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Nowadays, diabetes and obesity are two main health-threatening metabolic disorders in
the world, which increase the risk for many chronic diseases. Apelin, a peptide hormone,
exerts its effect by binding with angiotensin Il protein J receptor (APJ) and is considered to
be linked with diabetes and obesity. Apelin and its receptor are widely present in the body
and are involved in many physiological processes, such as glucose and lipid metabolism,
homeostasis, endocrine response to stress, and angiogenesis. In this review, we
summarize the literatures on the role of the Apelin—APJ system in diabetes and obesity
for a better understanding of the mechanism and function of apelin and its receptor in the
pathophysiology of diseases that may contribute to the development of new therapies.
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1 INTRODUCTION

The prevalence of metabolic disorders is increasing worldwide in recent years. Diabetes and obesity
are two of the most common health-threatening metabolic disorders. It is reported that there are 3.7
million and 2.5 million people who die every year globally due to type 2 diabetes mellitus and
obesity, respectively. Metabolic disorders contribute to the development of insulin resistance,
obesity, cardiovascular complications, and, eventually, multi-organ dysfunction (1). Diabetes is a
state of hyperglycemia and is characterized by insulin resistance and/or insulin secretion
dysfunction. Sustained hyperglycemia and insulin hyposensitivity lead to the dysfunction of
various tissues and organs. Obesity is an important risk factor that contributes to the
development of type 2 diabetes by dysregulating several metabolic and adipose tissue-derived
factors. Adipose tissues secrete adipokines, which are involved in glucose and lipid metabolism,
neuroendocrine function, insulin sensitivity, and other physiological processes. Therefore, an
effective and novel therapeutic recommendation is needed to curb the incidence, morbidity, and
mortality caused by metabolic diseases.

Apelin is a regulatory peptide as well as a ligand for G-protein-coupled receptor (APJ). It is
widely present in the body, including in peripheral tissues and the central nervous system. There is a
growing interest on the apelin—APJ system during the past decade due to its potential role in several
physiological processes, such as homeostasis, body fluid management, cell proliferation, and energy
metabolism (2-4). Apelin is produced and secreted by adipocytes; hence, it is called adipokine.
Several studies have reported that the increased plasma apelin is related to metabolic pathologies.
Evidences are in favor of the regulatory role of the apelin-AP] system in glucose and lipid
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metabolism. The present review summarizes the current
knowledge and literatures on the regulatory role of apelin, with
emphasis on the regulation of glucose and lipid metabolism, that
may provide novel therapeutic targets.

2 APELIN-APJ RECEPTOR SYSTEM
DISCOVERY AND DEVELOPMENT

2.1 Apelin and Its Receptor APJ

In 1993, O’Dowd et al. isolated a special human G protein-
coupled receptor and named it “APJ”. It contains 380 amino
acids and shares 54% sequence with the human angiotensin II
receptor type 1 in the transmembrane (5). Subsequently, APJ
receptor was also isolated in amphibians and rodents (6, 7). The
APJ gene is located on chromosome 11 (11q12) without any
intron in the coding region. However, angiotensin II does not
interact with APJ receptor, and there was no APJ ligand
identified until 1998, when apelin, a APJ endogenous ligand,
was isolated by Tatemoto et al. from the bovine stomach (8). The
apelin gene is located on Xq25-q26.3 chromosome. It encodes a
77-amino-acid prepropeptide that contains a secretory signal
sequence and can be cleaved into different active forms such as
apelin-36, apelin-17, apelin-13, and apelin-12 (8) (Figure 1A).
Apelin-36 is the most widely expressed form, while apelin-13 is
more potent and more abundant in the circulation (9). It has
been demonstrated that there is a high sequence homology
among human, bovine, and rodent preproapelin, particularly
the last 22 C-terminal amino acids (8, 10). All isoforms of apelin

could bind to APJ, but they have a different biological potency.
Different organs have different apelin isoforms.

Apelin and APJ are widely expressed in many tissues and
organs, including the brain, heart, lung, liver, kidney,
gastrointestinal tract, endothelium and adipose tissues (11).
Apelin-12 possesses a high affinity for APJ receptor, with
cardioprotective properties of increasing the myocardial
contractility and reducing the mean arterial pressure (12).
Apelin-13 is the main neuroprotective peptide, with the
highest abundancy in the plasma (13, 14). Previous research
reported that apelin-13 participates in vasculopathy, energy
metabolism, and humoral homeostasis (13, 15, 16). There was
also a study that discovered the downregulation of apelin-13 in
aging. The knockout of apelin-13 and APJ gene could accelerate
aging in a mouse model, while the upregulation of apelin-13
restores vitality, a response to the stimuli and circadian rhythm
(17). Glutamine cyclase can catalyze the translated N-terminal
glutamine residues of apelin-13 to modify pyroglutamidation
and produce the pyroglutamide form of apelin-13, called [pyr']-
apelin-13. It can prevent apelin-13 from degradation by
exopeptidase and exert long-term biological effects (4).
Therefore, [pyr']-apelin-13 is considered a physiological ligand
for APJ due to its higher anti-degradation properties (18).
Apelin-17 was found to be the most potent inducer of APJ
internalization, and the removal of a single amino acid at the
C-terminus can abolish this process (19). Apelin-36 is mainly
expressed in the lung, testis, and uterus (20). Apelin-13 and
apelin-36 have been considered the most active isoforms with the
greatest effect on the cardiovascular system (21). Apelin-13 and
apelin-36 have different intracellular trafficking of APJ due to
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FIGURE 1 | (A) Different forms of apelin. The proteolysis of preproapelin at specific cleavage sites (double-headed arrows, black) leads to three fragments of 36, 17,
and 13 amino acids named apelin-36, apelin-17, and apelin-13, respectively. The N-terminal glutamine residue of apelin-13 is pyroglutamylated, which produces the

pyroglutamyl form of apelin-13 ([Pyr1]-apelin-13). (B) The proteolysis of proelabela at specific cleavage sites (double-headed arrows, black) leads to four fragments of
32, 22, 21, and 11 amino acids named elabela-32, elabela-22, elabela-21, and elabela-11, respectively.
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different receptor binding affinities. In addition, the shorter
apelin isoform seems to be the more potent activator of APJ
than apelin-36 (22). It is worth noting that APJ knockout mice
showed a disrupted cardiac development with rudimentary to
absent heart resulting in prenatal mortality (23). On the contrary,
apelin knockout mice had normal heart development (24). It
indicates that there may be other ligands for APJ.

2.2 Novel APJ Ligand—Elabela/Toddler

Apelin was considered to be the only AP] ligand until 2013, when
two different research groups discovered a second endogenous
ligand for the apelin receptor in zebrafish (Danio rerio) during
embryonic development, and it was named Elabela (“epiboly late
because endoderm late”) by Chngetal. and Toddler (referring to the
loss of motogen properties when deleted) and by Pauli et al. (25, 26).
Subsequently, the cDNA encoding Elabela was discovered in
vertebrates and mammals (27). Recently, Elabela was found to be
restrictedly expressed in human pluripotent stem cells and renal
tissues. Elabela is a peptide of 54 amino acids with a secretory signal
containing 32 amino acids (25) (Figure 1B). This precursor is
cleaved to shorter sequences of 32, 21, and 11 amino acids (28)
(Figure 1B), and all these short sequences can activate APJ as well as
can be blocked by apelin receptor antagonists.

The discovery of this new ligand created several exciting
possibilities. Evidences revealed the role of Elabela in
homeostasis, cell signaling, energy metabolism, and cell aging.
Serum Elabela is associated with several diseases, such as diabetes
(29), myocardial infarction (30), hypertension (31), and kidney
disease (32). Notably, Elabela level is also related to the prognosis
of these diseases. It is reported that Elabela can ameliorate
apoptosis via regulating the mitochondrial function (33).
Recently, Elabela has been demonstrated to decrease kidney
injury (34), and serum Elabela level in type 2 diabetes patients
is closely related to the severity of renal injury (35). In addition,
Elabela has been reported to improve endothelial cell function
via the PI3K/Akt signaling pathway (36). Some literatures also
showed that Elabela is a potent regulator of adipose cell

metabolism. However, the effect of Elabela is still unclear, and
further studies are required to clarify its role and significance.

3 EFFECT OF APELIN-APJ SYSTEM
ON DIABETES

Nowadays, apelin is believed to assist in regulating glucose
metabolism, and the apelin—-AP]J system has been demonstrated
to be related with diabetes mellitus and diabetic complications.
Apelin stimulates glucose uptake, increases insulin sensitivity, and
regulates lipolysis and fatty acid oxidation (Figure 2). Diabetes-
related diseases can be improved by apelin administration.
Therefore, the apelin-AP] system is a potential therapeutic target
in diabetes and its complications.

3.1 Apelin and Glucose Metabolism

Apelin is predominantly expressed in the beta and alpha cells of
pancreatic islets, and APJ receptor is expressed in acinar cells and
pancreatic ductal cells (37). Insulin is considered the prime regulator
of apelin that stimulates its synthesis and release. Apelin is also
affected by hypoxia and adiposity. In normal and insulin-resistant
mice, apelin was noted to promote peripheral glucose uptake (38).
Exogenous apelin administration was found to enhance glucose
metabolism (39). Moreover, apelin-induced glucose uptake was
also detected in isolated normal adipocytes and type 2 diabetic
adipocytes (39, 40). These results indicate that apelin might act as
an exogenous insulin sensitizer under high insulinemia.

However, in the beta cells of type 2 diabetes (T2D) db/db
mice, the apelin level was detected to be upregulated. The
administration of apelin-36 can inhibit glucose-stimulated
insulin secretion (41). It is reported that apelin inhibits insulin
secretion via stimulating the degradation of cAMP due to the
activation of phosphodiesterase 3B activity, which subsequently
results in the impairment of glucose elimination (42). Sorhede et al.
found that insulin binds its receptor on adipocytes and promotes
the expression of apelin. It provides negative feedback for insulin
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secretion (41). On the contrary, Gao Z et al. reported that the
administration of apelin-13 significantly reduces blood glucose
and increases serum insulin level (43). Besides these, long-term
apelin administration significantly improves pancreatic islet
mass and insulin level in diabetes (44). These effects were
related to the upregulation of PERK-IREla-CHOP signaling
and the deactivation of AKT, ERK, and AMPK in the pancreas
of diabetic mice (44, 45).

3.2 Apelin-APJ System and

Diabetic Complications

Apelin has a significant role in regulating insulin secretion,
oxidative stress, apoptosis, and angiogenesis; hence, it is
involved in the pathogenesis of diabetic complications (Figure 3).

3.2.1 Cardiovascular Diseases

Both cardiomyocytes and microvascular dysfunction are critical
in inducing diabetic cardiomyopathy. Apelin peptides are
considered the most potent endogenous positive inotropic
agent in the myocardium, and apelin-13, as the predominant
apelin isoform in human myocardium, has been reported to play
a crucial role in myocardial contraction, vascular relaxation,
blood pressure regulation, and insulin sensitivity (46-48).
Long-term apelin-13 administration can prevent pancreatic
beta cell loss or dysfunction in type 2 diabetic rat models and
reduce myocardial fatty acid uptake and oxidation through
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FIGURE 3 | Mechanism of the apelin~APJ system in diabetes and its
complications. Apelin activates its receptor (APJ) and triggers various
signaling pathways that have a protective effect on different organs from
metabolic diseases. AMPK, AMP-mediated protein kinase; eNOS, endothelial
nitric oxide synthase; ERK1/2, extracellular-regulated kinases 1/2; FFA, free
fatty acid; Foxo3a, forkhead box protein O 3a; HSL, hormone sensitive lipase;
PI3K, phosphoinositide 3-kinase; PKC, protein kinase C; ROS, reactive
oxygen species; SIRT3, sirtuin 3.

inhibiting the PPAR-o receptor (49). In addition, the
upregulation of apelin inhibits apoptosis and oxidative stress
via the PI3K and p38-MAPK pathways, resulting in protection
from ischemia-reperfusion injury in diabetic myocardium (50).

SIRT3, a member of sirtuins family, is considered an essential
transcription factor in the apelin-induced protection of diabetic
cardiomyopathy. Previous studies showed that apelin increases
SIRT3 expression, improves cardiac function, and ameliorates
diabetic cardiomyopathy. Treatment with apelin increases the
myocardial vascular density via upregulating SIRT3 (51) and
VEGF/VEGFR2 expression (52), which also ameliorates diabetic
cardiomyopathy and improves the echocardiography parameters
of cardiac function. In post-myocardial infarction diabetic mice,
the overexpression of apelin markedly upregulates SIRT3 and
angiogenic growth factor expression (51, 53). Apelin gene
therapy increases the expression of angiogenic growth factors
and angiogenesis in endothelial progenitor cells, but these effects
do not occur in SIRT3-knockout endothelial progenitor cells
(51). Moreover, apelin treatment dramatically increases
autophagy via upregulating SIRT3 and downregulating NF-kB-
p65 expression in the myocardium of STZ-induced mice (53).
Icariin has a cardioprotective effect in high-glucose-treated
cardiomyocytes via upregulating apelin and SIRT3 expression,
which can reverse diabetes-induced mitochondrial dysfunction;
however, it did not affect the activity of SIRT3 in apelin silence
samples (54). In addition, our previous research showed that
Elabela can regulate the SIRT3-mediated inhibition of oxidative
stress through Foxo3a deacetylation and prevent diabetic-
induced myocardial injury (55). These results suggest that the
apelin/SIRT3 signal pathway may be used as a novel therapeutic
strategy for diabetes-related cardiovascular diseases.

Macrovascular injury is another important aspect of diabetes-
related complications. Impairment of vascular contraction
and dilatation is the hallmark of endothelial dysfunction, which is
responsible for diabetic vascular pathophysiology. A previous
research reported that the apelin-APJ system reduces
vasodilatation and increases vasoconstriction in insulin
resistance-related disorders, such as diabetes and cardiovascular
dysfunction (56, 57). Zhong and his colleagues found that apelin
plays a crucial role in vascular tone maintenance in diabetic mice by
counteracting the vasoconstricting action of Ang II and
potentiating the release of NO through the activation of the Akt-
eNOS phosphorylation pathway (57). There is a high expression of
apelin in the aorta of type 2 diabetes rat models (58). I vitro, apelin-
13 can inhibit high-glucose-induced cell proliferation, migration,
and invasion of aortic smooth muscle cells. Apelin-13 can also
effectively attenuate high-glucose-induced calcification and
dramatically suppress high-glucose-induced DNA injury through
inhibiting reactive oxygen species (59).

In children with type 1 diabetes mellitus, the serum apelin level
has a positive correlation with the carotid intima-media thickness,
which indicates that serum apelin might be used as a predicting
factor for atherosclerosis (60). However, in patients with type 2
diabetes mellitus, although the apelin level was lower in patients
with diabetic complications than in patients without complications,
there was no significant difference (61). In another clinical study,
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patients with hypertension and/or type 2 diabetes have a lower
serum apelin level, along with cardiac remodeling, and primarily
concentric left ventricle hypertrophy; moreover, there is a negative
correlation of apelin with cardiac structural parameters such as left
ventricle remodeling and left atrial size (62). Another clinical
research showed that physical training increases the apelin level,
with a reduction of low-density lipoprotein cholesterol (LDL-C)
and hsCRP levels, and insulin resistance, resulting in the decreased
progression of the carotid intima-media thickness in patients with
type 2 diabetes (63).

3.2.2 Diabetic Nephropathy

Diabetic nephropathy (DN) is characterized by glomerular,
tubular, and tubulointerstitial injury caused by hyperglycemic
status. The early stage of DN presents as glomerular hypertrophy
and thickening of glomerular basement membrane. With the
development of this disease, high glomerular filtration leads to
proteinuria, eventually resulting in end-stage renal disease (64).
APJ is expressed in the glomeruli and blood vessels of kidney,
while apelin is expressed in renal vascular endothelial cells and is
highly expressed in the inner stripe of the outer medulla (65). A
previous study showed that serum apelin and its receptor APJ
level were increased in DN patients, and a higher apelin and APJ
level promoted the formation of blood vessels and induced the
proliferation of glomerular capillaries, thus accelerating the
development of DN (66). However, there are conflicting
reports about the apelin level in diabetes. It was increased in
some research (67, 68), while it was decreased in other research
(69). It is speculated that a lower apelin level may be caused by
apelin-regulated insulin sensitivity, which stimulates glucose
utilization and enhances brown adipogenesis (70). In high-
glucose-medium-cultured podocytes, AP] mRNA is
upregulated when compared to the normal condition (71). It is
reported that renal AP]J expression is decreased in diabetic mice,
but after apelin treatment, it is increased (72). Recent studies also
found that apelin can control the reduction of podocyte
proteasome activity via inducing endoplasmic reticulum stress
and podocyte dysfunction through the regulation of the ERK,
Akt, and mTOR-related pathways. These all contributed to the
development of DN (73, 74).

Since Elabela is predominantly expressed in the kidney, the
relationship between serum Elabela level and DN is also
reported. Zhang et al. reported that the serum Elabela level was
lower in T2D patients with albuminuria. Particularly, the serum
Elabela level decreased progressively with the progression of DN;
moreover, the serum Elabela level has a negative correlation with
blood pressure, retinopathy, serum creatinine, and urinary
albumin/creatinine ratio and has a positive correlation with the
estimated glomerular filtration rate (29). A similar result was also
confirmed by Erhan et al. They found that the Elabela level was
higher in healthy individuals when compared with diabetic
patients without microalbuminuria and even higher in diabetic
patients without microalbuminuria when compared to patients
with advanced albuminuria (35). These results suggest that
Elabela may be an important clinical prognostic marker.

However, exogenous apelin and Elabela have been
demonstrated to slow down the progression of DN. Apelin-13,

the most active subtype of apelin, was paid more attention in DN.
It was reported that Apelin-13 administration can reduce
proteinuria, glomerular hypertrophy, mesangial expansion, and
renal inflammation in type 1 and type 2 diabetic models (71, 75,
76). Hong et al. reported that apelin-13 treatment inhibits the
hyperglycemia-induced elevation of inflammatory factors and
histone hyperacetylation by upregulating histone deacetylase 1
(76). It was also reported that apelin-13 administration regresses
DN by promoting the production of nitric oxide and alleviating
renal fibrosis (73). Besides these, exogenous apelin inhibits the
epithelial-mesenchymal transition of podocytes in diabetic mice
via decreasing the expression of the immunoproteasome subunit
B5i (77). Zhang Y et al. reported that the protective effect of
Elabela in type 1 diabetes-induced podocyte injury might be
related to the activation of the PI3K/Akt/mTOR pathway (78).
However, further research is required to understand the
mechanism of the apelin-APJ system in DN progression.

3.2.3 Vascular Effects, Endothelial Dysfunction,

and Angiogenesis

Apelin has both vasodilation and vasoconstriction effects because
the apelin-APJ system in the endothelium and smooth muscle cells
exert an opposite action in regulating the vascular tone (2, 79).
When apelin binds to endothelial APJ, it promotes the secretion of
endothelium-derived relaxing factors, such as nitric oxide (NO) and
prostacyclin, resulting in vasodilation (80-82). When apelin binds
to smooth muscle APJ, it causes vasocontraction (83, 84). In a
diabetic animal model, APJ expression was lower in the aorta and
renal arteries, and Ang II-induced contractile responses were
enhanced, but apelin administration reversed the abnormal
vascular response to Ang II (57, 85).

The vascular endothelium behaves as an autocrine as well as
paracrine organ in regulating vascular homeostasis. When it is
impaired by hyperglycemia, vasoconstriction may occur and be
accompanied with leukocyte adherence, platelet activation,
oxidative stress, inflammation, thrombosis, and atherosclerosis
(86). The apelin—-AP] system is involved in diabetes-induced
endothelial dysfunction and angiogenesis (Figure 3). It is
reported that apelin might decrease apoptosis and the
expression of adhesion molecules and increase proliferation
and angiogenesis via APJ-activated NF-kB pathways, finally
resulting in the protection of diabetes-induced endothelial
dysfunction (87). In high-glucose-treated microvascular
endothelial cells, apelin-12 suppressed apoptosis, inflammation,
and oxidative stress via regulating the p-JNK and p-p38
pathways (88). Methylglyoxal, as a glycolytic metabolite, has
been demonstrated to have a greater potential to stimulate
endothelial dysfunction than glucose itself (89, 90). Previous
studies have shown the impairment of endothelium-dependent
vasorelaxation by methylglyoxal, mostly mediated by oxidative
stress (90). Kim Sujin et al. demonstrated that apelin-13 can
inhibit methylglyoxal-induced endothelial apoptosis and
endoplasmic reticulum stress through the AMPK pathway
(91). In diabetic Leprdb/ 4 mice, apelin-36 restores the altered
aortic vascular responsiveness to acetylcholine and Ang II by
potentiating the phosphorylation of Akt and eNOS (57). In high-
fat-diet-treated Apoe”’” mice, the loss of apelin results in
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exacerbation of atherosclerosis, while apelin administration leads
to a significant regression of atherosclerosis, which may be
related to the activation of the nitric oxide pathway and
inhibition of Ang II signaling (92).

In addition, apelin is confirmed as a potent angiogenic factor,
especially in retinal endothelium. It is reported that the serum
apelin-13 level has a positive correlation with proliferative diabetic
retinopathy, which is unrelated with VEGF (93). Research by Yasir
etal. and Wu et al. concluded similar results (94, 95). Li Yang et al.
found that apelin can induce the proliferation, migration, and
expression of the cytoskeleton and tight junction protein through
the PI3K/Akt and MAPK/ERK pathways in human retinal pigment
epithelial cells (96). Furthermore, in post-myocardial infarction
diabetic mice, the overexpression of apelin mobilizes endothelial
progenitor cells to ischemic regions and contributes to angiogenesis
(51). Therefore, apelin may be a promising therapeutic target for
diabetic angiogenesis-related diseases.

3.2.4 Central Nervous System

As mentioned above, apelin and APJ are widely expressed in the
human central nervous system, more in the oligodendrocytes
and neurons and less in astrocytes (97). The apelin—AP] system is
also observed in the pituitary gland, indicating a role in the
control of the hypothalamic—pituitary-adrenal axis (HPA). A
study shows that APJ acts as a neuromodulator in modifying the
HPA axis activity after acute stress stimuli (98). It was also
reported that APJ-deficient mice, under hypoglycemic stress, had
decreased ACTH release, confirming the role of central apelin in
neuroendocrine functions. Recent studies have suggested that
central apelin is involved in the transition from normal to
diabetic state (99). These findings indicated that central apelin
may control glucose release and glucose metabolism. Anne et al.
found that the intracerebroventricular injection of apelin
increases fasting blood sugar (99), which was related with the
over-activation of the sympathetic nervous system, followed by
liver glycogenolysis and gluconeogenesis (100). The over-
expression of hypothalamic apelin was observed in obesity and
diabetes (101). These results indicate that the apelin-AP] system
in the central nervous system may be a new target for controlling
glucose metabolism.

4 EFFECT OF THE APELIN-APJ SYSTEM
ON OBESITY

Adipose tissue plays a central role in lipid and glucose metabolism
(Figure 2) and is now considered a major endocrine organ. Apelin
and its ligand are expressed in adipose tissue. Apelin is secreted by
adipose tissue; thus, it is also called adipokine (102).

4.1 Apelin and Lipid Metabolism

Apelin, as an adipokine, is considered a crucial modulator of
lipid metabolism. The plasma apelin level is lower in patients
with elevated LDL-C when compared with the healthy controls
(103). LDL-C reduction by statins is accompanied with an
increase in serum apelin level in dyslipidemic patients (104).

Apelin deficiency mice display increased adiposity and elevated
circulating free fatty acids (105), whereas transgenic mice with
over-expressed apelin is resistant to obesity (106). On the
contrary, it was reported that cardiac apelin and AP]
expression and serum apelin level were increased in obese rats,
and downregulation of apelin and APJ expression alleviated
insulin resistance and inflammation (107).

Chronic apelin treatment reduces fat mass and increases muscle
oxidative capacity as well as mitochondrial biogenesis (108).
Chronic apelin treatment showed a decrease of hepatic steatosis
by reducing de novo lipogenesis in insulin-resistant mice (109).
Apelin-13 can improve glucose and lipid metabolism and reduce
the damage caused by oxidative stress and inflammation via the
PI3K/Akt pathway in gestational diabetes mellitus mouse (110).
Another animal experiment also showed that apelin-13 regulates
the expression of PPARYto inhibit adipogenic differentiation and
regulates the expression of perilipin to promote lipolysis, thereby
reducing obesity (110). In a rat model of type 2 diabetes with a high-
fat diet, apelin-13 reduces serum total cholesterol, triglyceride, and
LDL-Cand increases high-density lipoprotein cholesterol (HDL-C)
(111). Moreover, apelin-13 promotes cholesterol efflux and
decreases foam cell formation, which indicates its potential anti-
atherogenic effect (112, 113). Besides these, Chun et al. found that
apelin-13 administration abrogates angiotensin II-induced
atherosclerosis in ApoE”" mice through promoting NO
production and inhibiting the angiotensin II intracellular pathway
(92). Moreover, apelin-13 greatly ameliorates plaque stability via
increasing the intraplaque collagen content and reducing the MMP-
9 expression (114). In addition, apelin administration effectively
diminishes the LDL-C/HDL-C ratio and the atherogenic index in
Wistar rats with hypothyroidism (115). Hashimoto et al. found that
the apelin-AP] system is the mediator of oxidative stress-linked
atherosclerosis in blood vessels (116).

4.2 Apelin, Insulin Resistance, and Obesity
In obesity, adipocytes release more free fatty acids, which
contribute to the development of insulin resistance. It is
observed that insulin resistant individuals have a higher level
of circulating free fatty acids (117). Apelin, as an adipokine, is
upregulated in obesity. In clinical and experimental studies,
serum apelin level or its adipose tissue expression is increased
in obesity and insulin resistance status (68, 118). Patrick Yue et
al. reported that apelin knockout significantly increases the
serum concentration of glycerol, leptin, and free fatty acids,
while exogenous apelin administration decreases these
compounds (105). It is reported that supplementary apelin
improves in vitro insulinotropic activity, glucose uptake by
adipocyte, glucose elimination, and insulin release in obese
mice (119). Bolus intravenous apelin administration improves
glucose tolerance and insulin sensitivity during a
hyperinsulinemic-euglycemic clamp in obese and insulin-
resistant mice (38), which indicates that exogenous apelin is
efficient despite an elevated plasma apelin level. After 28 days of
apelin therapy, a marked improvement in insulin sensitivity and
decrease in body fat have been observed in obese and insulin-
resistant mice (108). However, administration for 4 weeks of Fc-
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apelin-13 (apelin-13 fused with IgG Fc fragment) in obese mice
significantly improves glucose tolerance, stroke volume, and
cardiac output, while it decreases cardiac and hepatic fibrosis;
but it does not affect food intake and body weight (120). When a
chow diet was fed to 8-week-old apelin”~ mice, insulin level was
significantly increased, and plasma adiponectin concentration
and glucose intolerance were decreased. In addition, these mice
also showed increased abdominal and epididymal fat without a
difference in body weight (105). The apelin”~ mice were more
glucose and insulin intolerant when they were fed with a high-fat
diet and high-sucrose drinking water (121). Stable apelin-13
peptide analogues have shown promising short-term antidiabetic
effects in mice with diet-induced obesity and diabetes (122).

Human studies revealed that Pyrl-apelin-13 injection in
obese patients improves insulin sensitivity (123). However, a
6.5-year follow-up in overweight or obese children showed that
the apelin level decreased significantly during pubertal
development (124). In addition, Cavallo MG et al. reported
that obese patients with T2D had a significantly higher apelin
level than non-diabetic obese patients (125). Dayem et al. found
that the apelin level has no influence on body mass index in
diabetic patients (126). These results indicate that increased
apelin level is directly associated with accompanying diabetes
rather than obesity itself.

5 DRUGS TARGETING THE
APELIN-APJ SYSTEM

The three-dimensional structure of AP] receptor is first reported by
Langelaan and his colleagues (127). They presented a structure of
the N-terminus and the first transmembrane segment of AP]
(residues 1-55, AR55) that was comprised of residues essential
for apelin binding in dodecyl phosphocholine micelles, which
provided a new insight into the development of drugs. In recent
years, some agonists and antagonists of AP] receptor have been
discovered and synthesized, which have presented obvious
therapeutic effects in animal models and patients. There are two
natural endogenous ligands for APJ receptor, namely, apelin and
Elabela. As mentioned above, apelin can be cleaved into different
active forms such as apelin-36, apelin-17, apelin-13, apelin-12, and
Pyr-apelin-13. Elabela, another APJ endogenous ligand, is also a
strong agonist for APJ. In addition, there are some biosynthetic
compounds targeting APJ receptor. E339-3D6 is the first
nonpeptide APJ receptor agonist which was synthesized by
Tturrioz et al. in 2010 (128). Then, other APJ receptor agonists
were also synthesized, such as MM07, ML233, and CMF-019 (129-
131). Meanwhile, several research on AP] antagonists were also
conducted. Lee et al. generated an analog of apelin-13, called apelin-
13 F13A,and found that it can block the hypotensive effect of apelin-
13 (132). In addition, ALX40-4C is the first peptide antagonist for
AP]J receptor, which is a polypeptide comprised of nine arginine
residues (133). ML221 is identified as the first non-peptide
antagonist isoform of APJ, which blocks apelin-13-mediated
cAMP production and B-arrestin recruitment for APJ (134).
Further studies should focus on the beneficial effect of the

compounds that target APJ and explain the therapeutic effect of
novel synthetic ligands for APJ receptor in diabetes and obesity.

6 CONCLUSION

The apelin—-AP] system is considered an emerging target with
potential therapeutic properties in diabetes and obesity. Current
literatures have suggested that apelin administration has effective
protection in diabetic and/or obese mice. Current studies have
shown a difference in serum apelin level between diabetic and/or
obese patients and the control group, which supports the role of
apelin in diabetes and obesity development and emphasizes the
use of apelin as a clinical marker in diabetes and obesity. Despite
numerous clinical and experimental studies clearly supporting
the physiological and pathophysiological roles of the apelin—AP]
system in glucose and lipid metabolism, the role of apelin in this
complicated system is not yet fully elucidated, including relevant
signaling pathways and biological adverse effects, especially
in human. In the future, it will be important to identify the
mechanism of action of apelin, such as the role of new receptors
or regulating ligands or specific Elabela/apelin isoforms.

The apelin-APJ signaling system has emerged as an
important biomarker and a novel therapeutic target against the
development of metabolic diseases, especially diabetes and
obesity. In this review, we summarized the literatures on the
role of the apelin-APJ system in diabetes and obesity, and we
hope for further research that will establish their role as a new
diagnostic marker or therapeutic agent in diabetes and obesity.

AUTHOR CONTRIBUTIONS

CL reviewed the literature and drafted this review. HC reviewed
the literature and corrected the figures. BA, SW, and NY
reviewed the literature, gave critical comments, and revised the
manuscript. WL gave critical comments and revised the
manuscript. JS and YW reviewed the literature, gave critical
comments, revised the manuscript, and took charge of project
supervision and administration. All authors contributed to the
article and approved the submitted version.

FUNDING

This paper was supported by the National Natural Science
Foundation of China (CL, grant number 82000347; SW, grant
number 82070399; JS, grant number 81770374; and YW, grant
number 82170362).

ACKNOWLEDGMENTS

CL especially wishes to thank Huajia Lv, whose support provided
powerful courage during the conduct of the research over the
past months.

Frontiers in Endocrinology | www.frontiersin.org

March 2022 | Volume 13 | Article 820002


https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Lietal

Apelin-APJ in Diabetes and Obesity

REFERENCES

1.

[S5]

w

v

(=2}

~

el

o

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Melmer A, Kempf P, Laimer M. The Role of Physical Exercise in Obesity and
Diabetes. Praxis (Bern 1994) (2018) 107(17-18):971-6. doi: 10.1024/1661-
8157/a003065

. Mughal A, O’Rourke ST. Vascular Effects of Apelin: Mechanisms and

Therapeutic Potential. Pharmacol Ther (2018) 190:139-47. doi: 10.1016/
j.pharmthera.2018.05.013

. Castan-Laurell I, Masri B, Valet P. The Apelin/AP] System as a Therapeutic

Target in Metabolic Diseases. Expert Opin Ther Targets (2019) 23(3):215—
25. doi: 10.1080/14728222.2019.1561871

. Hu G, Wang Z, Zhang R, Sun W, Chen X. The Role of Apelin/Apelin

Receptor in Energy Metabolism and Water Homeostasis: A Comprehensive
Narrative Review. Front Physiol (2021) 12:632886. doi: 10.3389/
fphys.2021.632886

. O’Dowd BF, Heiber M, Chan A, Heng HH, Tsui LC, Kennedy JL, et al. A

Human Gene That Shows Identity With the Gene Encoding the Angiotensin
Receptor Is Located on Chromosome 11. Gene (1993) 136(1-2):355-60. doi:
10.1016/0378-1119(93)90495-O

. Devic E, Paquereau L, Vernier P, Knibiehler B, Audigier Y. Expression of a

New G Protein-Coupled Receptor X-Msr Is Associated With an Endothelial
Lineage in Xenopus Laevis. Mech Dev (1996) 59(2):129-40. doi: 10.1016/
0925-4773(96)00585-0

. De Mota N, Lenkei Z, Llorens-Cortes C. Cloning, Pharmacological

Characterization and Brain Distribution of the Rat Apelin Receptor.
Neuroendocrinology (2000) 72(6):400-7. doi: 10.1159/000054609

. Tatemoto K, Hosoya M, Habata Y, Fujii R, Kakegawa T, Zou MX, et al.

Isolation and Characterization of a Novel Endogenous Peptide Ligand for
the Human AP] Receptor. Biochem Biophys Res Commun (1998) 251
(2):471-6. doi: 10.1006/bbrc.1998.9489

. O’Carroll AM, Lolait SJ, Harris LE, Pope GR. The Apelin Receptor APJ:

Journey From an Orphan to a Multifaceted Regulator of Homeostasis.
J Endocrinol (2013) 219(1):R13-35. doi: 10.1530/JOE-13-0227

Lee DK, Cheng R, Nguyen T, Fan T, Kariyawasam AP, Liu Y, et al.
Characterization of Apelin, the Ligand for the AP] Receptor. | Neurochem
(2000) 74(1):34-41. doi: 10.1046/j.1471-4159.2000.0740034.x

Liu J, Liu M, Chen L. Novel Pathogenesis: Regulation of Apoptosis by
Apelin/AP] System. Acta Biochim Biophys Sin (Shanghai) (2017) 49(6):471-
8. doi: 10.1093/abbs/gmx035

Chen Z, Wu D, Li L, Chen L. Apelin/AP] System: A Novel Therapeutic
Target for Myocardial Ischemia/Reperfusion Injury. DNA Cell Biol (2016) 35
(12):766-75. doi: 10.1089/dna.2016.3391

Wan T, Fu M, Jiang Y, Jiang W, Li P, Zhou S. Research Progress on
Mechanism of Neuroprotective Roles of Apelin-13 in Prevention and
Treatment of Alzheimer’s Disease. Neurochem Res (2021) 47(2):205-17.
doi: 10.1007/s11064-021-03448-1

Zhou JX, Shuai NN, Wang B, Jin X, Kuang X, Tian SW. Neuroprotective
Gain of Apelin/AP] System. Neuropeptides (2021) 87:102131. doi: 10.1016/
j.npep.2021.102131

Liu W, Yan J, Pan W, Tang M. Apelin/Elabela-APJ: A Novel Therapeutic
Target in the Cardiovascular System. Ann Transl Med (2020) 8(5):243. doi:
10.21037/atm.2020.02.07

Kong X, Lin D, Lu L, Lin L, Zhang H, Zhang H. Apelin-13-Mediated AMPK
Ameliorates Endothelial Barrier Dysfunction in Acute Lung Injury Mice via
Improvement of Mitochondrial Function and Autophagy. Int
Immunopharmacol (2021) 101(Pt B):108230. doi: 10.1016/j.intimp.
2021.108230

Zhou Q, Chen L, Tang M, Guo Y, Li L. Apelin/AP] System: A Novel
Promising Target for Anti-Aging Intervention. Clin Chim Acta (2018)
487:233-40. doi: 10.1016/j.cca.2018.10.011

De Hert E, Bracke A, Pintelon I, Janssens E, Lambeir AM, Van Der Veken P,
et al. Prolyl Carboxypeptidase Mediates the C-Terminal Cleavage of (Pyr)-
Apelin-13 in Human Umbilical Vein and Aortic Endothelial Cells. Int ] Mol
Sci (2021) 22(13):6698. doi: 10.3390/ijms22136698

El Messari S, Iturrioz X, Fassot C, De Mota N, Roesch D, Llorens-Cortes C.
Functional Dissociation of Apelin Receptor Signaling and Endocytosis:
Implications for the Effects of Apelin on Arterial Blood Pressure.
J Neurochem (2004) 90(6):1290-301. doi: 10.1111/j.1471-4159.2004.02591.x

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Angelopoulou E, Paudel YN, Bougea A, Piperi C. Impact of the Apelin/AP]
Axis in the Pathogenesis of Parkinson’s Disease With Therapeutic Potential.
J Neurosci Res (2021) 99(9):2117-33. doi: 10.1002/jnr.24895

Folino A, Montarolo PG, Samaja M, Rastaldo R. Effects of Apelin on the
Cardiovascular System. Heart Fail Rev (2015) 20(4):505-18. doi: 10.1007/
510741-015-9475-x

Antushevich H, Wojcik M. Review: Apelin in Disease. Clin Chim Acta
(2018) 483:241-8. doi: 10.1016/j.cca.2018.05.012

Kang Y, Kim J, Anderson JP, Wu J, Gleim SR, Kundu RK, et al. Apelin-AP]J
Signaling Is a Critical Regulator of Endothelial MEF2 Activation in
Cardiovascular Development. Circ Res (2013) 113(1):22-31. doi: 10.1161/
CIRCRESAHA.113.301324

Charo DN, Ho M, Fajardo G, Kawana M, Kundu RK, Sheikh AY, et al.
Endogenous Regulation of Cardiovascular Function by Apelin-AP]. Am |
Physiol Heart Circ Physiol (2009) 297(5):H1904-1913. doi: 10.1152/
ajpheart.00686.2009

Chng SC, Ho L, Tian J, Reversade B. ELABELA: A Hormone Essential for
Heart Development Signals via the Apelin Receptor. Dev Cell (2013) 27
(6):672-80. doi: 10.1016/j.devcel.2013.11.002

Pauli A, Norris ML, Valen E, Chew GL, Gagnon JA, Zimmerman S, et al.
Toddler: An Embryonic Signal That Promotes Cell Movement via Apelin
Receptors. Science (2014) 343(6172):1248636. doi: 10.1126/science.1248636
Wang Z, Yu D, Wang M, Wang Q, Kouznetsova J, Yang R, et al. Elabela-
Apelin Receptor Signaling Pathway Is Functional in Mammalian Systems.
Sci Rep (2015) 5:8170. doi: 10.1038/srep08170

Zhou S, Wang ], Wang Q, Meng Z, Peng ], Song W, et al. Essential Role of
the ELABELA-AP] Signaling Pathway in Cardiovascular System
Development and Diseases. ] Cardiovasc Pharmacol (2020) 75(4):284-91.
doi: 10.1097/FJC.0000000000000803

Zhang H, Gong D, Ni L, Meng Z, Peng ], Song W, et al. Serum Elabela/
Toddler Levels Are Associated With Albuminuria in Patients With Type 2
Diabetes. Cell Physiol Biochem (2018) 48(3):1347-54. doi: 10.1159/
000492093

Donmez Y, Acele A. Increased Elabela Levels in the Acute ST Segment
Elevation Myocardial Infarction Patients. Med (Baltimore) (2019) 98(43):
e17645. doi: 10.1097/MD.0000000000017645

Song JW, Tang JQ, Zhang ZZ, Liu Y, Zhong JC. Targeting the Elabela/
Apelin-Apelin Receptor Axis as a Novel Therapeutic Approach for
Hypertension. Chin Med ] (Engl) (2021). doi: 10.1097/CM9.
0000000000001766

Chapman FA, Nyimanu D, Maguire JJ, Davenport AP, Newby DE, Dhaun
N. The Therapeutic Potential of Apelin in Kidney Disease. Nat Rev Nephrol
(2021) 17(12):840-53. doi: 10.1038/s41581-021-00461-z

Fu J, Chen X, Liu X, Xu D, Yang H, Zeng C, et al. ELABELA Ameliorates
Hypoxic/Ischemic-Induced Bone Mesenchymal Stem Cell Apoptosis via
Alleviation of Mitochondrial Dysfunction and Activation of PI3K/AKT and
ERK1/2 Pathways. Stem Cell Res Ther (2020) 11(1):541. doi: 10.1186/s13287-
020-02063-1

Chen H, Wang L, Wang W, Cheng C, Zhang Y, Zhou Y, et al. ELABELA and
an ELABELA Fragment Protect Against AKI. ] Am Soc Nephrol (2017) 28
(9):2694-707. doi: 10.1681/ASN.2016111210

Onalan E, Dogan Y, Onalan E, Gozel N, Buran I, Donder E, et al. Elabela
Levels in Patients With Type 2 Diabetes: Can it be a Marker for Diabetic
Nephropathy? Afr Health Sci (2020) 20(2):833-40. doi: 10.4314/ahs.v20i2.37
Wang X, Liang G, Guo Q, Cai W, Zhang X, Ni J, et al. ELABELA Improves
Endothelial Cell Function via the ELA-AP] Axis by Activating the PI3K/Akt
Signalling Pathway in HUVECs and EA.hy926 Cells. Clin Exp Pharmacol
Physiol (2020) 47(12):1953-64. doi: 10.1111/1440-1681.13382

Ringstrom C, Nitert MD, Bennet H, Fex M, Valet P, Rehfeld JF, et al. Apelin
Is a Novel Islet Peptide. Regul Pept (2010) 162:1-3, 44-51. doi: 10.1016/
jregpep.2010.03.005

Dray C, Knauf C, Daviaud D, Waget A, Boucher ], Buleon M, et al. Apelin
Stimulates Glucose Utilization in Normal and Obese Insulin-Resistant Mice.
Cell Metab (2008) 8(5):437-45. doi: 10.1016/j.cmet.2008.10.003

Dray C, Debard C, Jager J, Disse E, Daviaud D, Martin P, et al. Apelin and
APJ Regulation in Adipose Tissue and Skeletal Muscle of Type 2 Diabetic
Mice and Humans. Am ] Physiol Endocrinol Metab (2010) 298(6):E1161-
1169. doi: 10.1152/ajpendo.00598.2009

Frontiers in Endocrinology | www.frontiersin.org

March 2022 | Volume 13 | Article 820002


https://doi.org/10.1024/1661-8157/a003065
https://doi.org/10.1024/1661-8157/a003065
https://doi.org/10.1016/j.pharmthera.2018.05.013
https://doi.org/10.1016/j.pharmthera.2018.05.013
https://doi.org/10.1080/14728222.2019.1561871
https://doi.org/10.3389/fphys.2021.632886
https://doi.org/10.3389/fphys.2021.632886
https://doi.org/10.1016/0378-1119(93)90495-O
https://doi.org/10.1016/0925-4773(96)00585-0
https://doi.org/10.1016/0925-4773(96)00585-0
https://doi.org/10.1159/000054609
https://doi.org/10.1006/bbrc.1998.9489
https://doi.org/10.1530/JOE-13-0227
https://doi.org/10.1046/j.1471-4159.2000.0740034.x
https://doi.org/10.1093/abbs/gmx035
https://doi.org/10.1089/dna.2016.3391
https://doi.org/10.1007/s11064-021-03448-1
https://doi.org/10.1016/j.npep.2021.102131
https://doi.org/10.1016/j.npep.2021.102131
https://doi.org/10.21037/atm.2020.02.07
https://doi.org/10.1016/j.intimp.2021.108230
https://doi.org/10.1016/j.intimp.2021.108230
https://doi.org/10.1016/j.cca.2018.10.011
https://doi.org/10.3390/ijms22136698
https://doi.org/10.1111/j.1471-4159.2004.02591.x
https://doi.org/10.1002/jnr.24895
https://doi.org/10.1007/s10741-015-9475-x
https://doi.org/10.1007/s10741-015-9475-x
https://doi.org/10.1016/j.cca.2018.05.012
https://doi.org/10.1161/CIRCRESAHA.113.301324
https://doi.org/10.1161/CIRCRESAHA.113.301324
https://doi.org/10.1152/ajpheart.00686.2009
https://doi.org/10.1152/ajpheart.00686.2009
https://doi.org/10.1016/j.devcel.2013.11.002
https://doi.org/10.1126/science.1248636
https://doi.org/10.1038/srep08170
https://doi.org/10.1097/FJC.0000000000000803
https://doi.org/10.1159/000492093
https://doi.org/10.1159/000492093
https://doi.org/10.1097/MD.0000000000017645
https://doi.org/10.1097/CM9.0000000000001766
https://doi.org/10.1097/CM9.0000000000001766
https://doi.org/10.1038/s41581-021-00461-z
https://doi.org/10.1186/s13287-020-02063-1
https://doi.org/10.1186/s13287-020-02063-1
https://doi.org/10.1681/ASN.2016111210
https://doi.org/10.4314/ahs.v20i2.37
https://doi.org/10.1111/1440-1681.13382
https://doi.org/10.1016/j.regpep.2010.03.005
https://doi.org/10.1016/j.regpep.2010.03.005
https://doi.org/10.1016/j.cmet.2008.10.003
https://doi.org/10.1152/ajpendo.00598.2009
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Lietal

Apelin-APJ in Diabetes and Obesity

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

Attane C, Daviaud D, Dray C, Dusaulcy R, Masseboeuf M, Prevot D, et al.
Apelin Stimulates Glucose Uptake But Not Lipolysis in Human Adipose
Tissue Ex Vivo. ] Mol Endocrinol (2011) 46(1):21-8. doi: 10.1677/JME-10-
0105

Sorhede Winzell M, Magnusson C, Ahren B. The Apj Receptor Is Expressed
in Pancreatic Islets and Its Ligand, Apelin, Inhibits Insulin Secretion in Mice.
Regul Pept (2005) 131(1-3):12-7. doi: 10.1016/j.regpep.2005.05.004

Guo L, Li Q, Wang W, Yu P, Pan H, Li P, et al. Apelin Inhibits Insulin
Secretion in Pancreatic Beta-Cells by Activation of PI3-Kinase-
Phosphodiesterase 3B. Endocr Res (2009) 34(4):142-54. doi: 10.3109/
07435800903287079

Gao Z, Zhong X, Tan YX, Liu D. Apelin13 Alleviates Diabetic Nephropathy
by Enhancing Nitric Oxide Production and Suppressing Kidney Tissue
Fibrosis. Int ] Mol Med (2021) 48(3):175. doi: 10.3892/ijmm.2021.5008
Chen H, Zheng C, Zhang X, Li J, Li J, Zheng L, et al. Apelin Alleviates
Diabetes-Associated Endoplasmic Reticulum Stress in the Pancreas of Akita
Mice. Peptides (2011) 32(8):1634-9. doi: 10.1016/j.peptides.2011.06.025
Huang Q, Liu X, Cao C, Lei ], Han D, Chen G, et al. Apelin-13 Induces
Autophagy in Hepatoma HepG2 Cells Through ERK1/2 Signaling Pathway-
Dependent Upregulation of Beclinl. Oncol Lett (2016) 11(2):1051-6. doi:
10.3892/01.2015.3991

Maguire J], Kleinz MJ, Pitkin SL, Davenport AP. [Pyrl]apelin-13 Identified
as the Predominant Apelin Isoform in the Human Heart: Vasoactive
Mechanisms and Inotropic Action in Disease. Hypertension (2009) 54
(3):598-604. doi: 10.1161/HYPERTENSIONAHA.109.134619
Besserer-Offroy E, Berube P, Cote J, Murza A, Longpre JM, Dumaine R, et al.
The Hypotensive Effect of Activated Apelin Receptor Is Correlated With
Beta-Arrestin Recruitment. Pharmacol Res (2018) 131:7-16. doi: 10.1016/
j.phrs.2018.02.032

Abbasloo E, Najafipour H, Vakili A. Chronic Treatment With Apelin,
Losartan and Their Combination Reduces Myocardial Infarct Size and
Improves Cardiac Mechanical Function. Clin Exp Pharmacol Physiol
(2020) 47(3):393-402. doi: 10.1111/1440-1681.13195

Feng J, Zhao H, Du M, Wu X. The Effect of Apelin-13 on Pancreatic Islet
Beta Cell Mass and Myocardial Fatty Acid and Glucose Metabolism of
Experimental Type 2 Diabetic Rats. Peptides (2019) 114:1-7. doi: 10.1016/
j.peptides.2019.03.006

An S, Wang X, Shi H, Zhang X, Meng H, Li W, et al. Apelin Protects Against
Ischemia-Reperfusion Injury in Diabetic Myocardium via Inhibiting
Apoptosis and Oxidative Stress Through PI3K and P38-MAPK Signaling
Pathways. Aging (Albany NY) (2020) 12(24):25120-37. doi: 10.18632/
aging.104106

. Hou X, Zeng H, He X, Chen JX. Sirt3 Is Essential for Apelin-Induced

Angiogenesis in Post-Myocardial Infarction of Diabetes. ] Cell Mol Med
(2015) 19(1):53-61. doi: 10.1111/jemm.12453

Zeng H, He X, Hou X, Li L, Chen JX. Apelin Gene Therapy Increases
Myocardial Vascular Density and Ameliorates Diabetic Cardiomyopathy via
Upregulation of Sirtuin 3. Am ] Physiol Heart Circ Physiol (2014) 306(4):
H585-597. doi: 10.1152/ajpheart.00821.2013

Hou X, Zeng H, Tuo QH, Liao DF, Chen JX. Apelin Gene Therapy Increases
Autophagy via Activation of Sirtuin 3 in Diabetic Heart. Diabetes Res
(Fairfax) (2015) 1(4):84-91. doi: 10.17140/DROJ-1-115

Ni T, Lin N, Huang X, Lu W, Sun Z, Zhang J, et al. Icariin Ameliorates
Diabetic Cardiomyopathy Through Apelin/Sirt3 Signalling to Improve
Mitochondrial Dysfunction. Front Pharmacol (2020) 11:256. doi: 10.3389/
fphar.2020.00256

Li C, Miao X, Wang S, Liu Y, Sun J, Liu Q, et al. Elabela may Regulate SIRT3-
Mediated Inhibition of Oxidative Stress Through Foxo3a Deacetylation
Preventing Diabetic-Induced Myocardial Injury. J Cell Mol Med (2021) 25
(1):323-32. doi: 10.1111/jemm.16052

Grisk O. Apelin and Vascular Dysfunction in Type 2 Diabetes. Cardiovasc
Res (2007) 74(3):339-40. doi: 10.1016/j.cardiores.2007.03.026

Zhong JC, Yu XY, Huang Y, Yung LM, Lau CW, Lin SG. Apelin Modulates
Aortic Vascular Tone via Endothelial Nitric Oxide Synthase
Phosphorylation Pathway in Diabetic Mice. Cardiovasc Res (2007) 74
(3):388-95. doi: 10.1016/j.cardiores.2007.02.002

Wang Y, Zhang R, Shen H, Kong J, Lv X. Pioglitazone Protects Blood Vessels
Through Inhibition of the Apelin Signaling Pathway by Promoting KLF4

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Expression in Rat Models of T2DM. Biosci Rep (2019) 39(12):BSR20190317.
doi: 10.1042/BSR20190317

Zhang P, Wang AP, Yang HP, Ai L, Zhang HJ, Wang YM, et al. Apelin-13
Attenuates High Glucose-Induced Calcification of MOVAS Cells by
Regulating MAPKs and PI3K/AKT Pathways and ROS-Mediated Signals.
BioMed Pharmacother (2020) 128:110271. doi: 10.1016/j.biopha.
2020.110271

Sabry RN, El Wakeel MA, El-Kassas GM, Amer AF, El Batal WH, El-Zayat
SR, et al. Serum Apelin: A New Marker of Early Atherosclerosis in Children
With Type 1 Diabetes Mellitus. Open Access Maced ] Med Sci (2018) 6
(4):613-7. doi: 10.3889/0amjms.2018.144

Karakoc A, Sahin A, Polat ES, Aliyev E, Yildirim A, Bakan N, et al. Serum
Apelin and ADMA Levels in Type 2 Diabetics With and Without Vascular
Complications. Diabetes Metab Syndr (2016) 10(2 Suppl 1):5106-109. doi:
10.1016/j.dsx.2016.03.005

Koval S, Tushko K, Starchenko T. Relations of Apelin With Cardiac
Remodeling in Patients With Hypertension and Type 2 Diabetes. Folia
Med (Plovdiv) (2018) 60(1):117-23. doi: 10.1515/folmed-2017-0066
Kadoglou NP, Fotiadis G, Kapelouzou A, Kostakis A, Liapis CD, Vrabas IS.
The Differential Anti-Inflammatory Effects of Exercise Modalities and Their
Association With Early Carotid Atherosclerosis Progression in Patients
With Type 2 Diabetes. Diabetes Med (2013) 30(2):e41-50. doi: 10.1111/
dme.12055

Maezawa Y, Takemoto M, Yokote K. Cell Biology of Diabetic Nephropathy:
Roles of Endothelial Cells, Tubulointerstitial Cells and Podocytes. ] Diabetes
Investig (2015) 6(1):3-15. doi: 10.1111/jdi.12255

Huang Z, Wu L, Chen L. Apelin/AP] System: A Novel Potential Therapy
Target for Kidney Disease. J Cell Physiol (2018) 233(5):3892-900. doi:
10.1002/jcp.26144

Coskun Yavuz Y, Sevinc C, Deniz MS, Yavuz S, Altunoren O, Sayarlioglu H,
et al. The Role of Apelin 13 in Progression of Chronic Kidney Disease. Iran |
Kidney Dis (2015) 9(5):369-73.

Habchi M, Duvillard L, Cottet V, Brindisi MC, Bouillet B, Beacco M, et al.
Circulating Apelin Is Increased in Patients With Type 1 or Type 2 Diabetes
and Is Associated With Better Glycaemic Control. Clin Endocrinol (Oxf)
(2014) 81(5):696-701. doi: 10.1111/cen.12404

LiL, Yang G, Li Q, Tang Y, Yang M, Yang H, et al. Changes and Relations of
Circulating Visfatin, Apelin, and Resistin Levels in Normal, Impaired
Glucose Tolerance, and Type 2 Diabetic Subjects. Exp Clin Endocrinol
Diabetes (2006) 114(10):544-8. doi: 10.1055/s-2006-948309

Demirpence M, Yilmaz H, Colak A, Pamuk BO, Karakoyun I, Basok B.
Apelin: A Potential Novel Serum Biomarker for Early Detection of Diabetic
Nephropathy in Patients With Type 2 Diabetes. North Clin Istanb (2019) 6
(2):151-5. doi: 10.14744/nci.2018.62134

Janssens P, Decuypere JP, Bammens B, Llorens-Cortes C, Vennekens R,
Mekahli D. The Emerging Role of the Apelinergic System in Kidney
Physiology and Disease. Nephrol Dial Transplant (2021). doi: 10.1093/ndt/
gfab070

Muller T, Kalea AZ, Marquez A, Hsieh I, Haque S, Ye M, et al. Apelinergic
System in the Kidney: Implications for Diabetic Kidney Disease. Physiol Rep
(2018) 6(23):213939. doi: 10.14814/phy2.13939

Zheng Q, Tian G, Xu F, Ci X, Luan R, Wu L, et al. The Role of Elabela in
Kidney Disease. Int Urol Nephrol (2021) 53(9):1851-7. doi: 10.1007/s11255-
021-02790-1

Guo C, Liu Y, Zhao W, Wei S, Zhang X, Wang W, et al. Apelin Promotes
Diabetic Nephropathy by Inducing Podocyte Dysfunction via Inhibiting
Proteasome Activities. J Cell Mol Med (2015) 19(9):2273-85. doi: 10.1111/
jemm.12619

LiuY, Zhang J, Wang Y, Zeng X. Apelin Involved in Progression of Diabetic
Nephropathy by Inhibiting Autophagy in Podocytes. Cell Death Dis (2017) 8
(8):¢3006. doi: 10.1038/cddis.2017.414

Day RT, Cavaglieri RC, Feliers D. Apelin Retards the Progression of Diabetic
Nephropathy. Am ] Physiol Renal Physiol (2013) 304(6):F788-800. doi:
10.1152/ajprenal.00306.2012

Chen H, Li ], Jiao L, Petersen RB, Li J, Peng A, et al. Apelin Inhibits the
Development of Diabetic Nephropathy by Regulating Histone Acetylation in
Akita Mouse. | Physiol (2014) 592(3):505-21. doi: 10.1113/
jphysiol.2013.266411

Frontiers in Endocrinology | www.frontiersin.org

March 2022 | Volume 13 | Article 820002


https://doi.org/10.1677/JME-10-0105
https://doi.org/10.1677/JME-10-0105
https://doi.org/10.1016/j.regpep.2005.05.004
https://doi.org/10.3109/07435800903287079
https://doi.org/10.3109/07435800903287079
https://doi.org/10.3892/ijmm.2021.5008
https://doi.org/10.1016/j.peptides.2011.06.025
https://doi.org/10.3892/ol.2015.3991
https://doi.org/10.1161/HYPERTENSIONAHA.109.134619
https://doi.org/10.1016/j.phrs.2018.02.032
https://doi.org/10.1016/j.phrs.2018.02.032
https://doi.org/10.1111/1440-1681.13195
https://doi.org/10.1016/j.peptides.2019.03.006
https://doi.org/10.1016/j.peptides.2019.03.006
https://doi.org/10.18632/aging.104106
https://doi.org/10.18632/aging.104106
https://doi.org/10.1111/jcmm.12453
https://doi.org/10.1152/ajpheart.00821.2013
https://doi.org/10.17140/DROJ-1-115
https://doi.org/10.3389/fphar.2020.00256
https://doi.org/10.3389/fphar.2020.00256
https://doi.org/10.1111/jcmm.16052
https://doi.org/10.1016/j.cardiores.2007.03.026
https://doi.org/10.1016/j.cardiores.2007.02.002
https://doi.org/10.1042/BSR20190317
https://doi.org/10.1016/j.biopha.2020.110271
https://doi.org/10.1016/j.biopha.2020.110271
https://doi.org/10.3889/oamjms.2018.144
https://doi.org/10.1016/j.dsx.2016.03.005
https://doi.org/10.1515/folmed-2017-0066
https://doi.org/10.1111/dme.12055
https://doi.org/10.1111/dme.12055
https://doi.org/10.1111/jdi.12255
https://doi.org/10.1002/jcp.26144
https://doi.org/10.1111/cen.12404
https://doi.org/10.1055/s-2006-948309
https://doi.org/10.14744/nci.2018.62134
https://doi.org/10.1093/ndt/gfab070
https://doi.org/10.1093/ndt/gfab070
https://doi.org/10.14814/phy2.13939
https://doi.org/10.1007/s11255-021-02790-1
https://doi.org/10.1007/s11255-021-02790-1
https://doi.org/10.1111/jcmm.12619
https://doi.org/10.1111/jcmm.12619
https://doi.org/10.1038/cddis.2017.414
https://doi.org/10.1152/ajprenal.00306.2012
https://doi.org/10.1113/jphysiol.2013.266411
https://doi.org/10.1113/jphysiol.2013.266411
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Lietal

Apelin-APJ in Diabetes and Obesity

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Yin J, Wang Y, Chang J, Li B, Zhang J, Liu Y, et al. Apelin Inhibited
Epithelial-Mesenchymal Transition of Podocytes in Diabetic Mice Through
Downregulating Immunoproteasome Subunits Beta5i. Cell Death Dis (2018)
9(10):1031. doi: 10.1038/s41419-018-1098-4

Zhang Y, Wang Y, Luo M, Xu F, Lu Y, Zhou X, et al. Elabela Protects Against
Podocyte Injury in Mice With Streptozocin-Induced Diabetes by Associating
With the PI3K/Akt/mTOR Pathway. Peptides (2019) 114:29-37. doi:
10.1016/j.peptides.2019.04.005

Rikitake Y. The Apelin/AP] System in the Regulation of Vascular Tone:
Friend or Foe? J Biochem (2021) 169(4):383-6. doi: 10.1093/jb/mvaal29
Sahinturk S, Demirel S, Ozyener F, Isbil N. [Pyr1]apelin-13 Relaxes the Rat
Thoracic Aorta via APJ, NO, AMPK, and Potassium Channels. Gen Physiol
Biophys (2021) 40(5):427-34. doi: 10.4149/gpb_2021028

Tatemoto K, Takayama K, Zou MX, Kumaki I, Zhang W, Kumano K, et al.
The Novel Peptide Apelin Lowers Blood Pressure via a Nitric Oxide-
Dependent Mechanism. Regul Pept (2001) 99(2-3):87-92. doi: 10.1016/
S0167-0115(01)00236-1

Jia YX, Lu ZF, Zhang ], Pan CS, Yang JH, Zhao J, et al. Apelin Activates L-
Arginine/Nitric Oxide Synthase/Nitric Oxide Pathway in Rat Aortas.
Peptides (2007) 28(10):2023-9. doi: 10.1016/j.peptides.2007.07.016

Han X, Zhang DL, Yin DX, Zhang QD, Liu WH. Apelin-13 Deteriorates
Hypertension in Rats After Damage of the Vascular Endothelium by
ADMA. Can ] Physiol Pharmacol (2013) 91(9):708-14. doi: 10.1139/cjpp-
2013-0046

Modgil A, Guo L, O’Rourke ST, Sun C. Apelin-13 Inhibits Large-
Conductance Ca2+-Activated K+ Channels in Cerebral Artery Smooth
Muscle Cells via a PI3-Kinase Dependent Mechanism. PloS One (2013) 8
(12):€83051. doi: 10.1371/journal.pone.0083051

Zhong JC, Huang Y, Yung LM, Lau CW, Leung FP, Wong WT, et al. The
Novel Peptide Apelin Regulates Intrarenal Artery Tone in Diabetic Mice.
Regul Pept (2007) 144(1-3):109-14. doi: 10.1016/j.regpep.2007.06.010
Verma S, Anderson TJ. Fundamentals of Endothelial Function for the
Clinical Cardiologist. Circulation (2002) 105(5):546-9. doi: 10.1161/
hc0502.104540

Li B, Yin J, Chang J, Zhang J, Wang Y, Huang H, et al. Apelin/AP] Relieve
Diabetic Cardiomyopathy by Reducing Microvascular Dysfunction. |
Endocrinol (2021) 249(1):1-18. doi: 10.1530/JOE-20-0398

Chen K, Zhao XL, Li LB, Huang LY, Tang Z, Luo J, et al. miR-503/Apelin-12
Mediates High Glucose-Induced Microvascular Endothelial Cells Injury via
JNK and P38mapk Signaling Pathway. Regener Ther (2020) 14:111-8. doi:
10.1016/j.reth.2019.12.002

Rabbani N, Thornalley PJ. Dicarbonyl Stress in Cell and Tissue Dysfunction
Contributing to Ageing and Disease. Biochem Biophys Res Commun (2015)
458(2):221-6. doi: 10.1016/j.bbrc.2015.01.140

Nigro C, Leone A, Raciti GA, Longo M, Mirra P, Formisano P, et al.
Methylglyoxal-Glyoxalase 1 Balance: The Root of Vascular Damage. Int J
Mol Sci (2017) 18(1):188. doi: 10.3390/ijms18010188

Kim S, Kim S, Hwang AR, Choi HC, Lee JY, Woo CH. Apelin-13 Inhibits
Methylglyoxal-Induced Unfolded Protein Responses and Endothelial
Dysfunction via Regulating AMPK Pathway. Int J Mol Sci (2020) 21
(11):4069. doi: 10.3390/ijms21114069

Chun HJ, Ali ZA, Kojima Y, Kundu RK, Sheikh AY, Agrawal R, et al. Apelin
Signaling Antagonizes Ang II Effects in Mouse Models of Atherosclerosis. |
Clin Invest (2008) 118(10):3343-54. doi: 10.1172/JCI34871

Tao Y, Lu Q, Jiang YR, Qian J, Wang JY, Gao L, et al. Apelin in Plasma and
Vitreous and in Fibrovascular Retinal Membranes of Patients With
Proliferative Diabetic Retinopathy. Invest Ophthalmol Vis Sci (2010) 51
(8):4237-42. doi: 10.1167/i0vs.09-4466

Yasir M, Senthilkumar GP, Jayashree K, Ramesh Babu K, Vadivelan M,
Palanivel C. Association of Serum Omentin-1, Apelin and Chemerin
Concentrations With the Presence and Severity of Diabetic Retinopathy in
Type 2 Diabetes Mellitus Patients. Arch Physiol Biochem (2019) 5:1-8. doi:
10.1080/13813455.2019.1680698

Wu R, Zhu Z, Zhou D. VEGF, Apelin and HO-1 in Diabetic Patients With
Retinopathy: A Correlation Analysis. BMC Ophthalmol (2020) 20(1):326.
doi: 10.1186/512886-020-01593-9

Li Y, Bai Y], Jiang YR. Apelin Induces the Proliferation, Migration and
Expression of Cytoskeleton and Tight Junction Proteins in Human RPE

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Cells via PI-3k/Akt and MAPK/Erk Signaling Pathways. Int ] Clin Exp
Pathol (2017) 10(11):10711-29.

Choe W, Albright A, Sulcove J, Jaffer S, Hesselgesser J, Lavi E, et al.
Functional Expression of the Seven-Transmembrane HIV-1 Co-Receptor
APJ in Neural Cells. ] Neurovirol (2000) 6(Suppl 1):S61-69.

Newson MJ, Pope GR, Roberts EM, Lolait SJ, O'Carroll AM. Stress-
Dependent and Gender-Specific Neuroregulatory Roles of the Apelin
Receptor in the Hypothalamic-Pituitary-Adrenal Axis Response to Acute
Stress. J Endocrinol (2013) 216(1):99-109. doi: 10.1530/JOE-12-0375
Duparc T, Colom A, Cani PD, Massaly N, Rastrelli S, Drougard A, et al.
Central Apelin Controls Glucose Homeostasis via a Nitric Oxide-Dependent
Pathway in Mice. Antioxid Redox Signal (2011) 15(6):1477-96. doi: 10.1089/
ars.2010.3454

Drougard A, Duparc T, Brenachot X, Carneiro L, Gouaze A, Fournel A, et al.
Hypothalamic Apelin/Reactive Oxygen Species Signaling Controls Hepatic
Glucose Metabolism in the Onset of Diabetes. Antioxid Redox Signal (2014)
20(4):557-73. doi: 10.1089/ars.2013.5182

Reaux-Le Goazigo A, Bodineau L, De Mota N, Jeandel L, Chartrel N, Knauf
C, et al. Apelin and the Proopiomelanocortin System: A New Regulatory
Pathway of Hypothalamic Alpha-MSH Release. Am ] Physiol Endocrinol
Metab (2011) 301(5):E955-966. doi: 10.1152/ajpendo.00090.2011

Chapman NA, Dupre DJ, Rainey JK. The Apelin Receptor: Physiology,
Pathology, Cell Signalling, and Ligand Modulation of a Peptide-Activated
Class A GPCR. Biochem Cell Biol (2014) 92(6):431-40. doi: 10.1139/bcb-
2014-0072

Tasci I, Dogru T, Naharci I, Erdem G, Yilmaz MI, Sonmez A, et al. Plasma
Apelin Is Lower in Patients With Elevated LDL-Cholesterol. Exp Clin
Endocrinol Diabetes (2007) 115(7):428-32. doi: 10.1055/s-2007-971067
Tasci I, Erdem G, Ozgur G, Tapan S, Dogru T, Genc H, et al. LDL-
Cholesterol Lowering Increases Plasma Apelin in Isolated
Hypercholesterolemia. Atherosclerosis (2009) 204(1):222-8. doi: 10.1016/
j.atherosclerosis.2008.08.030

Yue P, Jin H, Xu S, Aillaud M, Deng AC, Azuma J, et al. Apelin Decreases
Lipolysis via G(q), G(i), and AMPK-Dependent Mechanisms. Endocrinology
(2011) 152(1):59-68. doi: 10.1210/en.2010-0576

Yamamoto T, Habata Y, Matsumoto Y, Yasuhara Y, Hashimoto T, Hamajyo
H, et al. Apelin-Transgenic Mice Exhibit a Resistance Against Diet-Induced
Obesity by Increasing Vascular Mass and Mitochondrial Biogenesis in
Skeletal Muscle. Biochim Biophys Acta (2011) 1810(9):853-62. doi:
10.1016/j.bbagen.2011.05.004

Ranjbar Kohan N, Nazifi S, Tabandeh MR, Ansari Lari M. Effect of L-
Carnitine Supplementation on Apelin and Apelin Receptor (Apj) Expression
in Cardiac Muscle of Obese Diabetic Rats. Cell J (2018) 20(3):427-34. doi:
10.22074/cellj.2018.5408

Attane C, Foussal C, Le Gonidec S, Benani A, Daviaud D, Wanecq E, et al.
Apelin Treatment Increases Complete Fatty Acid Oxidation, Mitochondrial
Oxidative Capacity, and Biogenesis in Muscle of Insulin-Resistant Mice.
Diabetes (2012) 61(2):310-20. doi: 10.2337/db11-0100

Bertrand C, Pradere JP, Geofire N, Deleruyelle S, Masri B, Personnaz J, et al.
Chronic Apelin Treatment Improves Hepatic Lipid Metabolism in Obese
and Insulin-Resistant Mice by an Indirect Mechanism. Endocrine (2018) 60
(1):112-21. doi: 10.1007/s12020-018-1536-1

Zheng XD, Huang Y, Li H. Regulatory Role of Apelin-13-Mediated PI3K/
AKT Signaling Pathway in the Glucose and Lipid Metabolism of Mouse With
Gestational Diabetes Mellitus. Immunobiology (2021) 226(5):152135. doi:
10.1016/j.imbi0.2021.152135

Li M, Fang H, Hu J. Apelin13 Ameliorates Metabolic and Cardiovascular
Disorders in a Rat Model of Type 2 Diabetes With a Highfat Diet. Mol Med
Rep (2018) 18(6):5784-90. doi: 10.3892/mmr.2018.9607

Liu XY, Lu Q, Ouyang XP, Tang SL, Zhao GJ, Lv YC, et al. Apelin-13
Increases Expression of ATP-Binding Cassette Transporter Al via Activating
Protein Kinase C Alpha Signaling in THP-1 Macrophage-Derived Foam
Cells. Atherosclerosis (2013) 226(2):398-407. doi: 10.1016/
j.atherosclerosis.2012.12.002

Yao F, Lv YC, Zhang M, Xie W, Tan YL, Gong D, et al. Apelin-13 Impedes
Foam Cell Formation by Activating Class III PI3K/Beclin-1-Mediated
Autophagic Pathway. Biochem Biophys Res Commun (2015) 466(4):637-
43. doi: 10.1016/j.bbrc.2015.09.045

Frontiers in Endocrinology | www.frontiersin.org

March 2022 | Volume 13 | Article 820002


https://doi.org/10.1038/s41419-018-1098-4
https://doi.org/10.1016/j.peptides.2019.04.005
https://doi.org/10.1093/jb/mvaa129
https://doi.org/10.4149/gpb_2021028
https://doi.org/10.1016/S0167-0115(01)00236-1
https://doi.org/10.1016/S0167-0115(01)00236-1
https://doi.org/10.1016/j.peptides.2007.07.016
https://doi.org/10.1139/cjpp-2013-0046
https://doi.org/10.1139/cjpp-2013-0046
https://doi.org/10.1371/journal.pone.0083051
https://doi.org/10.1016/j.regpep.2007.06.010
https://doi.org/10.1161/hc0502.104540
https://doi.org/10.1161/hc0502.104540
https://doi.org/10.1530/JOE-20-0398
https://doi.org/10.1016/j.reth.2019.12.002
https://doi.org/10.1016/j.bbrc.2015.01.140
https://doi.org/10.3390/ijms18010188
https://doi.org/10.3390/ijms21114069
https://doi.org/10.1172/JCI34871
https://doi.org/10.1167/iovs.09-4466
https://doi.org/10.1080/13813455.2019.1680698
https://doi.org/10.1186/s12886-020-01593-9
https://doi.org/10.1530/JOE-12-0375
https://doi.org/10.1089/ars.2010.3454
https://doi.org/10.1089/ars.2010.3454
https://doi.org/10.1089/ars.2013.5182
https://doi.org/10.1152/ajpendo.00090.2011
https://doi.org/10.1139/bcb-2014-0072
https://doi.org/10.1139/bcb-2014-0072
https://doi.org/10.1055/s-2007-971067
https://doi.org/10.1016/j.atherosclerosis.2008.08.030
https://doi.org/10.1016/j.atherosclerosis.2008.08.030
https://doi.org/10.1210/en.2010-0576
https://doi.org/10.1016/j.bbagen.2011.05.004
https://doi.org/10.22074/cellj.2018.5408
https://doi.org/10.2337/db11-0100
https://doi.org/10.1007/s12020-018-1536-1
https://doi.org/10.1016/j.imbio.2021.152135
https://doi.org/10.3892/mmr.2018.9607
https://doi.org/10.1016/j.atherosclerosis.2012.12.002
https://doi.org/10.1016/j.atherosclerosis.2012.12.002
https://doi.org/10.1016/j.bbrc.2015.09.045
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Lietal

Apelin-APJ in Diabetes and Obesity

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Fraga-Silva RA, Seeman H, Montecucco F, da Silva AR, Burger F, Costa-Fraga
FP, etal. Apelin-13 Treatment Enhances the Stability of Atherosclerotic Plaques.
Eur J Clin Invest (2018) 48(3). doi: 10.1111/eci.12891

Badavi M, Grootveld M, Jafari F, Dianat M, Faraji Shahrivar F. Supplement
Therapy With Apelin for Improving the TSH Level and Lipid Disorders in
PTU-Induced Hypothyroid Rats. Biotechnol Appl Biochem (2021). doi:
10.1002/bab.2142

Hashimoto T, Kihara M, Imai N, Yoshida S, Shimoyamada H, Yasuzaki H,
et al. Requirement of Apelin-Apelin Receptor System for Oxidative Stress-
Linked Atherosclerosis. Am ] Pathol (2007) 171(5):1705-12. doi: 10.2353/
ajpath.2007.070471

Paolisso G, Tataranni PA, Foley JE, Bogardus C, Howard BV, Ravussin E. A
High Concentration of Fasting Plasma non-Esterified Fatty Acids Is a Risk
Factor for the Development of NIDDM. Diabetologia (1995) 38(10):1213-7.
doi: 10.1007/BF00422371

Soriguer F, Garrido-Sanchez L, Garcia-Serrano S, Garcia-Almeida JM,
Garcia-Arnes J, Tinahones FJ, et al. Apelin Levels Are Increased in
Morbidly Obese Subjects With Type 2 Diabetes Mellitus. Obes Surg (2009)
19(11):1574-80. doi: 10.1007/s11695-009-9955-y

O’Harte FPM, Parthsarathy V, Hogg C, et al. Acylated Apelin-13 Amide
Analogues Exhibit Enzyme Resistance and Prolonged Insulin Releasing,
Glucose Lowering and Anorexic Properties. Biochem Pharmacol (2017)
146:165-73. doi: 10.1016/j.bcp.2017.10.002

Wang W, Zhang D, Yang R, Xia W, Qian K, Shi Z, et al. Hepatic and Cardiac
Beneficial Effects of a Long-Acting Fc-Apelin Fusion Protein in Diet-Induced
Obese Mice. Diabetes Metab Res Rev (2018) 34(5):e2997. doi: 10.1002/
dmrr.2997

Narayanan S, Wang S, Vasukuttan V, Vyas Devambatla RK, Dai D, Jin C,
et al. Pyrazole Agonist of the Apelin Receptor Improves Symptoms of
Metabolic Syndrome in Mice. ] Med Chem (2021) 64(6):3006-25. doi:
10.1021/acs.jmedchem.0c01448

O’Harte FPM, Parthsarathy V, Flatt PR. Chronic Apelin Analogue
Administration is More Effective Than Established Incretin Therapies for
Alleviating Metabolic Dysfunction in Diabetic Db/Db Mice. Mol Cell
Endocrinol (2020) 504:110695. doi: 10.1016/j.mce.2019.110695

Gourdy P, Cazals L, Thalamas C, Sommet A, Calvas F, Galitzky M, et al.
Apelin Administration Improves Insulin Sensitivity in Overweight Men
During Hyperinsulinaemic-Euglycaemic Clamp. Diabetes Obes Metab
(2018) 20(1):157-64. doi: 10.1111/dom.13055

Sentinelli F, Bertoccini L, Incani M, Pani MG, David F, Bailett D, et al.
Association of Apelin Levels in Overweight-Obese Children With Pubertal
Development, But Not With Insulin Sensitivity: 6.5 Years Follow Up Evaluation.
Endocr Res (2020) 45(4):233-40. doi: 10.1080/07435800.2020.1804929

Cavallo MG, Sentinelli F, Barchetta I, Costantino C, Incani M, Perra L, et al.
Altered Glucose Homeostasis is Associated With Increased Serum Apelin
Levels in Type 2 Diabetes Mellitus. PloS One (2012) 7(12):e51236. doi:
10.1371/journal.pone.0051236

Dayem S, Battah AA, Bohy A, Yousef RN, Ahmed AM, Talaat AA. Apelin,
Nitric Oxide and Vascular Affection in Adolescent Type 1 Diabetic Patients.
Open Access Maced ] Med Sci (2017) 5(7):934-9. doi: 10.3889/
0amjms.2017.204

127. Langelaan DN, Reddy T, Banks AW, Dellaire G, Dupre DJ, Rainey JK.
Structural Features of the Apelin Receptor N-Terminal Tail and First
Transmembrane Segment Implicated in Ligand Binding and Receptor
Trafficking. Biochim Biophys Acta (2013) 1828(6):1471-83. doi: 10.1016/
j.bbamem.2013.02.005

Iturrioz X, Alvear-Perez R, De Mota N, Franchet C, Guillier F, Leroux V,
et al. Identification and Pharmacological Properties of E339-3D6, the First
Nonpeptidic Apelin Receptor Agonist. FASEB J (2010) 24(5):1506-17. doi:
10.1096/1.09-140715

Brame AL, Maguire JJ, Yang P, Dyson A, Torella R, Cheriyan J, et al. Design,
Characterization, and First-in-Human Study of the Vascular Actions of a
Novel Biased Apelin Receptor Agonist. Hypertension (2015) 65(4):834-40.
doi: 10.1161/HYPERTENSIONAHA.114.05099

Khan P, Maloney PR, Hedrick M, Gosalia P, Milewski M, Li L, et al
Functional Agonists of the Apelin (APJ) Receptor. In: Probe Reports From
the NIH Molecular Libraries Program. Bethesda (MD) (2010).

Trifonov L, Afri M, Palczewski K, Korshin EE, Gruzman A. An Expedient
Synthesis of CMF-019: (S)-5-Methyl-3-{1-(Pentan-3-YI)-2- (Thiophen-2-
Ylmethyl)-1H-Benzo[D]Imidazole-5-Carboxamido}Hexanoic Acid, a
Potent Apelin Receptor (APJ) Agonist. Med Chem (2018) 14(7):688-94.
doi: 10.2174/1573406414666180412154952

Lee DK, Saldivia VR, Nguyen T, George SR, O'Dowd BF. Modification of the
Terminal Residue of Apelin-13 Antagonizes Its Hypotensive Action.
Endocrinology (2005) 146(1):231-6. doi: 10.1210/en.2004-0359

Zhou N, Fang J, Acheampong E, Mukhtar M, Pomerantz RJ, to AP]. Binding
of ALX40-4C to APJ, a CNS-Based Receptor, Inhibits its Utilization as a Co-
Receptor by HIV-1. Virology (2003) 312(1):196-203. doi: 10.1016/S0042-
6822(03)00185-5

Maloney PR, Khan P, Hedrick M, Gosalia P, Milewski M, Li L, et al.
Discovery of 4-Oxo-6-((Pyrimidin-2-Ylthio)Methyl)-4H-Pyran-3-Yl 4-
Nitrobenzoate (ML221) as a Functional Antagonist of the Apelin (AP])
Receptor. Bioorg Med Chem Lett (2012) 22(21):6656-60. doi: 10.1016/
j.bmcl.2012.08.105

128.

129.

130.

131.

132.

133.

134.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Li, Cheng, Adhikari, Wang, Yang, Liu, Sun and Wang. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Endocrinology | www.frontiersin.org

March 2022 | Volume 13 | Article 820002


https://doi.org/10.1111/eci.12891
https://doi.org/10.1002/bab.2142
https://doi.org/10.2353/ajpath.2007.070471
https://doi.org/10.2353/ajpath.2007.070471
https://doi.org/10.1007/BF00422371
https://doi.org/10.1007/s11695-009-9955-y
https://doi.org/10.1016/j.bcp.2017.10.002
https://doi.org/10.1002/dmrr.2997
https://doi.org/10.1002/dmrr.2997
https://doi.org/10.1021/acs.jmedchem.0c01448
https://doi.org/10.1016/j.mce.2019.110695
https://doi.org/10.1111/dom.13055
https://doi.org/10.1080/07435800.2020.1804929
https://doi.org/10.1371/journal.pone.0051236
https://doi.org/10.3889/oamjms.2017.204
https://doi.org/10.3889/oamjms.2017.204
https://doi.org/10.1016/j.bbamem.2013.02.005
https://doi.org/10.1016/j.bbamem.2013.02.005
https://doi.org/10.1096/fj.09-140715
https://doi.org/10.1161/HYPERTENSIONAHA.114.05099
https://doi.org/10.2174/1573406414666180412154952
https://doi.org/10.1210/en.2004-0359
https://doi.org/10.1016/S0042-6822(03)00185-5
https://doi.org/10.1016/S0042-6822(03)00185-5
https://doi.org/10.1016/j.bmcl.2012.08.105
https://doi.org/10.1016/j.bmcl.2012.08.105
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

	The Role of Apelin–APJ System in Diabetes and Obesity
	1 Introduction
	2 Apelin–APJ Receptor System Discovery and Development
	2.1 Apelin and Its Receptor APJ
	2.2 Novel APJ Ligand—Elabela/Toddler

	3 Effect of Apelin–APJ System on Diabetes
	3.1 Apelin and Glucose Metabolism
	3.2 Apelin–APJ System and Diabetic Complications
	3.2.1 Cardiovascular Diseases
	3.2.2 Diabetic Nephropathy
	3.2.3 Vascular Effects, Endothelial Dysfunction, and Angiogenesis
	3.2.4 Central Nervous System


	4 Effect of the Apelin–APJ System on Obesity
	4.1 Apelin and Lipid Metabolism
	4.2 Apelin, Insulin Resistance, and Obesity

	5 Drugs Targeting the Apelin–APJ System
	6 Conclusion
	Author Contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


