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Apelin-13 stimulates angiogenesis by promoting cross-talk
between AMP-activated protein kinase and Akt signaling
in myocardial microvascular endothelial cells
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Abstract. Currently, there is major interest in the functions
of apelin-13, an endogenous ligand for the orphan G-protein
coupled receptor APJ, a receptor that closely resembles the
angiotensin receptor AT1. In the present study, the role of
apelin-13 in angiogenesis and its mechanism as a novel angio-
genic factor in myocardial microvascular endothelial cells
(MMVECs) was investigated. It was revealed that apelin-13
can promote proliferation, migration and tube formation in
MMVEC:s. In addition, apelin-13 dose dependently stimulated
the phosphorylation of AMP-activated protein kinase (AMPK)
and endothelial nitric oxide synthase (eNOS) at Thr-172
and Ser-1179, respectively. The treatment with the AMPK
(compound C) and protein kinase Akt/protein kinase B (Akt;
LY294002) inhibitor significantly suppressed the apelin-13-in-
duced AMPK, Akt and eNOS phosphorylation. They also
inhibited the apelinl3-stimulated endothelial cell migration
and tube formation. Therefore, we hypothesize that apelin-13
promotes angiogenesis through the modulation of AMPK and
Akt signaling in MM VECs.
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Introduction

Apelin is a novel adipocyte-derived factor that binds the orphan
G protein-coupled receptor (GPCR) APJ with high affinity (1).
Apelin mRNA encodes a 77-amino-acid prepropeptide, which
is proteolytically cleaved to yield bioactive peptides of 36, 17
and 13 amino acids (aa) in size. Each of these peptides contains
the extreme C-terminal region of the precursor protein and
their bioactivity resides in the C-terminal 13 aa fragment (2).
The sequence of the 13 aa apelin peptide is highly conserved
among different species, suggesting that its critical function
has been evolutionarily conserved (3).

The apelinergic system has a widespread pattern of distri-
bution (4,5). However, the majority of studies regarding the
function of apelin/APJ are on the cardiovascular system, due
to its similarity to the angiotensin receptor. In the cardiovas-
cular system, apelin reduces blood pressure and modulates
the contractility of cardiac tissue and blood vessels (6,7,8).
Apelin signaling is also associated with tumor angiogenesis
and vascular regeneration during embryogenesis (9).

AMP-activated protein kinase (AMPK) is a stress-acti-
vated protein kinase, which is involved in the regulation of
energy and metabolic homeostasis (10). In vascular endothe-
lium, AMPK signaling is required for vascular endothelial
growth factor (VEGF)-induced nitric oxide (NO) production,
migration and differentiation under conditions of hypoxia (11).
Previous studies indicated that apelin-13 is able to regulate
glucose and lipid metabolism (12,13) via the activation of
AMPK signaling. The disruption of apelin-13 signaling can
increase the hypoxia-induced pulmonary hypertension medi-
ated by decreased activation of AMPK and endothelial nitric
oxide synthase (eNOS) (14). In addition, as protein kinase
Akt/protein kinase B (Akt) signaling participates in vascular
homeostasis and angiogenesis (15,16), it can also phosphory-
late eNOS (17), resulting in NO production and subsequently
leading to the regulation of vasomotor responses. Thus, it was
hypothesized that AMPK and Akt signaling may participate in
the regulation of angiogenesis stimulated by apelin-13.

The aim of the present study was to investigate the role
of apelin-13 in angiogenesis in rat primary myocardial micro-
vascular endothelial cells (MMVECs) and the mechanisms
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involved init.In addition,compound C,an AMPK inhibitor,and
LY294002, an Akt inhibitor were used to investigate whether
AMPK and Akt signaling participate in the pro-angiogenic
process induced by apelin-13.

Materials and methods

Materials. Apelin-13 was purchased from GL Biochem
Shanghai (Shanghai, China). Dulbecco's modified Eagle's
medium (DMEM) and fetal bovine serum (FBS) were purchased
from Gibco-BRL (Carlsbad, CA, USA). Phospho-AMPK
(Thr-172), pan-a-AMPK, phospho-Akt (Ser-473) and
phospho-eNOS (Ser-1179) antibodies were purchased from
Cell Signaling Technology (Beverly, MA, USA). Akt, eNOS
and GAPDH antibodies were purchased from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA, USA). Compound C
was purchased from Toronto Research Chemicals Inc. (North
York, ON, Canada) and LY294002 from Calbiochem (San
Diego, CA, USA). Secondary antibodies were purchased from
Beijing Biosynthesis Biotechnology Co., Ltd. (Beijing, China).
All antibodies were polyclonal, and sourced from rabbit.

Isolation and identification of MMVECs in rats. Wistar rats
(80-100 g) were used for the isolation of primary MM VECs. The
animal protocol was approved by the Animal Care Committee
of Shanghai Jiao Tong University (Shanghai, China). Briefly,
rats were anesthetized with sodium pentobarbital (60 mg/kg)
and heparinized by intraperitoneal injection of sodium heparin
(500 U/0.1 kg). Following thoracotomy, the heart was rapidly
dislodged and washed in phosphate-buffered saline (PBS).
The atria, visible connective tissue, the right ventricle and
the epicardial and endocardial surfaces of the left ventricle
were carefully removed and the remaining myocardial tissue
was washed in PBS with antibiotics (penicillin-streptomycin;
15140-122; Life Technologies, Carlsbad, CA, USA) several
times prior to cutting into 1-mm?® sections without visible
vessels. Myocardial tissues were seeded on culture plates
pre-coated with rat tail tendon gelatin and incubated at 37°C
in a humidified atmosphere of 5% CO, for 30 min. The tissues
were cultured in DMEM (4500 mg/1; D-glucose) supplemented
with 20% FBS, 50 U/ml heparin, 100 U/ml penicillin and
100 pg/ml streptomycin. The tissue sections were discarded
after the cells began to grow and the medium was changed
at 70 h intervals. MMVECs were identified by their typical
‘cobblestone’ appearance and by positive CD31 and CD34
immunostaining. MMVECs at the second passage were used
for experiments. The cells were allowed to grow to 80-90%
confluence and were used for further experimental analysis.

Cell proliferation assay. The proliferation rate of MMVECs
was determined by the MTT assay. The cells were trypsinized
and resuspended in 10% DMEM. The cells were seeded at
2x10° cells per well in 96-well plates and cultured in a humidi-
fied 5% CO, atmosphere at 37°C for 24 h. Drugs (apelin-13,
compound C and LY294002) were added to the medium at
the indicated times with different concentrations. Following
incubation, the cells were washed with PBS and subsequently
incubated with MTT at 37°C for 4 h. Following incubation,
dimethylsulfoxide was added, the cells were incubated for
10 min and the absorbance at 490 nm was recorded with a
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Figure 1. Apelin-13 promotes the proliferation of MM VECs. Proliferation
was assessed using the MTT assay. MM VECs were seeded in 96-well dishes
in the presence of different concentrations (0-600 nmol/l) of apelin-13 for
0, 8, 16, 24 and 48 h. Data are expressed as the mean + standard deviation
from three independent experiments. 'P<0.05, “P<0.01 as compared with the
control. MMVECs, myocardial microvascular endothelial cells.

Epoch Microplate spectrophotometer (BioTek Instruments,
Inc., Winooski, VT, USA).

Migration assays

Cell scratch assay. MMVECs were trypsinized and
resuspended in 10% DMEM. The cells were incubated in
6-well culture dishes in DMEM containing 10% FBS until
90% confluency. Following serum starvation for 24 h, a
linear wound was made by scratching the bottom of the dish.
Following wounding, cells were washed with PBS and incu-
bated in serum-free DMEM. Following treatment, cells were
allowed to migrate for 0, 8, 16 and 24 h. The wound width was
measured in three areas selected at random and images were
captured using the Motic AE31 Photometry and Dimensioning
microscope (Milton, MA, USA). Migration was quantified by
the assessment of the migration distance beyond the reference
line using the Motic Image Plus software (Houston, TX, USA).

Boyden chamber assay. The Boyden chamber assay was
performed as described previously (Neuroprobe, Cabin John,
MD, USA) (18). Cells were trypsinized and resuspended in
10% DMEM. DMEM (800 ul/well; 10%) containing various
concentrations of apelin-13, compound C and LY294002 was
added into the wells in the lower chamber and 1.5x10* cells
(200 pl/well) were added in the upper chamber. The chambers
were incubated for 8-12 h at 37°C in a 5% CO, humidified
incubator. The cells migrating through the filter (cells on the
lower side of the filter) were fixed in 4% paraformaldehyde for
10 min, stained with 0.1% crystal violet stain solution (Sigma,
St. Louis, MO, USA) for 30 min and then five random micro-
scopic fields per well were quantified. Each experiment was
performed twice in triplicate.

Tube formation assay. The formation of vascular-like
structures by MMVECs on growth factor-reduced Matrigel
(BD Biosciences, Franklin Lakes, NJ, USA) was performed
as previously described (19) and 24-well culture plates
were coated with Matrigel according to the manufacturer's
instructions. The MMVECs were seeded on coated plates at
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Figure 2. Apelin-13 promotes the migration of MMVECsS and their differentiation into tube-like structures. (A) Migration ability of MMVECs was examined
by the scratch assay. Representative images are shown (magnification, x200). (B) Representative images of the migration of MM VECs assessed by Boyden
chamber analysis. (C) Representative images of in vitro tube formation analysis of MM VECs on Matrigel. (D-F) Quantitative analysis of the migration (A and
B) and tube formation (C) assays, respectively. Results are expressed as the mean + SD. Each treatment was performed in triplicate and four fields were
randomly selected from each well for counting the mean number of migrated cells. Two independent experiments were performed. Data are expressed as the
mean = SD. Results are expressed relative to the control. “P<0.05 and “P<0.01 versus the control. MM VECs, myocardial microvascular endothelial cells; SD,

standard deviation.

5x10* cells/well in DMEM containing 10% FBS and incubated
at 37°C for 16-18 h. Tube formation was observed using an
inverted phase contrast microscope (Nikon, Tokyo, Japan).
Images were captured with a video graphic system (DEI-750
CE Digital Output Camera; Optronics, Goleta, CA, USA). The
degree of tube formation was quantified by measuring the
length of tubes from three randomly selected low power fields
(x100) from each well using the NIH Image Program. Each
experiment was repeated three times.

Western blot analysis. Western blot analysis was performed as
previously described (20). In brief, cell lysates were extracted
with Nonidet P-40 lysis buffer followed by SDS-PAGE. The
membranes were immunoblotted with the indicated primary
antibodies at a 1:1,000 dilution overnight, followed by the
secondary antibody conjugated with horseradish peroxidase
at a 1:2,000 dilution for 2 h. A western blotting detection
kit (Amersham Biosciences, Piscataway, NJ, USA) and
enhanced chemiluminescence reagent (Thermo Fisher
Scientific, Waltham, MA, USA) were used to examine the
membranes. Protein bands were evaluated by densitometry
using ImageJ software (version 1.41; National Institutes of
Health, Bethesda, MD, USA) and normalized to the expres-

sion levels of GAPDH for protein loading. Phospho-specific
signals, normalized against the quantity of total protein, are
shown as arbitrary units. The changes in phosphorylation
were calculated by comparing the differences between basal
and stimulated values of specifically treated samples and
their respective controls.

Statistical analysis. The results are expressed as the
mean + standard deviation. Statistical comparisons were
performed using analysis of variance with Scheffe's F-test
for post hoc analysis. P<0.05 was considered to indicate a
statistically significant difference. Statistical analyses were
performed using the SPSS 13.0 statistical software (SPSS,
Chicago, IL, USA).

Results

Apelin-13 promotes the proliferation, migration and tube
formation of MM VECs. The effect of apelin-13 on the prolifer-
ation of MM VECs was examined using the MTT assay. It was
revealed that apelin-13 was able to promote the proliferation
of MMVECs in a dose-dependent manner with a maximum
effect being observed at 200 nmol/l (Fig. 1). The role of
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Figure 3. Expression and phosphorylation of AMPK, Akt and eNOS in MMVECs. (A) Time- (0-120 min) dependent changes in the phosphorylation of AMPK,
Akt and eNOS following Aplelin-13 treatment. (C) Dose- (0-600 nmol/l) dependent changes in the phosphorylation of AMPK, Akt and eNOS following
Aplelin-13 treatment. (B and D) The quantitative results are expressed relative to the total protein level. "P<0.05 versus the control. (E) Role of AMPK in the
regulation of apelin-13-stimulated protein phosphorylation. MMVECs were pretreated with compound C (20 gmol/l) for 40 min, then cells were treated with
apelin-13 (200 nmol/l) for 2 h. (G) Role of Akt in the regulation of apelin-13-induced protein phosphorylation. MM VECs were pretreated with LY294002
(20 umol/l) for 40 min, cells were then treated with apelin-13 (200 nmol/I) for 2 h. (F and H) the quantitative results are shown. "P<0.05 and “P<0.01 versus
the control. AMPK, AMP-activated protein kinase; eNOS, endothelial nitric oxide synthase; Akt, protein kinase Akt/protein kinase B; MM VECs, myocardial
microvascular endothelial cells.
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Figure 4. Roles of AMPK and Akt in Apelin-13 induced angiogenesis. MMVECs were treated with apelin-13 (200 nmol/l) or the vehicle in the presence
of compound C (20 gmol/l) or LY294002 (20 xmol/l) at the time of seeding. (A) Scratch assay and the (C) Boyden chamber assay were performed after
MMVECs were pretreated with compound C (20 gmol/l) or LY294002 (20 ymol/1). (E) Matrigel assay was used to measure the tube formation of MMVECs.
(B and D) Quantitative analysis of migration distance and (F) tube length is shown as the mean + standard deviation. Results are expressed relative to the
control. "P<0.05 and “P<0.01 versus the control. AMPK, AMP-activated protein kinase; MMVECs, myocardial microvascular endothelial cells; LY294002,

Akt inhibitor; compound C, AMPK inhibitor.

apelin-13 on endothelial cell migration was further evaluated
by the scratch assay and the modified Boyden chamber assay.
Apelin-13 significantly stimulated the migration of cells in a
dose-dependent manner with an optimal activity at 200 nmol/l
(Fig. 2A and B). To examine the effects of apelin-13 on
the differentiation of MMVECs into vascular structures
in vitro, tube formation ability was assessed. Apelin-13
significantly increased the tube formation of MMVECsS in a

dose-dependent manner with its optimal activity at 200 nmol/l
(Fig. 20).

Apelin-13 induces the phosphorylation of AMPK and Akt in
MMVEC:s. It is known that AMPK and Akt are involved in
the regulation of angiogenesis (11,15). The effect of apelin-13
on the phosphorylation status of AMPK at Thr-172 and Akt
at Ser-473 was investigated in MMVECs. The treatment of
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MMVECs with apelin-13 enhanced the phosphorylation of
AMPK in a dose- and time-dependent manner with maximal
AMPK phosphorylation occurring at 200 nmol/I following 2 h
exposure. Similarly, the phosphorylation of Akt was induced
by apelin-13; however, this response was transient (Fig. 3A
and C). Cross-talk between AMPK and Akt was previously
described to regulate the phosphorylation of eNOS (11,21).
Therefore, eNOS phosphorylation in MMVECs was also
examined. Apelin-13 stimulated eNOS phosphorylation at
Ser-1179 (p-eNOS) in a time- and dose-dependent manner,
while the total protein levels (eNOS) remained unchanged.
(Fig. 3A and C). Subsequently, MM VECs were treated with
the AMPK and Akt inhibitors, it was revealed that they signifi-
cantly suppressed the apelin-13-induced AMPK, Akt and
eNOS phosphorylation in MMVECs (Fig. 3E and G), while
incubation with the Akt inhibitor did not alter the endogenous
phosphorylation of AMPK (Fig. 3G). Therefore, it was hypoth-
esized that there is cross-talk between AMPK and Akt in the
pro-angiogenic process induced by apelin-13.

AMPK and Akt signaling are required for apelin-13-stimulated
migration and differentiation. To determine whether AMPK
and Akt signaling are involved in apelin-13-stimulated endo-
thelial cell migration and tube formation in vitro, MMVECs
were treated either with compound C or LY294002, the inhibi-
tors of AMPK and Akt, respectively. Cell scratch and Boyden
chamber assays were used to assess the role of AMPK and Akt
signaling on the migration ability of MM VECs induced by
apelin-13. It was observed that the AMPK and Akt inhibitors
significantly suppressed the apelin-13-stimulated migration
of MMVECs (Fig. 4A and C). Subsequently, Matrigel assays
were performed to investigate the effect of these two inhibitors
on the tube formation induced by apelin-13 in MMVECs. The
inhibitors significantly impaired the apelin-13-stimulated tube
formation (Fig. 4E) of MMVECs. These data indicated that
AMPK and Akt signaling are required for apelin-13-induced
endothelial migration and differentiation in MM VECs.

Discussion

In the present study, it was demonstrated that apelin-13
promotes angiogenesis through the modulation of AMPK and
Akt signaling in MMVECs. It was further investigated how
AMPK and Akt signaling participates in the pro-angiogenic
process and it was found that the activation of eNOS is involved
in the two processes.

The regulatory role of apelin-13 in endothelial cells has previ-
ously been investigated. It was revealed that apelin is expressed
in vascular endothelial cells and participates in regulating
their proliferation and regenerative angiogenesis (22,23,24).
Calcitonin gene-related peptide and vascular endothelial growth
factor were reported to promote angiogenesis by promoting
AMPK and Akt signaling activation, respectively (25,26).
AMPK and Akt directly phosphorylate eNOS (17,27), which is
important in angiogenesis. By contrast, apelin-13 can regulate
glucose and lipid metabolism (12,13) via activating AMPK
signaling. We hypothesized that apelin-13 may promote angio-
genesis through the activation of AMPK and Akt signaling
in MMVECs. The results demonstrated that apelin-13 can
promote angiogenesis in MM VECs. Apelin-13 stimulated the
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phosphorylation of AMPK and eNOS in a time- and dose-depen-
dent manner, while the phosphorylation of Akt increased in the
early stages and decreased at the later stages. AMPK and Akt
inhibitors suppressed the apelin-13-induced AMPK, Akt and
eNOS phosphorylation and also inhibited apelin-13-stimulated
cell migration and differentiation. Notably, although the AMPK
inhibitor suppressed the endogenous Akt phosphorylation, the
Akt inhibitor had no effect on the endogenous phosphorylation
of AMPK in MMVECs. The present data suggest that apelin-13
exerts pro-angiogenic effects in MM VECs through the modula-
tion of AMPK and Akt signaling and the activation of eNOS,
which is in accordance with previous studies (28,29,30). A study
by Nagata et al (11) demonstrated that AMPK did not exhibit
an effect on endothelial cell migration, tube formation and NO
production under normoxia, which suggests that further in vitro
and in vivo studies are required to gain a greater understanding
of the role of endothelial cell AMPK in angiogenesis.

Of note, in the present study, it was not determined how
apelin-13 regulates AMPK and Akt signaling. In addition,
although a subunit of AMPK was identified as the major
target, further evaluation is required regarding the specific
subunit (al or a2) involved. However, it was demonstrated
that the activation of AMPK and Akt signaling was associated
with angiogenesis induced by apelin-13 in MM VECs. Notably,
the impaired angiogenesis was associated with the inhibition
of the pathways.

The imbalance between angiogenesis and cardiac hyper-
trophy is important in the transition from adaptive hypertrophy
to pathological cardiac remodeling in heart failure. Apelin-13
has been demonstrated to exert cardiovascular protective
effects (31,32). The results of the present study demonstrated
that apelin-13 is a pro-angiogenic factor, suggesting that the
exogenous supplementation of apelin-13 may improve cardiac
remodeling in patients with heart failure.
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