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Biology of the apelin-APJ axis in vascular formation
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Apelin is a bioactive peptide with diverse physiological
actions on many tissues mediated by its interaction with
its specific receptor APJ. Since the identification of
apelin and APJ in 1998, pleiotropic roles of the
apelin/APJ system have been elucidated in different
tissues and organs, including modulation of the cardio-
vascular system, fluid homeostasis, metabolic pathway
and vascular formation. In blood vessels, apelin and
APJ expression are spatiotemporally regulated in endo-
thelial cells (ECs) during angiogenesis. In vitro analysis
revealed that the apelin/APJ system regulates angio-
genesis by the induction of proliferation, migration
and cord formation of cultured ECs. Moreover, apelin
seems to stabilize cell�cell junctions of ECs. In add-
ition, genetically engineered mouse models suggest that
apelin/APJ regulates vascular stabilization and matur-
ation in physiological and pathological angiogenesis. In
this review, we summarize the current understanding of
the apelin/APJ system for vascular formation and
maturation.
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medicine/tumour angiogenesis/vascular formation.

Abbreviations: bFGF, basic fibroblast growth factor;
CAM, chorioallantoic membrane; DCs, dendritic
cells; ECs, endothelial cells; ERK,
extracellular-regulated kinases; HIF, hypoxia indu-
cible factor; iNKT, invariant natural killer T; ISVs,
intersomitic vessels; PI3K, phosphatidylinositol-3
kinase; VEGF, vascular endothelial growth factor.

Characteristics of Apelin and APJ

Apelin was initially identified as an endogenous ligand
for the orphan G protein-coupled receptor with seven
transmembrane domains, APJ, isolated from bovine
stomach extracts in 1998 (1). Apelin is secreted as a
77 amino acid pre-proprotein, an immature peptide,

which is cleaved by protease to form C-terminal prod-
ucts, including apelin-13, apelin-17 and apelin-36 (2).
These isoforms have distinct activities, with the shorter
isoform seeming to be the more potent activator for
APJ. In mammals, the sequence of preproapelin is
strongly conserved in different species, and it has com-
plete identity for the last 23 residues of the C-terminal.
Apelin (65�77) activates extracellular signal-regulated
kinases through a pertussis toxin sensitive G protein
(3). Apelin-13 and apelin-36 have different receptor
binding affinity and cause different intracellular traf-
ficking of APJ (4). The gene encoding the APJ receptor
was identified by homology cloning in 1993 (5). APJ
has high-sequence homology with the angiotensin II
type I receptor, but it does not bind angiotensin II.
Apelin is believed to be the only endogenous ligand
for APJ.

Apelin and APJ mediate a wide range of physio-
logical actions, including regulation of cardiovascular
function, fluid homeostasis, adipo-insular axis and
angiogenesis. Studies on APJ function have been
focused on the cardiovascular system, because of its
similarity to the angiotensin II receptor. It seems that
intravenous injection of apelin induces a reduction in
blood pressure (6). The hypotensive effect of apelin is a
consequence of intracellular activation of nitric oxide
synthase (7). Apelin also causes vasoconstriction be-
cause of contraction of the vascular smooth muscle
cells (8). Plasma apelin levels and APJ expression are
clearly modulated in patients with heart failure (9, 10).
It has been reported that apelin has positive inotropic
effects in in vitro and in vivo studies (11�14). Apelin
has been shown to be expressed and released from adi-
pocytes by fasting and refeeding factors, such as insu-
lin, and can act as an adipokine (15). For these
reasons, apelin is now attracting attention in the con-
text of metabolic disease. In patients with type 2 dia-
betes, plasma apelin concentrations are increased
(16, 17). It has also been suggested that apelin may
have other effects, such as on fluid homeostasis (18),
gastrin stimulation (19) and immune responses (20).

Distribution and Regulation of Expression
of Apelin and APJ

Tissue and cellular distribution
In mammals, APJ expression is widely distributed in
various peripheral tissues of adult and embryo.
Highest levels of APJ are found in the lung and
heart, and significant but lower levels of APJ mRNA
are present in skeletal muscle, pituitary gland, kidney
and ovary (21) (22). In these tissues, APJ expression
was localized in the vascular and endocardial
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endothelial cells (ECs) and smooth muscle cells (23).
APJ expression is also observed in the brain, including
the cerebral cortex, hypothalamus, hippocampus and
pituitary gland (6, 22). Apelin expression is also de-
tected in a range of peripheral tissues, including
heart, liver, kidney, adipose tissues and brain, with
highest levels found in the lung and the mammary
gland (2, 6, 20, 24). Localization of apelin expression
in tissue was observed in vascular ECs, adipose tissue
and epithelial cells (7).

An important physiological role for apelin and APJ
is suggested by the observation of widespread distribu-
tion of receptor and ligand expression in tissues, as
described previously. Apelin and APJ were found to
be abundantly expressed in various peripheral tissues,
and localization was restricted to blood vessels (2, 7, 8,
20, 22�26), suggesting a role for apelin/APJ in angio-
genesis and vascular formation.

Regulation of transcription
Many transcription factors that may regulate apelin
gene expression have been reported. Rat and human
apelin core promoter sequences contain putative bind-
ing sites for upstream stimulatory factor 1/2, and over-
expression of USF upregulates apelin transcription
(27). Multiple signal transducer and activator of tran-
scription binding sites have been identified in the rat
apelin promoter, and apelin expression is elicited by
stimulation using inflammatory cytokines associated
with binding of phospho-Stat3 (28). In white adipo-
cytes, apelin is upregulated by the transcriptional
co-activator peroxisome proliferator-activated recep-
tor g co-activator 1 a (29). Under hypoxic conditions,
hypoxia inducible factor-1a (HIF1-a) binds to the
hypoxia-responsive element (-813/-826) located within
the first intron of the human apelin gene and increases
apelin expression in vascular cells (30).

The molecular mechanism of APJ gene transcrip-
tional regulation has not been well characterized so
far. Analysis of the 50-flanking region of a rat APJ
genomic clone identified sites with the strongest pro-
moter activity in a region between (-966/-165) where
the Sp1 motif suggested to play a major role (31).
Other investigations using gene-based
single-nucleotide polymorphism analysis have also
shown that both APJ and apelin genes are probably
regulated by Sp1 (32).

Cell effects and intracellular responses
Apelin has been shown to induce the proliferation and
migration of APJ-expressing ECs (33). The major sig-
nalling pathways of apelin are mediated initially by
Gi-protein coupled to the APJ receptor and protein
kinase C (Fig. 1). It has been reported that apelin
causes concentration-dependent inhibition of
forskolin-stimulated production of cAMP and in-
creases the phosphorylation of extracellular-regulated
kinases (ERK) or protein kinase B in umbilical ECs
(3, 20). Apelin/APJ-induced ERK activation is
mediated by pertussis toxin sensitive G protein (3).
On binding of apelin to APJ, the
phosphatidylinositol-3 kinase (PI3K) pathway and
the ERK pathway lead to the phosphorylation of

p70S6K. It has been reported that the PI3K-protein
kinase B pathway contributes to EC migration (34)
and that the ERK/PI3K-p70S6K pathway regulates
EC proliferation (35). Acceleration of cell motility by
apelin was also reported using Chinese hamster ovary
cells expressing APJ (21). Recently, it has been shown
that APJ forms a heterodimer with k-opioid receptors
and leads to phosphorylation of ERK, resulting in
increased cell proliferation (36). In addition, apelin in-
hibits the mouse pulmonary arterial EC apoptosis,
observed in pulmonary arterial hypertension (37). It
has been reported that apelin-induced anti-apoptosis
is mediated by the induction of Bcl2 protein expression
and activation of the PI3K/protein kinase B signalling
pathway (38). Apelin-36 and apelin-13 can activate the
same set of intracellular effectors, but they display
some differences in their Gi-protein coupling and
differ greatly in their desensitization pattern (39).

Role of Apelin in Blood Vessel Formation

Developmental stage
The establishment of vascular network is absolutely
necessary for the growth and maintenance of tissues/
organs. New blood vessel formation in vertebrates is
known to occur by two different processes, vasculo-
genesis and angiogenesis (40). Vasculogenesis is the
process of formation of de novo primitive vascular net-
works directly from angioblastic precursor cells. In
contrast, angiogenesis is a process of formation of
new vascular segments by sprouting from the
pre-existing vessels. Vasculogenesis is normally
observed in early embryogenesis, whereas angiogenesis
occurs during development and in post-natal life.
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Fig. 1 Schematic of intracellular signal transduction pathways and

cellular effects in the apelin/APJ system.
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Apelin seems to have important roles in angiogenesis
during embryogenesis. In Xenopus laevis embryos, ex-
pression of homologues of apelin and APJ are
observed in developing vascular structures of the
inter-somitic vein (41). Implantation of beads carrying
apelin peptide stimulated prominent outgrowth of ECs
and, conversely, morpholino-based translational inhib-
ition of apelin and APJ suppressed inter-segmental
angiogenesis (42). During segmentation of zebrafish
embryos, expression of an ortholog of APJ is observed
in epithelial structures, such as venous vasculature
(43). Consistent with these results, APJ is expressed
on ECs in newly formed blood vessels in mouse em-
bryos. At E8.5, APJ expression was observed in ECs
that had sprouted from the dorsal aorta, but not in
those that were forming the dorsal aorta by the process
of vasculogenesis. At E9.5, APJ expression was
observed in the migrating end region of inter-somitic
vessels sprouting from the dorsal aorta, gradually dis-
appearing as the blood vessels matured. Furthermore,
apelin protein was also detected in the somite region at
E9.5 (44). These expression profiles suggest that the
apelin/APJ system plays a spatiotemporal role in
blood vessel formation by its transient expression on
blood vessels ECs during angiogenesis. The role of
apelin in vascular formation has been studied in our
group using mouse embryos. We previously showed
that the apelin/APJ system induces cell�cell assembly
and the proliferation of vascular ECs. When the apelin
gene was knocked out, the caliber of inter-somatic ves-
sels in the embryo was narrower. These results indi-
cated that the apelin/APJ system is involved in
maturation of blood vessels by caliber size modifica-
tion during angiogenesis (44) (Fig. 2).

In the neonatal mouse retina, APJ expression is
upregulated in ECs of the radial vessels sprouting
from the optic nerve head region, but attenuated
after vessel stabilization. Expression of the apelin
gene was also observed in the sprouts of extending
vessels at the leading edge (45, 46). During sprouting
angiogenesis, growing vascular capillaries are spear-
headed by specialized ECs, termed outgrowing tip
cells, which act as a guide for the direction of migra-
tion of newly developed blood vessels. Behind the tip
cells, proliferating ECs, termed stalk cells, induce
elongation of the blood vessels, and tip and stalk
cells are dynamically challenged and replaced alter-
nately during sprouting angiogenesis (47, 48).
Recently, apelin was identified as one of the genes
with high expression in tip cells and has been suggested
to modulate proliferation of stalk cells expressing the
APJ receptor (49) (Fig. 2); therefore, apelin-APJ sig-
nalling may have a role in tip-cells and stalk-cells char-
acterization. Using apelin-deficient mice, it was
suggested that the apelin/APJ system participates in
retinal vascularization and ocular development by
modulating the angiogenic response to vascular endo-
thelial growth factor (VEGF) and/or basic fibroblast
growth factor (50). Moreover, we recently proposed
that apelin/APJ activation in ECs is a trigger for final-
ization of blood vessel formation, indirectly mediated
by the induction of astrocyte maturation (51). During
development of the retinal vasculature, APJ mRNA

expression is specifically restricted to the venules and
the associated capillaries (46), indicating a possible
function of apelin signalling for venous vascular
formation.

Tumour angiogenesis
Apelin has been reported to be broadly expressed in
ECs of tumours of different origins. By comparing
gene expression profiles in tumours versus normal
endothelium, apelin has been identified as a tumour
endothelial-specific gene (52). In human breast carcin-
oma, apelin expression was detected in the vascular
ECs by immunohistochemical analysis (53). As
described previously, apelin expression is physiologic-
ally modulated by tissue hypoxia and regulated by
HIF-1a (30). The hypoxic tumour microenvironment
may thus induce HIF1a-dependent apelin expression
in tumour ECs.

It has been reported that the expression level of the
APJ receptor is also increased in tumour endothelium.
In glioblastoma, both APJ and apelin transcripts are
highly upregulated within the microvasculature com-
pared with blood vessels in normal brain tissue (41).
Consistent with this result, we detected high-level ex-
pression of apelin and APJ mRNA in ECs from tu-
mours generated by the inoculation of Lewis lung
carcinoma and colon 26 adenocarcinoma cells into
mice. In addition, immunohistochemical analysis of
colon 26 tumour revealed that �13% and 27% of
the vessels were APJ-positive and apelin-positive, re-
spectively, and most ECs co-expressed apelin and APJ
(54). Of course, the ratios of apelin or APJ positivity in
ECs may be different depending on the tumour size
and tumour growth course. Observation of high APJ
expression in angiogenic blood vessels in tumours was
similar to that during normal development.
Co-expression of ligand and receptor in ECs of the
newly formed tumour blood vessels suggests the pos-
sibility that APJ in ECs is stimulated by autocrine and
paracrine loops.

Several attempts have been made to determine the
role of the apelin/APJ system in tumour angiogenesis,
using apelin-overexpressing tumour cells. In a human
non-small cell lung cancer xenograft model, apelin
gene transfer significantly stimulated tumour growth
and increased microvessel densities and diameters
in vivo (55). Another group reported that mammary
tumour cells stably overexpressing apelin cDNA also
stimulated tumour growth in vivo, probably associated
with enhanced angiogenesis in the tumours (56).
However, in our own research, we found that overex-
pression of apelin in colon 26 tumours significantly
suppressed tumour growth by inducing tumour vascu-
lar maturation (54). This difference might depend on
the particular apelin/APJ signalling pathway, probably
involved in individual tumours and different tumour
models, i.e., syngeneic mouse model or allogeneic
mouse model using immunodeficient mice. Recent re-
ports indicate that anti-angiogenic cancer drugs, such
as VEGF signalling inhibitors, cause ‘normalization’
of aberrant tumour vasculature and, thus, induce the
formation of functional mature vasculature (57, 58).
One of the major therapeutic benefits of tumour
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vascular normalization is enhancement of the effects of
conventional anti-tumour therapies, such as chemo-
therapy and radiation therapy (58). In our study,
apelin-mediated vascular maturation enhanced the
effect of immunotherapy with dendritic cells. These
therapeutic effects resulted from induction of tumour
cell apoptosis by effective infiltration of activated in-
variant natural killer T cells (54).

Thus, regulation of APJ activity might lead to the
development of new vascular normalization drugs,
which should be more efficacious than anti-angiogenic
agents because of their unique ability to induce vascu-
lar enlargement.

Vascular regeneration
Several lines of evidence indicate that apelin can sig-
nificantly enhance migration, proliferation and capil-
lary tube-like formation of cultured ECs (30, 33, 35,
44, 59). In in vivo Matrigel plug assays for angiogen-
esis, addition of apelin resulted in the formation of
capillary-like structures (33). Moreover, apelin peptide
stimulates angiogenesis in the chicken chorioallantoic
membrane assay (42). Downregulation of apelin ex-
pression by the local delivery of apelin-targeting
small interfering RNA into grafted adipose tissue
leads to dramatic inhibition of angiogenesis (59). In
the rat portal hypertension model, treatment with the
APJ-specific antagonist F13A markedly reduced
splanchnic neovascularization and formation of porto-
systemic collateral vessels (60). According to these re-
ports, it is suggested that apelin can be used for
therapeutic angiogenesis.

Analysis of transgenic mice expressing apelin in the
epidermis under the transcriptional control of the K14
promoter revealed that apelin can induce the forma-
tion of enlarged capillaries, but not arteriola and
venula in the dermis. Moreover, overexpression of

apelin inhibited vascular leakage caused by VEGF or
histamine. These results indicate that apelin can induce
non-leaky larger blood vessels in vivo (61).

In cardiac failure, endothelial apelin expression cor-
relates with other hypoxia-responsive genes, and apelin
and APJ are upregulated in ECs of various tissues after
systemic hypoxia (10% FIO2) in vivo. It has been sug-
gested that apelin expression in the endothelium of the
heart is induced through the endothelial-specific
HIF-2a pathway (62). Another group also reported
that apelin expression was significantly increased in
lungs of mice under hypoxic conditions (10% O2) in
an HIF-1a-dependent manner. Small interfering
RNA-mediated apelin or APJ knockdown inhibited
hypoxia-induced vessel regeneration in the caudal fin
regeneration model in zebrafish (30). In accordance
with these observations, we found that endogenous
apelin is required for recovery of hind limb perfusion
after induction of ischaemia (58). Using mouse hind
limb ischaemia models produced by occlusion of the
femoral artery, expression of APJ and apelin mRNA
was significantly increased in ECs from the ischaemic
muscle. In apelin-deficient mice, severe necrosis of the
toes and delayed recovery of blood flow were observed
when inducing ischaemia. These results suggested the
involvement of the apelin/APJ system in collateral
vessel formation during the process of recovery from
ischaemia states. Thus, we found that APJ expression
is induced after ischaemia treatment, and endogenous
apelin is required for functional recovery.

Apelin gene transfer promotes formation of enlarged
and non-leaky blood vessels in the hind limb ischaemia
model. Simultaneous overexpression of apelin and
VEGF by plasmid administration was superior to
VEGF alone at restoring tissue integrity after ischae-
mia damage by improved generation of enlarged blood
vessels in the ischaemic muscle (61). Moreover, apelin

Apelin
Tip cell

A

Stalk cell

Vascular maturation

K14-Apelin TgWT Apelin KO

B

300µm

Fig. 2 (A) Schematic representation showing how apelin/APJ signalling induces vascular maturation. High levels of expression of apelin protein in
tip cells probably activates APJ signalling in the neighbouring stalk cells. Subsequently, these cells will adopt proliferating and aggregating
behaviour to form enlarged mature vessels. (B) Image of ear-skin blood vessels in apelin-transgenic mice under regulation of the K14 promoter,
and apelin-deficient mice. Compared with wild-type mice, more enlarged mature vessels are observed in apelin-transgenic mice and more narrow
immature vessels in apelin-deficient mice.
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induced vascular stabilization by inhibiting
VEGF-mediated internalization of vascular endothe-
lial cadherin resulted in suppression of hind limb
oedema (61). In addition to its role in blood vessel
formation, APJ is expressed in human lymphatic
ECs, and apelin induces their migration and cord for-
mation. Transgenic mice harbouring apelin in the
dermis showed reduced development of oedema by
promoting stabilization of lymphatic vessels (63).
Taken together, these findings suggest that the
apelin/APJ system represents a new therapeutic
target for ischaemic disease.

Conclusions

Recent studies have revealed multiple roles of the
apelin/APJ system in vascular formation in physio-
logical and pathological situations, including during
development, tissue regeneration and tumourigenesis.
Apelin has a unique function as a regulator of vascular
maturation and stabilization by increasing the caliber
of newly formed blood vessels and strengthening bar-
rier function between ECs. Moreover, expression of
apelin and APJ genes is temporally upregulated
during blood vessel development and downregulated
in stabilized vasculature. Detailed understanding of
the function of the apelin/APJ system and expression
analysis in blood vessels will provide insights for im-
proving the use of agonists and antagonists that modu-
late apelin signalling in different vascular diseases.
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