demonstrated that murine apelin receptor
is preferentially coupled to Gail and Gai2, rather than Gai3 in
Chinese hamster ovary cells (Masri et al., 2006). Apelin activation
of ERK1/2 is mediated by protein kinase C (PKC), indicative
of coupling to either Gai or Gag/11 (Masri et al., 2006). However,
the positive inotropic effect induced by apelin in rats is only
partially counteracted by pertussis toxin (PTX) and PKC inhibitors.
The results indicate that some effects of AP] may be realized
by double-coupling PTX-sensitive ~Gi/o protein and
PTX-insensitive Gq/11 protein (Szokodi et al., 2002). The same
results were also confirmed in APJ of adipocytes (Szokodi et al,
2002). In human umbilical vein endothelial cells (HUVECs),
activated APJ binds to Gai3 in an apelin-independent manner,
resulting in phosphorylation of two histone deacetylases (HDAC) 4
and HDACS, producing cytoplasmic translocation, as well as
activating the transcription factor myocyte enhancer factor 2
(MEF2; Kang et al.,, 2013). The activation of apelin/AP] system
can also trigger a cascade of intracellular signaling molecules,
including phosphatidylinositol 3-kinase/protein kinase B (PI3K/
Akt), P70 ribosomal protein S6 kinase (P70S6K), nitric oxide
synthase (NOS), AMP-activated protein kinase (AMPK), reactive
oxygen species (ROS), and other signaling pathways, ultimately

targeting transcription factors to regulate cellular function (Kleinz
and Baxter, 2008; D’Aniello et al., 2009).

In addition to G-protein-dependent intracellular signal
transduction pathways, apelin activates AP] and mediates a
receptor’s desensitization and endocytosis through p-arrestin-
dependent signaling pathway. Apelin-36 and apelin-13 induce
endocytosis and desensitization of APJ in two ways. Apelin-36
activates APJ to recruit P-arrestin, and P-arrestin enters the
endocytosis process together with the receptor, and localizes
to the intracellular lysosome through Rab7 signaling pathway,
resulting in persistent desensitization of AP] (Figure 3). However,
apelin-13 activates APJ to recruit B-arrestin instantaneously.
Afterward, endocytosis of the AP]J by apelin-13 is characterized
by dissociation from f-arrestin and rapid recycling to the cell
surface through Rab4 signaling pathway, leading to APJ transient
desensitization (Figure 3). Both endocytosis and desensitization
require the involvement of P-arrestin (Masri et al., 2006; Lee
et al,, 2010). This indicates that pharmacological properties of
apelin isoforms are slightly different, which may produce different
physiological effects. It has been found that apelin-K16P activates
intracellular G-protein-dependent signaling pathways, while it
does not recruit P-arrestin to bind to AP] and endocytosis.
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(apelin-36)

Lysosome

Other pathways

FIGURE 3 | Mechanism of B-arrestin-dependent APJ desensitization and endocytosis. Apelin-36 binds to APJ and forms APJ/apelin-36 complex, which is
localized to intracellular lysosome through Rab7 signaling pathway, leading to persistent desensitization of APJ, while apelin-13 forms APJ/apelin-13 complex with
APJ and then rapidly circulates APJ to the cell surface through Rab4 signaling pathway, leading to transient desensitization of APJ.

Lysosomal degradation

Therefore, apelin-K16P exhibits a biased ligand property. Further
study revealed that apelin-K16P lost its ability to reduce blood
pressure in rats (El Messari et al., 2004), thus, it can be confirmed
that reduction of blood pressure by inducing apelin may
be associated with p-arrestin-dependent signaling pathway. Our
experimental findings indicated that mutation in the ser’*® of
APJ did not influence the activation of G protein and downstream
signaling pathways of G protein, although resulted in inactive
B-arrestin (Chen et al., 2014). Therefore, the APJ-S348A mutant
exhibits the characteristics of a biased receptor.

As a member of the GPCR superfamily, APJ can also form
heterodimer structures with other GPCRs and participate in
different biological effects, in addition to acting as a monomer.
Immunoprecipitation and fluorescence resonance energy transfer
(FRET) experiments showed that the dimerization of APJ and
Ang-II receptor inhibited the Ang-II-associated signaling
pathways, and played a role in the Ang-II-mediated animal
models of atherosclerosis (Chun et al., 2008). Previous studies
conducted in our laboratory confirmed a heterodimer between
APJ and k-opioid receptor, which increased ERK phosphorylation
by activating PKC and inhibited the activity of PKA, thereby
promoting cell proliferation (Li et al., 2012). Besides, APJ can

form a heterodimer with bradykinin type 1 receptors in HUVECs,
the heterodimer can upregulate PKC activity and intracellular
Ca’* concentration by coupling Gog, resulting in increased
phosphorylation of endothelial nitric oxide synthase (eNOS)
and cell proliferation (O’Carroll et al., 2013). However, the
biased effects of GPCR dimer on signaling pathway and changes
in biological properties have still remained elusive.

APELIN AND GLUCOSE METABOLISM

Nowadays, evidence has been increasing that apelin is closely
related with glucose metabolism and insulin sensitivity. In this
review, we summarize the role of apelin/APJ system in peripheral
tissues and CNS. Nevertheless, the effects of apelin on glucose
homeostasis in models with diet-induced obesity, at present,
do not appear clearly coordinated between peripheral tissues
and CNS. In conclusion, apelin/AP] system becomes a potential
therapeutic target in promoting glucose uptake, increasing
overall glucose utilization and ameliorating insulin resistance,
although hazardous effects may arise on the body due to
aberrant apelin concentrations.
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Regulation of Glucose Metabolism by
Apelin in Periphery Tissues

The apelin/AP]J system plays a pivotal role in glucose metabolism
and insulin sensitivity. Low-dose intravenous (IV) apelin can
reduce blood glucose and improve glucose tolerance in normal
mice. When hepatic glucose production is fully inhibited during
hyperinsulinemic-euglycemic clamp, apelin can reduce blood
glucose by increasing glucose uptake of skeletal muscles and
adipose tissues, thereby promoting overall glucose utilization
(Castan-Laurell et al., 2011; Bertrand et al., 2015; He et al., 2019).

Skeletal muscle plays a fundamentally important role in the
maintenance of normal glucose homeostasis and in regulating
whole-body carbohydrate metabolism. Apelin can promote
glucose transport (Dray et al,, 2008; Bertrand et al.,, 2015) in
isolated soleus muscle and synergize with insulin. Studies have
found that apelin’s effect on reducing glucose level depends
on the activation of AMPK and eNOS (Dray et al, 2008;
Bertrand et al., 2015). However, it has been reported that
apelin promotes glucose uptake mainly through AMPK pathway
rather than eNOS pathway in cultured C2C12 muscle cells
(Yue et al, 2010). Besides, apelin can increase Akt
phosphorylation in isolated C2C12 myotubes (Xu et al., 2012;
Bertrand et al, 2015). It is noteworthy that plasma apelin
concentration was increased in obese and insulin-resistant mice
fed with high-fat diet, IV injection of apelin during
hyperinsulinemic-euglycemic clamp had still remained effective
in improving insulin sensitivity (Castan-Laurell et al., 2011).
Therefore, exogenous administration of apelin can significantly
improve glucose tolerance and insulin sensitivity, mainly
depending on the improvement of metabolic functions of
skeletal muscles, in addition to elevation of skeletal muscle
glucose uptake. It was found that apelin knockout mice exhibited
an enhanced insulin resistance during high-fat diet feeding,
which further confirmed the role of apelin in the regulation
of glucose homeostasis (Yue et al, 2010, 2011). In human
adipose tissue explants, apelin can stimulate glucose transport
in an AMPK-dependent manner, whereas 3 T3-L1 adipocytes
can achieve the same outcome by activation of PI3K/Akt
signaling pathway. In addition, apelin also increased insulin-
stimulated glucose transport in 3 T3-L1 cells with insulin-
resistant (Zhu et al.,, 2011).

In addition to skeletal muscles and adipose tissues, apelin
increased glucose uptake and Glut4 membrane translocation
in the myocardium of C57BL/6 ] mice in vivo (Xu et al,
2012; Bertrand et al., 2015). According to the results of in vitro
experiments, apelin also increased glucose transport in
embryonic cardiomyocyte cell line HOC2 (Xu et al, 2012;
Bertrand et al., 2015).

Glucose can rapidly stimulate the secretion of apelin in
mouse intestinal epithelial cells. Apelin increases the net glucose
flow of GI mucosal barrier and enhances the glucose transport
from intestinal lumen to blood by promoting AMPK
phosphorylation, regulating the ratio of sodium-glucose
co-transporter 1 (SGLT-1) to glucose transporter 2 (GLUT2).
Conversely, administration of the apelin blocker can reduce
hyperglycemia after oral glucose administration. Glucose
stimulates the secretion of apelin in intestinal epithelial cells,

and apelin enhances the glucose transport from intestinal lumen
to blood. The interreaction between glucose and apelin leads
to the increase of portal vein glucose levels, which in turn
stimulates the rapid secretion of insulin and improves insulin
sensitivity (Fukaya et al., 2007; Delaere et al., 2010; Dray et al,,
2013). Therefore, apelin can also maintain the homeostasis of
glucose by promoting glucose absorption of intestinal epithelium,
thereby increasing portal blood glucose and insulin secretion.

In the GI tract, the enteric nervous system (ENS) is involved
in various physiological functions, including modulation of
intestinal contraction. The ENS is essentially composed of
excitatory motor neurons [choline acetyl transferase (ChAT)]
or inhibitory motor neurons [neuronal NOS (nNOS)] that
stimulate or inhibit intestinal contractility and motility. During
diabetes, there is a loss of inhibitory neurons, in addition to
an increase in cholinergic innervations in the proximal part
of the intestine (Chandrasekharan and Srinivasan, 2007). The
gut-brain axis is considered as a major regulatory checkpoint
in the control of glucose homeostasis. The detection of nutrients
and/or hormones in the duodenum informs the hypothalamus
of the host’s nutritional state (Duparc et al, 2011b; Breen
et al,, 2013). This process may occur via hypothalamic neurons,
modulating release of nitric oxide (NO), which in turn controls
glucose entry into tissues (Duparc et al, 2011a; Knauf et al,
2013). The effects of apelin on glucose metabolism in the
gut-brain axis were experimentally investigated by Fournel et al.
(2017) in normal and obese/diabetic mice, glucose utilization
is improved by the decrease of ENS-evoked duodenal contraction
activities in response to apelin, causing an increase in
hypothalamic release of NO. Consequently, skeletal muscle
glucose uptake increases substantially during dynamic exercise.
A novel mode of communication between the intestine and
the hypothalamus that controls glucose utilization has been
identified, in addition to presentation of oral apelin administration
as a novel potential target to treat metabolic disorders.

Regulation of Glucose Metabolism by
Apelin in CNS

Apelin mRNA widely exists in different nuclei of the CNS
and participates in the regulation of glucose metabolism (Castan-
Laurell et al,, 2011). It is well-known that hypothalamus is a
key site of action for leptin-mediated control of glucose
metabolism. In response to different stimuli, such as nutrients,
hormones, neuropeptides, and stress, it can affect glucose
homeostasis by a variety of pathways (Yamada and Katagiri,
2007). Apelin-positive nerve fibers in the hypothalamus indicate
the existence of apelin-synthesizing neurons, confirming the
role of apelin in circulating peptide, as well as being
a neurotransmitter.

Experiments have shown that blood glucose level of mice
fed with normal diet was dramatically decreased after
intraventricular injection of low-dose apelin-13 for within
60-210 min, whereas significantly improved glucose tolerance
and insulin tolerance. The release of NO and the active
phosphorylated form of eNOS rapidly increased within 2-15 min
in the hypothalamic sections of mice after treatment with
low-dose apelin-13. After further knocking out eNOS in mice,
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it was found that the regulatory effect of central apelin on
glucose homeostasis disappeared, including blood glucose and
glucose tolerance. Therefore, apelin may regulate glucose
homeostasis and promote glucose uptake and utilization through
NO-dependent pathways in mice fed with normal diet (Duparc
et al., 2011a). In obese or diabetic mice fed with high-fat diet,
the regulatory effect of central apelin on glucose homeostasis
was attenuated (Clarke et al., 2009; Duparc et al., 2011a). After
fasting, low-dose apelin-13 was injected into the lateral ventricle
of obese diabetic mice fed with high-fat diet, and no
changes were measured in blood glucose level, insulin level,
glucose tolerance, and insulin tolerance (Duparc et al., 2011a).
This may be due to the stimulation of hypothalamus by
peripheral apelin (Knauf et al., 2013). At present, it is elusive
whether peripheral apelin can reach hypothalamus and regulate
central apelin level. However, it was previously found that
the concentration of apelin in the hypothalamus increased
after its intraperitoneal (IP) injection (Higuchi et al, 2007;
Castan-Laurell et al., 2011).

After high-dose injection of apelin-13 into the lateral ventricle
of mice fed with normal diet, it was noted that both peripheral
blood glucose and insulin level elevated. The
hyperinsulinemic-euglycemic clamp experiment showed that
intracerebroventricular (ICV) injection of high-dose apelin could
reduce systemic sensitivity to insulin and produce insulin
resistance. However, high-dose apelin-13 was injected into the
lateral ventricle in the obese diabetic mice fed with high-fat
diet, which showed that blood glucose level was significantly
increased, while a slight change in insulin level was observed.
Meanwhile, in the hypothalamic explant experiment, NO release
content and eNOS phosphorylation form of obese diabetic
mice did not change in either normal feeding or fasting state,
in presence of low- or high-dose ICV injection (Duparc et al.,
2011a). These results suggest that central apelin-dependent NO
signaling pathway is impaired in pathological conditions, e.g.,
obesity or diabetes, or there are other pathways regulating
glucose metabolism in the CNS. A number of scholars (Drougard
et al, 2014) demonstrated that ICV injection of apelin can
activate the sympathetic nervous system through ROS-related
signaling pathway to promote hepatic glycogen breakdown
and gluconeogenesis, thereby leading to the increase of fasting
blood glucose level. This highlighted the regulatory effect of
central apelin on glucose metabolism under pathological
conditions, and also indicated that the liver plays a major role
in the control of glucose homeostasis (Knauf et al., 2013;
Chaves-Almagro et al.,, 2015).

There are several other regulatory pathways of apelin on
central glucose metabolism, such as apelin binding to AP],
and the resultant separation of Goq heterotrimers triggers
Gpy-dependent activation of phospholipase C-f (PLC-p) signals
that can inhibit M-currents, thereby leading to depolarization
of pro-opiomelanocortin (POMC) neurons (Lee et al., 2015).
POMC neurons express apelin receptor mRNA, and K17F
strongly increases release of a-Melanocyte-stimulating hormone
(a-MSH) from rat hypothalamic explants, whereas the inactive
apelin fragment R10F dose not. This suggests that apelin may
be somatodendritically or axonally released from POMC neurons,

were

stimulating the release of a-MSH in an autocrine manner,
which is a neuropeptide reducing food intake, as well as
inducing weight loss (Fan et al, 1997; Grill et al, 1998).
Goazigo et al. also reported an increase in hypothalamic apelin
level in obese db/db mice, obese fa/fa Zucker rats, and in
high-fat diet-fed mice (Reaux-Le Goazigo et al., 2011; Knauf
et al., 2013). Therefore, the apelin from POMC neurons may
be involved in regulating the pathological conditions of diabetic
patients. The activity of POMC neurons may also be enhanced
by the production of ROS (Qiu et al, 2010; Diano et al,
2011; Qiu et al, 2014). Therefore, apelin is widely involved
in the glucose metabolism at the central level, and it dose-
dependently possesses a variety of beneficial or detrimental
effects (Fan et al., 1997; Grill et al., 1998; Clarke et al., 2009;
Duparc et al.,, 2011a).

THE ROLE OF APELIN IN LIPID
METABOLISM AND THERMOGENESIS

To date, a limited number of studies have concentrated on the
role of apelin in lipid metabolism. In isolated adipocytes and
differentiated 3 T3-L1 adipocytes, apelin can inhibit lipolysis
via a pathway involving Gq, Gi, and AMPK in isolated rodent
cells and mature 3 T3-L1 adipocytes (Castan-Laurell et al., 2011;
Bertrand et al, 2015). Apelin can be activated by AMPK and
it reduces the release of free fatty acid (FFA) from 3 T3-L1
adipocytes by increasing the amount of peripheral lipoproteins
surrounding lipoproteins, making them more stable and resistant
to lipase. However, apelin has no influence on basal or
isoproterenol-stimulated lipolysis in human adipose tissue explants
or isolated adipocytes. Treatment of standard and high-fat diet-fed
mice with apelin had shown influences on adipose tissue lipolysis
(Attané et al, 2011; Yue et al,, 2011; Than et al,, 2012). Daily
IP injection of apelin for 2 weeks has been found to reduce
triglyceride content and fat deposition in adipose tissue at
different sites in standard and high-fat diet-fed mice, including
a significant reduction in liver triglyceride content and expressions
of different adipogenesis-related genes. The treatment procedure
did not affect food intake, while it increased rectal temperature
and oxygen consumption (Yamamoto et al.,, 2011).

After treatment with cyclooxygenase-2 (COX-2) inhibitor, the
vascular function of apelin gene knockout mice fed with high-fat
diet was improved, and the content of fat mass was reduced
(Chaves-Almagro et al., 2015). The results demonstrated that the
weight gain of apelin knockout mice may be related to the increased
vascular permeability of adipose tissue, leading to more fatty acid
absorption. Therefore, apelin may also prevent the development
of obesity by maintaining vascular integrity (Hwangbo et al., 2017).
Recent studies have shown that inactivation of the forkhead
transcription factor 1 and inhibition of endothelial expression of
fatty acid binding protein 4 (FABP4) are key downstream signaling
targets of apelin/APJ system. Both apelin- and APJ-knockout mice
showed an increased expression of endothelial FABP4 and
accumulation of excess fatty acids. Treatment of APJ knockout
mice with FABP4 inhibitor inhibited the accumulation of fatty
acids, and effectively prevented lipid metabolism disorders
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(Hwangbo et al., 2017). These findings broaden the prospects for
the treatment of type 2 diabetes and lipid metabolism disorders
(Chaves-Almagro et al.,, 2015; Hwangbo et al., 2017).
Experiments focused on heart of mice fed with high-fat
diet with aortic ligation exhibited an attenuated cardiac systolic
function (Chaves-Almagro et al, 2015). After 28 days of
treatment, apelin not only reversed cardiac hypertrophy but
also prevented the reduction of fatty acid and glucose oxidation
induced by aortic ligation. Further isolation of mouse
cardiomyocytes showed (Chaves-Almagro et al., 2015) that
apelin increased fatty acid oxidation dependent on sirtuin-3
activation. In addition, the expressions of peroxisome proliferator-
activated receptor-y coactivator 1o (PGCla), nuclear respiratory
factor 1 (NRF-1), and mitochondrial transcription factor A
(TFAM) genes were also elevated, which was consistent with
apelin’s effects on mitochondrial biogenesis of skeletal muscle cells.
In skeletal muscle cells, chronic apelin treatment, in obese
and insulin-resistant mice, was also shown to increase fatty acid
oxidation in muscles through activation of AMPK pathway, and
it reduced the rate of incomplete oxidation of long-chain acylcarnitine
related to insulin (Alfarano et al., 2015). In addition to promotion
of lipid utilization, apelin can also increase mitochondrial biogenesis
of skeletal muscle cells by increasing the expression of PGCla
(Bertrand et al,, 2015). This sustained effect is associated with
increased expressions of PGCla, NRF-1, and TFAM, which can
enhance the oxidative phosphorylation of mitochondria and
mitochondrial biogenesis (Chaves-Almagro et al,, 2015).
Energy expenditure in response to apelin treatment has also
been studied via thermogenesis (Drougard et al., 2016). Brown
adipose tissue (BAT) has a high density of mitochondria with
high amounts of mitochondrial uncoupling protein 1 (UCP1),
allowing the uncoupling of fatty acid oxidation from ATP
production to generate heat (Knauf et al, 2008; Lam et al,
2009). The higher rectal temperature and oxygen consumption
in apelin-treated mice may be correlated to the increased
expression of UCP1 in BAT (Castan-Laurell et al., 2011; Bertrand
et al.,, 2015). Furthermore, apelin/AP] signaling promotes brown
adipocyte differentiation by increasing the expressions of brown
adipogenic and thermogenic transcription factors via the PI3K/
Akt and AMPK signaling pathways. Apelin can alleviate the
inhibitory effect of TNF on brown adipogenesis. Apelin can
also increase the basal activity of brown adipocytes by increasing
the expressions of PGC1 and UCP1, mitochondrial biogenesis,
and oxygen consumption (Than et al., 2015). In fact, the role
of apelin in the control of thermogenesis remains to be unraveled,
and is complex. Chronic ICV injection of apelin decreased
the level of PGClaa mRNA in BAT that is a key regulator of
mitochondrial biogenesis (Puigserver, 2005), and PR domain
containing 16 (PRDM16) mRNA, a key transcriptional cofactor
concerned in BAT differentiation (Seale et al., 2007). This result
suggests that chronic ICV apelin perfusion decreases
mitochondrial biogenesis and reduces BAT activity, which can
justify the alteration of thermogenesis in mice. In addition,
UCP1 protein level is significantly decreased in BAT in response
to chronic ICV apelin perfusion, confirming disruption of its
function. This was associated with a decrease in body temperature
and an altered response to cold exposure in mice perfused

with chronic ICV apelin. These molecular modifications involved
in BAT are strongly associated with the decrease in rectal
temperature (Drougard et al., 2016), thereby contributing to
explain the decreased energy expenditure upon apelin treatment.
These data provide compelling evidence that central apelin
contributes to the development of type 2 diabetes by altering
energy expenditure, thermogenesis, and fat browning. At the
same time, both in vivo and in vitro experiments confirmed
that apelin can increase brown-like characteristics in white
adipocytes, which provides a potential therapeutic approach
to combat obesity and metabolic disorders (Boucher et al., 2005;
Than et al., 2015).

THE RELATIONSHIP BETWEEN APELIN
AND FOOD INTAKE

Regarding the role of apelin in the control of food intake,
its precise function requires further assessment. Previous
studies examined the effects of IV and ICV injections of
apelin-13 on food intake in Wistar rats. ICV injection of 1
and 3 nmol of apelin-13 resulted in a reduction in food
intake in both fed and fasted rats. However, IV injection of
10 nmol of apelin-13 did not cause any change in food intake
in either fed or 24-h fasted rats (Sunter et al., 2003). Lin
et al. (2014) performed IP injection of apelin-13 and studied
food intake in injected fish. Apelin injected at a dose of
100 ng/g body weight induced a significant increase in food
intake compared with saline injected into fish. The results
suggest that apelin acts as an orexigenic factor in Ya-fish
(Lin et al., 2014). Consistent with previously reported results,
Valle et al. (2008) assessed the effects of a chronic 10-day
ICV infusion of apelin-13 into the third ventricle on food
intake in C57BL/6 mice. Apelin-13 (1 pg/day) significantly
increased food intake on days 3-7 of infusion; thereafter,
food intake in treated and control individuals converged. Such
discrepancies could be justified by the injected quantity of
apelin into the brain, the route of injection, and animal species
(Chaves-Almagro et al, 2015). Further investigation on the
effects of apelin on food intake may provide new ideas for
the treatment of obesity.

THE RELATIONSHIP BETWEEN APELIN
AND WATER METABOLISM

Regulatory Effects of Apelin/APJ System
on Water Metabolism in CNS

The expression of apelin/APJ in magnocellular neurons of the
hypothalamus and periventricular organelles suggests that it may
be involved in the regulation of body fluid balance. Apelin-
immunoreactive neurons are particularly abundant in hypothalamic
nuclei, i.e., the supraoptic nucleus (SON), paraventricular nucleus
(PVN), and arcuate nucleus. AVP, also known as an antidiuretic
hormone, is involved in the maintenance of body fluid balance
by regulating water reabsorption, as well as influencing urine
volume (Reaux et al, 2001; Brailoiu et al, 2002). By using
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double-color immunofluorescence staining, it was revealed that
AVP and apelin, as well as their respective receptors, are
co-localized in the magnocellular neurons of the hypothalamus
(De Mota et al., 2004; Reaux-Le Goazigo et al., 2004; Bodineau
et al, 2011), suggesting an interaction between apelin and AVP
in regulating the water balance in the body.

In animal models, apelin-17 injected into the third ventricle
exerted a diuretic effect owing to inhibition of the discharge
activity of AVP neurons and the release of AVP (De Mota
et al., 2004; Gerbier et al,, 2017). Similarly, in lactating rats
with significantly increased AVP synthesis and release, ICV
injection of apelin-17 resulted in a notable reduction in AVP
release. These findings demonstrate that apelin is a natural
inhibitor that can participate in controlling body fluid homeostasis
by regulating the discharge activity of AVP neurons and AVP
release in vivo.

The results of water deprivation showed that activation of
rat AVP neurons by dehydration stimulation resulted in the
release of AVP faster than its synthesis rate, increased plasma
AVP concentration, and depletion of stored AVP in hypothalamic
neurons (De Mota et al., 2004; Reaux-Le Goazigo et al., 2004).
It is noteworthy that the increased release of AVP can activate
the discharge activity of AVP neurons, which is conducive to
the release of AVP into the blood. In contrast, the synthesis
rate of apelin in AVP neurons during dehydration exceeded
its release rate, and plasma apelin level decreased, while apelin
was accumulated in neurons. With reducing the release of
apelin and attenuating the inhibitory effects of apelin on
neurons, the discharge activity of AVP neurons was consequently
enhanced (De Mota et al, 2004; Reaux-Le Goazigo et al.,
2004). In addition to rodents, the same study that recruited
10 healthy volunteers (Azizi et al, 2008) revealed that IV
injection of hypertonic saline caused the increase of plasma
crystal osmotic pressure, while plasma AVP concentration
increased and apelin concentration decreased. Conversely, water
load decreased plasma AVP concentration and rapidly increased
apelin level (Azizi et al., 2008). Thus, it can be concluded
that plasma osmotic pressure is an important factor in
determining plasma apelin level. In addition, apelin is negatively
correlated with the secretion of AVP, and the antagonistic
effects of apelin and AVP can protect the kidney against
excessive water excretion, which is biologically significant in
maintaining fluid balance.

An abnormal humoral status was found in APJ knockout
mice. The amount of drinking water was significantly decreased
in APJ knockout mice that could drink freely in spite of the
fact that the urine volume and urine osmotic fluid remained
normal. After 24 h of water shortage, the urine volume of
wild-type mice was markedly reduced, and the urine osmotic
pressure was significantly increased, whereas these changes
did not occur in knockout mice. Although plasma AVP
concentration was noticeably elevated in both wild-type and
knockout mice after water deprivation, knockout mice were
unable to respond to AVP. Further study revealed that the
level of c-fos mRNA in the subfornical apparatus was decreased,
the expression of PVN was increased, and the expression of
the SON remained unchanged in APJ knockout mice when

water was deprived (Roberts et al., 2009). The above-mentioned
studies indicated that apelin/AP]J system plays a pivotal role
in water intake and discharge, as well as maintaining body
fluid homeostasis.

Regulatory Effects of Apelin/APJ System
on Water Metabolism in Kidney Level

Apelin and its receptor AP] are expressed in all regions of
kidneys of human and rat, suggesting that the regulatory
effects of apelin on fluid homeostasis may be correlated to
the kidney level. In the glomerulus, AP] mRNA is mainly
expressed in the endothelial cells and VSMCs of the afferent
and efferent arterioles (Huang et al., 2018). A previous study
found that IV injection of apelin-17 could antagonize the
vasoconstrictive effect caused by angiotensin I, and the specific
mechanism may be associated with activating AP]J of vascular
endothelial cells to release NO, inhibiting the angiotensin
II-mediated elevation of intracellular calcium concentration,
causing vasodilation. After administration of NOS inhibitor
L-NAME, the apelin-induced inhibition of calcium ions
disappeared. Angiotensin II-induced vasoconstriction can
be rapidly reversed by apelin, confirming the opposite vascular
effect of apelin/angiotensin system (Galanth et al.,, 2012). In
addition, apelin directly acts on AP] on VSMCs to mediate
vasodilation, especially in renal medullary microcirculation
(Hus-Citharel et al,, 2008). Therefore, apelin participates in
the regulation of renal hemodynamics by increasing renal
blood flow and promoting urinary excretion to maintain body
fluid homeostasis.

The AP] mRNA level is increased progressively along cortex
to medullary collecting duct in rats, suggesting that apelin not
only regulates water metabolism through CNS, but also has a
direct effect on renal tubule and collecting ducts. This is the
key site for AVP to exert antidiuretic effect through V2R. V2R
is distributed in the basolateral membrane of renal collecting
duct epithelial cells, and it activates PKA through the V2R-Gs
protein-AC-cAMP pathway. PKA catalyzes the phosphorylation
of aquaporin-2 (AQP-2) and embeds it into the apical membrane
of collecting ducts to increase water permeability and produce
antidiuretic effect (Gerbier et al., 2017). IV injection of apelin-17
into lactating rats could increase urine volume and significantly
decrease urine osmotic pressure, while the secretion of sodium
and  potassium ions did not change remarkably.
Immunohistochemistry analysis showed that AQP-2 expression
in the apical membrane of rat outer medullary collecting duct
epithelial cells was significantly reduced. It was reported that
apelin-17 binding to APJ-coupled with Gi could lead to the
decrease of cAMP production, in addition to the reduction of
the number of AQP-2 located at the apical membrane of collecting
duct cells, thereby reducing water reabsorption and exerting
diuretic effect (Hus-Citharel et al., 2014). Additionally, apelin-17
could reduce the influx of extracellular calcium, which is crucial
for the insertion of AQP-2 into the apical membrane. Studies
have shown that cells loaded with the calcium chelator BAPTA
could inhibit the transport of AQP-2 in the collecting duct cells.
However, a number of scholars pointed out that cAMP alone is
sufficient for intermembrane shuttling of AQP-2 (Lorenz et al., 2003;

Frontiers in Physiology | www.frontiersin.org

February 2021 | Volume 12 | Article 632886


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Huetal.

A Narrative Review of Apelin/APJ

Boone and Deen, 2008; Hus-Citharel et al., 2014). Therefore, the
role of calcium in the diuretic effect of apelin deserves further study.

In recent years, the effects of dimerization between AP]
and other GPCRs on physiological functions have markedly
attracted scholars’ attention. Given the co-localization and
functional correlation of APJ and V2R in rat central and renal
tubular epithelial cells, the existence of heterodimer between
APJ and V2R was confirmed in vivo and in vitro by FRET,
bioluminescence resonance energy transfer (BRET), and
immunoprecipitation techniques. Whether the structure of the
dimer is the main reason for the opposite biological effects
of the two peptides, and the effects of the receptor dimer on
ligand binding and intracellular signaling pathways require
further investigations.

To date, due to the short half-life and relatively weak activity
of apelin in vivo, derivatives or substitutes related to apelin
have emerged (e.g., P92 and LIT01-196; Flahault et al., 2017;
Gerbier et al.,, 2017). These derivatives could also inhibit the
release of AVP, increase urine volume, and cause a significant
and sustained decrease in blood pressure in vivo. They
are more effective and possess longer half-life than natural

apelin fragments. Therefore, these compounds are expected to
be significant candidates for treatment of heart failure
and hyponatremia.

ELABELA (A NOVEL ENDOGENOUS
PEPTIDC LIGAND OF APJ)

Recently, a new endogenous peptidic ligand of APJ, namely
Elabela, has been identified and shown to play a crucial role
in embryonic development (Chng et al, 2013; Pauli et al,
2014). Apelin and elabela are endogenous ligands of angiotensin
domain type 1 receptor-associated proteins (Chng et al., 2013).
In addition, increasing evidences showed that elabela is also
intimately associated with a large number of physiological
processes in adulthood.

Elabela, a secreted peptide hormone, plays a pivotal role in
heart morphogenesis, migration of mesendodermal cells, and
endoderm differentiation (Chng et al., 2013). Elabela is expressed
in undifferentiated human embryonic stem cells and is immediately
downregulated during differentiation (Miura et al, 2004).
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FIGURE 4 | Biological functions of apelin in glucose metabolism, lipid metabolism, and water metabolism. Glucose metabolism: apelin promotes glucose uptake in
skeletal muscle cells and adipose tissues, and increases overall glucose utilization; it also increases glucose uptake and Glut4 membrane translocation in mouse
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intestinal epithelium; it improves glucose utilization by the decrease of enteric nervous system (ENS)-evoked duodenal contraction activities; and it regulates glucose
homeostasis and promotes glucose uptake and utilization in the brain of the normally fed mice. High concentrations of apelin reduce systemic sensitivity to insulin and
produce insulin resistance, activate the sympathetic nervous system through reactive oxygen species (ROS) signaling pathways, and promote hepatic glycogenolysis
and gluconeogenesis in the brain of obese or diabetic mice. Lipid metabolism: apelin increases perilipin content around lipid vesicles and reduces free fatty acid (FFA)
release from adipocytes by inhibiting lipolysis. Apelin also increases fatty acid oxidation in skeletal muscle and myocardium, reducing the rate of incomplete oxidation
of long-chain acylcarnitines associated with insulin. In addition, apelin may prevent the development of obesity and atherosclerosis by reducing the release of free fatty
acids and increasing perilipin content around lipid vesicles, and prevents fatty deposits in the blood vessels and plagque formation. Water metabolism: the expression
of apelin/APJ in magnocellular neurons of the hypothalamus and periventricular organelles suggests that it may be involved in the regulation of body fluid balance.
Apelin and its receptor APJ are expressed in all regions of human and rat kidneys, regulating body fluid homeostasis at the kidney level.
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Decreased cell growth, cell death, and loss of pluripotency in
human embryonic stem cells (hESC) caused by the inhibition
of elabela suggest that elabela acts as an important endogenous
growth factor in human embryos (Ho et al, 2015) and has
biologically functional effects on the growth of embryos
(Chng et al, 2013; Pauli et al,, 2014).

A role for elabela beyond development is described in adult
human heart and blood vessels, where elabela is localized in
endothelium (Chng et al., 2013). Elabela activates the AP]
signaling pathways, promotes angiogenesis via disturbing the
intracellular Ca** homeostasis (Cui et al., 2017) or acting
through transform growth factor f (TGF-B/SMADs) pathway
(Ho et al., 2015), and enhances vasodilation in mouse aorta
(Wang et al., 2015) via suppressing ERK activation (Schreiber
et al, 2017). More importantly, elabela inhibits angiotensin
II-induced pressor effect in mouse (Yang et al., 2015).

Elabela also plays a key role in regulating water homeostasis.
Elabela is detected in prostate and kidney (Wang et al., 2015).
It regulates fluid homeostasis by binding to the APJ receptor
to activate Gi signaling (Xu et al., 2018). Application of elabela,
in line with apelin-17, has also shown a significant suppressive
effect on urine osmolality and electrolyte excretion, e.g.,
concentrations of Na* and K* (Murza et al., 2016; Schreiber
et al., 2017), while another study revealed that ICV injection
of elabela could activate AVP (Santoso et al., 2015). Elabela
may suppress food intake via activation of AVP and corticotropin-
releasing hormone (CRH)-containing neurons, in addition to
the increase of c-Fos expression and [Ca?*]i in PVN (Santoso
et al, 2015). Furthermore, elabela may inhibit renal remodeling
and possesses a direct anti-fibrotic effect. Elabela suppresses
renal remodeling, decreases renal fibrosis, and reduces the
expressions of fibrosis-associated genes in the kidneys of salt-
induced hypertensive sprague-dawley (SD) rats via regulating
TGF-f signaling pathway (Schreiber et al., 2017). A recent study
demonstrated that elabela is essential for the skeletal development,
bone formation, and bone homeostasis (Perez-Camps et al., 2016).

Collectively, increasing evidence has underscored the role
of elabela in embryonic development, and in adulthood whereas
little is known about functions of elabela in different
pathophysiological events, as well as its precise molecular
mechanism. Therefore, a comprehensive and systematic biological
study on elabela needs to be carried out.
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