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Obesity-relateddiseases are associatedwith vascular dysfunc-
tion and impaired revascularization. Omentin is a fat-derived
secreted protein, which is down-regulated in association with
obese complications. Here, we investigated whether omentin
modulates endothelial cell function and revascularization pro-
cesses in vitro and in vivo. Systemic delivery of an adenoviral
vector expressing omentin (Ad-omentin) enhanced blood flow
recovery and capillary density in ischemic limbs of wild-type
mice in vivo, which were accompanied by increased phosphory-
lation of Akt and endothelial nitric oxide synthase (eNOS). In
cultured human umbilical vein endothelial cells (HUVECs), a
physiological concentration of recombinant omentin protein
increased differentiation into vascular-like structures and
decreased apoptotic activity under conditions of serum starva-
tion. Treatmentwith omentin protein stimulated the phosphor-
ylation ofAkt and eNOS inHUVECs. Inhibition ofAkt signaling
by treatment with dominant-negative Akt or LY294002 blocked
the stimulatory effects of omentin on differentiation and sur-
vival of HUVECs and reversed omentin-stimulated eNOS phos-
phorylation. Pretreatment with the NOS inhibitor also reduced
the omentin-induced increase in HUVEC differentiation and
survival. Omentin protein also stimulated the phosphorylation
of AMP-activated protein kinase in HUVECs. Transduction
with dominant-negative AMP-activated protein kinase dimin-
ished omentin-induced phosphorylation of Akt and omentin-
stimulated increase in HUVEC differentiation and survival. Of
importance, in contrast to wild-typemice, systemic administra-

tion of Ad-omentin did not affect blood flow in ischemicmuscle
in eNOS-deficient mice in vivo. These data indicate that omen-
tin promotes endothelial cell function and revascularization in
response to ischemia through its ability to stimulate an Akt-
eNOS signaling pathway.

Obesity, in particular, visceral fat accumulation, is associated
strongly with the development of type 2 diabetes, hypertension,
and dyslipidemia (1, 2). Obesity-related disorders such as type 2
diabetes are accompanied frequently by microvascular rarefac-
tion and reduced collateralization in ischemic tissues, ulti-
mately resulting in the progression of cardiovascular diseases
(3–5). Conversely, therapeutic strategies that enhance blood
vessel growth are believed to have favorable effects on coronary
and peripheral ischemic diseases. However, the mechanisms of
how obesity affects the process of ischemic vascular disorders
are understood incompletely at a molecular level.
Accumulating evidence suggests that adipose tissue is not

simply an energy storage organ, but it also functions as a secre-
tory tissue producing a variety of bioactive molecules, referred
to as adipokines or adipocytokines, which directly or indirectly
affect the pathogenesis of obesity-linked diseases (6, 7). Omen-
tin, also referred to as intelectin-1, is an adipocytokine that
exists abundantly in human visceral fat tissue (8–10). Omentin
is detectable in human blood stream (100 to 800 ng/ml) (11, 12),
and circulating omentin levels are decreased in obesity (11).
Furthermore, circulating omentin levels are down-regulated in
association with obesity-linked disorders, including type 2 dia-
betes, metabolic syndrome, endothelial dysfunction, carotid
atherosclerosis, and coronary artery disease (12–16). It has
been shown that treatment of adipocytes with the omentin pro-
tein results in enhancement of glucose uptake (8). Treatment
with the omentin protein stimulates vasodilation in isolated
blood vessels and suppresses cytokine-stimulated inflamma-
tion in cultured endothelial cells (17, 18). These data suggest
that omentin maymodulate obesity-related metabolic and vas-
cular complications. However, nothing is known about the role
of omentin in ischemic vascular diseases.
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In the present study, we investigated whether omentin par-
ticipates in blood vessel growth under ischemic conditions in
vivo and tested whether it modulates endothelial cell function
in vitro. We first investigated the effects of systemic delivery of
omentin on revascularization in a mouse model of vascular
insufficiency using an adenoviral vector expression system.We
also examined the effects of omentin protein on cellular behav-
ior and intracellular signaling in cultured endothelial cells. Our
findings indicate that omentin promotes blood vessel recruit-
ment in response to ischemia through activation of eNOS-de-
pendent3 signaling within endothelial cells.

EXPERIMENTAL PROCEDURES

Materials—The following primary antibodies were pur-
chased from Cell Signaling Technology: phospho-Akt (Ser-
473) antibody, Akt antibody, phospho-eNOS (Ser-1177) anti-
body, eNOS antibody, phospho-AMPK (Thr-172) antibody,
pan-�-AMPK antibody, ACC antibody, �-tubulin antibody,
and HA antibody. Phospho-ACC (Ser-79) and c-Myc tag anti-
bodies were purchased from Upstate Biotechnology. Recombi-
nant human omentin protein produced from mammalian cell
expression system was purchased from Alexis Biochemicals.
LY294002 was purchased fromCalbiochem. L-NAMEwas pur-
chased from Sigma.
Construction of Adenoviral Vector Expressing Human

Omentin—Full-length human omentin cDNA was subcloned
into an adenovirus shuttle vector. After linearization, shuttle
vector was cotransformed into Escherichia coliwith the adeno-
viral backbone plasmid pAdEasy-1. The resultant recombinant
pAdEasy-1 containing omentin cDNA was transfected into
HEK 293 cells to generate the recombinant adenoviral vector
expressing omentin (Ad-omentin). An adenoviral vector
expressing �-galactosidase (Ad-�-gal) was used as a control.
Adenoviral vectors were purified by Adeno-XTM Maxi purifi-
cation kit (Clontech Laboratories).
Mouse Model of Revascularization—WT and eNOS-defi-

cient (eNOS-KO)mice in a C57/BL6 backgroundwere used for
this study. Study protocols were approved by the Institutional
Animal Care and Use Committee in Nagoya University. Mice,
at the ages of 10 weeks, were subjected to unilateral hind limb
surgery under anesthesia with sodium pentobarbital (50 mg/kg
intraperitoneally) (19, 20). In this model, the entire left femoral
artery and vein were excised surgically. The 2 � 107 pfu of
Ad-omentin or Ad-�-gal were injected into the jugular vein 3
days prior to surgery.
LaserDoppler Blood Flow (LDBF)Analysis—Hind limbblood

flow was measured using a LDBF analyzer (Moor LDI, Moor
Instruments) immediately before surgery, after surgery, and on
postoperative days 3, 7, and 14 (19, 20). LDBF analysis was per-
formed on legs and feet. Blood flow was displayed as changes in
the laser frequency using different color pixels. After scanning,
stored images were analyzed to quantify blood flow. To avoid
data variations due to ambient light and temperature, hind limb

blood flow was expressed as the ratio of left (ischemic) to right
(nonischemic) LDBF.
Capillary Density Analysis—Capillary density within thigh

adductor muscle was quantified by histological analysis as
described previously (19, 20). Muscle samples were imbedded
inOCTcompound (Sakura) and snap-frozen in liquid nitrogen.
Tissue slices (5 �m in thickness) were prepared and stained
with CD31 (PECAM-1: Becton Dickinson) followed by treat-
ment with Alexa Fluor® 488-conjugated secondary antibody
(Invitrogen) to detect CD31. The signals were detected and
analyzed by a fluorescence microscopy. Fifteen randomly cho-
sen microscopic fields from three different sections in each tis-
sue block were examined for the presence of CD31-positive
capillary endothelial cells. Capillary density was expressed as
the number of CD31-positive cells per muscle fiber or per high
power field.
Measurement of PlasmaParameters—Total cholesterol, high

density lipoprotein cholesterol, triglyceride, and plasma glu-
cose levels were measured with enzymatic kits (Wako Chemi-
cals). Plasma omentin and VEGF levels were determined by
ELISA (human omentin ELISA kit (BioVendor) and mouse
VEGF ELISA kit (R&D Systems)). Blood was collected by heart
puncture from mice that were fasted for 6 h at 7 or 14 days
post-surgery.
Cell Culture—Human umbilical vein endothelial cells

(HUVECs) were cultured in endothelial cell growthmedium-2.
Before each experiment, cells were placed in endothelial cell
basal medium-2 (San Diego, CA) with 0.5% FBS for 16 h for
serum starvation. Experiments were performed by the addition
of the indicated amount of human recombinant omentin or
vehicle for the indicated lengths of time. In some experiments,
HUVECs were infected with an adenoviral vector encoding a
HA-tagged dominant-negative mutant form of AKT1 (Ad-
dnAkt) (21), c-Myc-tagged dominant-negative AMPK�2 (Ad-
dnAMPK) (19, 22) or Ad-�-gal as a control at a multiplicity of
infection of 50 for 24 h. In some experiments, HUVECs were
treated with LY294002 (50 �mol/liter), L-NAME (1 mmol/li-
ter), or vehicle (dimethyl sulfoxide) for 60 min.
Differentiation Assay—The formation of vascular-like struc-

tures by HUVECs on growth factor-reducedMatrigel (BD Bio-
sciences) was assessed according to themanufacturer’s instruc-
tions as described previously (22). HUVECs were seeded on
coated plates at 5� 104 cells/cm2 in endothelial cell basalmedi-
um-2 and incubated at 37 °C for 18 h. Network formation was
assessed using an inverted phase contrast microscope (Nikon,
Tokyo, Japan) and photomicrographs were taken at �40 mag-
nification. The degree of tube formation was quantified by
measuring the length of tubes in three randomly chosen fields
from eachwell using the ImageJ program. Each experiment was
repeated three times.
Analysis of Apoptotic Activity—Cells were treated with

recombinant omentin protein or vehicle followed by 48 h of
incubation in serum-free endothelial cell basal medium-2.
Nucleosome fragmentation was assessed by enzyme-linked
immunosorbent assay using a cell death detection kit as
described previously (Roche Diagnostics) (20, 23). TUNEL
staining was performed using the in situ cell death detection kit
as described previously (Roche Applied Science) (20). TUNEL-

3 The abbreviations used are: eNOS, endothelial nitric oxide synthase;
HUVECs, human umbilical vein endothelial cells; Ad, adenovirus; LDBF,
laser Doppler blood flow; dn, dominant-negative; ACC, acetyl CoA
carboxylase.
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positive cells were counted in five randomly selected micro-
scopic fields. Each experiment was repeated three times.
Western Blot Analysis—Tissue samples obtained on post-op-

erative day 7 were homogenized in lysis buffer containing 20
mM Tris-HCl (pH 8.0), 1% Nonidet P-40, 150 mM NaCl, 0.5%
deoxycholic acid, 1 mM sodium orthovanadate, and protease
inhibitor mixture (Roche Applied Science). Cell lysates or cul-
ture media were resolved by SDS-PAGE. The membranes were
immunoblotted with the indicated antibodies at a 1:1000 dilu-
tion followed by the secondary antibody conjugatedwith horse-
radish peroxidase at a 1:1000 dilution. ECL and ECL plusWest-
ern blotting detection kit (GE Healthcare) were used for
detection. Relative phosphorylation or protein levels were
quantified by using the ImageJ program. Immunoblots were
normalized to �-tubulin.
Statistical Analysis—Data are presented as mean � S.D. as

indicated in the figure legends. Statistical analysis was per-
formed by ANOVA followed by Turkey’s HSD test or Student’s
unpaired t test. A value of p � 0.05 was accepted as statistically
significant.

RESULTS

Omentin Enhances Ischemia-induced Revascularization in
Vivo—We first examined whether omentin can modulate
revascularization under conditions of ischemia in vivo using
WT mice that underwent unilateral femoral artery resection.
We systemically injected Ad-omentin or Ad-�-gal as a control
through a jugular vein intoWTmice at 3 days before operation.
Although human omentin protein could not be detected in
plasma in control WT mice, plasma human omentin levels
increased to 1051.2 � 207.8 ng/ml in Ad-omentin-treatedWT
mice on the sixth day after injection. No significant differences
were observed in body weight and plasma concentrations of
total cholesterol, high density lipoprotein cholesterol, triglyc-
eride, or glucose between Ad-omentin-treated and control
mice (Table 1). Fig. 1A shows representative LDBF images of
hind limb blood flow before surgery, after surgery, and at day 14
after surgery in the Ad-omentin-treated and control mice. In
control mice, hind limb perfusion fell precipitously after sur-
gery, increased to 30% of the nonischemic limb by day 7, and
returned to 40% of the nonischemic limb by day 14 (Fig. 1A).
Ad-omentin-treated mice showed a significant increase in
blood flow recovery at 14 days after hind limb surgery (Fig. 1A).
To investigate the extent of revascularization at the micro-

circulatory level, capillary density was measured in ischemic
tissues by staining with anti-CD31 antibody. Fig. 1B shows rep-
resentative photomicrographs of tissue immunostained with
CD31 on postoperative day 14. Quantitative analysis of CD31-

posotive cells revealed that the capillary density was enhanced
significantly in Ad-omentin-treated mice compared with con-
trol mice (Fig. 1B). Thus, systemic delivery of omentin could
promote revascularization in ischemic tissue in WT mice.
Omentin Promotes Endothelial Cell Differentiation and Sur-

vival in Vitro—To examine whether omentin modulates endo-
thelial cell differentiation into vascular-like structures when
HUVECs were plated on a Matrigel matrix, HUVECs were
treated with recombinant human omentin protein or vehicle.
Treatment with a physiological concentration of omentin (300
ng/ml) promoted the formation of vascular-like tubes (Fig. 2A).
Quantitative analyses of endothelial cell network revealed that
treatment with omentin significantly increased the tube length
relative to control cultures (Fig. 2A).

To test whether omentin affects endothelial apoptosis,
HUVECswere treatedwith omentin or vehicle followed by 48 h
of incubation in serum-free media. Analysis of apoptotic activ-
ity by TUNEL staining demonstrated that treatment with
omentin significantly reduced the frequency of TUNEL-posi-
tive cells (Fig. 2B). Omentin treatment also attenuated the
extent of nucleosome fragmentation of HUVECs in a dose-de-
pendent manner under serum-deprived conditions as mea-
sured by enzyme-linked immunosorbent assay (Fig. 2C).
Omentin Stimulates Phosphorylation of Akt and eNOS—Akt

plays a key role in angiogenic response to several growth factors
and survival activity in endothelial cells (24). Therefore, the
effect of omentin on the activating phosphorylation of Akt at
Ser-473 in endothelial cells was assessed byWestern blot anal-

FIGURE 1. Omentin promotes perfusion recovery and capillary vessel for-
mation of ischemic limbs in mice in vivo. Ad-omentin or Ad-�-gal (control)
was injected into the jugular vein of WT mice (2 � 107 pfu in each group) 3
days prior to surgery. A, representative LDBF images in ischemic limb of Ad-
omentin-treated or control mice (left panels). Quantitative analysis of the
ischemic/non-ischemic LDBF ratio in Ad-omentin-treated and control WT
mice before surgery, after surgery, and on postoperative days 3, 7, and 14
(right panel). Results are shown as the mean � S.D. (n � 7). B, fluorescence
staining of ischemic tissues with anti-CD31 monoclonal antibody (green; left
panel). Quantitative analysis of capillary density in Ad-omentin-treated and
control mice on postoperative day 14. Capillary density was expressed as the
number of capillaries per high power field (�400, middle panel) and capillar-
ies per muscle fiber (right panel). Results are shown as the mean � S.D. (n � 5).

TABLE 1
Characteristics of WT mice treated with Ad-omentin or Ad-�-gal
Measurements were made on day 14 after surgery in Ad-omentin-treated or
Ad-�-gal-treated WTmice (control) that were fasted for 6 h (n � 5). Each value
is mean � S.D. BW, body weight (g); T-Chol, total cholesterol (mg/dl); HDL-C,
high density lipoprotein cholesterol (mg/dl); TG, triglyceride (mg/dl); PG,
plasma glucose (mg/dl).

BW T-Chol HDL-C TG PG

Control 24.1 � 0.7 106.5 � 4.2 53.7 � 3.4 93.4 � 3.8 100.3 � 10.6
Ad-omentin 24.7 � 0.8 105.4 � 5.1 56.1 � 3.3 95.6 � 4.2 102.7 � 7.1
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ysis. Treatment with omentin stimulated the phosphorylation
of Akt in a time-dependent manner with maximal Akt phos-
phorylation occurring at 60 min (Fig. 3A). Because Akt can
phosphorylate and activate eNOS at Ser-1177 (25, 26), the
eNOS phosphorylation level was also assessed. Omentin stim-
ulated the phosphorylation of eNOSwithmaximal levels occur-
ring at 60 min (Fig. 3A) in agreement with a previous report
showing that omentin increased eNOS phosphorylation and
cyclic GMP levels in HUVECs (18). Omentin had no effect on
Akt and eNOS protein levels.
PI3K functions upstream from the Akt-eNOS regulatory

pathways following stimulation with many growth factors and
cytokines (24). To examine the potential involvement of PI3K-
Akt signaling in the omentin-induced eNOS phosphorylation,
HUVECswere treated with PI3K inhibitor LY294002. Pretreat-

ment with LY294002 reduced omentin-stimulated phosphory-
lation of Akt and eNOS (Fig. 3B). HUVECs were also trans-
duced with HA-tagged dominant-negative mutant Akt (Ad-
dnAkt) or control vector. Transduction with Ad-dnAkt
suppressed omentin-induced eNOS phosphorylation (Fig. 3C).
These data suggest that omentin stimulates eNOS phosphoryl-
ation via a PI3K-Akt-dependent signaling.
Role of Akt Signaling in Omentin-stimulated Endothelial Cell

Function and Survival in Vitro—To test whether Akt signaling
is involved in omentin-stimulated endothelial cell differentia-
tion and survival, HUVECs were transduced with Ad-dnAkt or
control vector, and network formation and survival ofHUVECs
were assessed. Transduction with Ad-dnAkt cancelled omen-
tin-stimulated formation of vascular-like tubes of HUVECs
(Fig. 4A). Transduction with Ad-dnAkt also reversed the
reduced frequency of TUNEL-positive cells caused by omentin
(Fig. 4B). Similarly, the suppressive effects of omentin on the
degree of nucleosome fragmentation were reversed by trans-
duction with Ad-dnAkt (Fig. 4C).
To investigate whether PI3K participates in omentin-in-

duced endothelial cell function, HUVECs were treated with
LY294002, and endothelial cell differentiation and apoptotic
activity were assessed. Treatment with LY294002 abolished the
stimulatory actions of omentin on HUVEC differentiation into
the vascular-like structure (Fig. 5A). Treatment with LY294002
also reversed the inhibitory effects of omentin on the frequency
of TUNEL-positive cells and the degree of nucleosome frag-
mentation (Fig. 5, B and C).
To test the potential involvement of eNOS in the cellular

responses to omentin, HUVECs were treated with the NOS
inhibitor L-NAME. Treatment with L-NAME significantly
reduced omentin-stimulated formation of vascular-like struc-
tures (Fig. 5A). Treatment with L-NAME also blocked the sup-
pressive effects of omentin on apoptotic activities of HUVECs
(Fig. 5, B and C). These results indicate that Akt-eNOS signal-
ing is required for endothelial cell responses to omentin.
Involvement of AMPK Signaling in Endothelial Cell Response

to Omentin—AMPK functions upstream of PI3K-Akt signaling
in several types of cells, including endothelial cells (22, 27, 28).
To investigate whether omentin affects AMPK signaling in
endothelial cells, the activating phosphorylation of AMPK at
Thr-172 was assessed by Western blotting. Treatment of
HUVECs with omentin protein enhanced the phosphorylation
of AMPK and ACC, a downstream target of AMPK, in a time-
dependent manner with maximal AMPK phosphorylation
occurring at 60 min (Fig. 6A).
To examine the possible participation of AMPK in omentin-

induced signaling pathways and cellular responses in vitro,
HUVECs were transduced with c-Myc-tagged dominant-nega-
tive mutant AMPK (Ad-dnAMPK) or control vector. Trans-
duction with Ad-dnAMPK effectively suppressed omentin-
stimulated phosphorylation of ACC and Akt (Fig. 6B).
Transduction with Ad-dnAMPK blocked omentin-stimulated
formation of vascular-like tubes of HUVECs (Fig. 6C). The
inhibitory actions of omentin on the frequency of TUNEL-pos-
itive cells and the degree of nucleosome fragmentation were
also reversed by transduction with Ad-dnAMPK (Fig. 6, D and

FIGURE 2. Omentin promotes endothelial cell differentiation and survival
in vitro. A, endothelial cell network formation following stimulation with
omentin. After 18 h of serum deprivation, HUVECs were treated with recom-
binant omentin protein (300 ng/ml) or vehicle followed by culture on Matri-
gel-coated dishes. Representative photomicrographs of HUVEC differentia-
tion into network structures are shown (upper panel). Quantitative analyses of
network tube length are shown (bottom panel) (n � 3). B, omentin reduces the
frequency of TUNEL-positive HUVECs. HUVECs were treated with omentin
protein (300 ng/ml) or vehicle followed by 48 h of incubation with serum-free
media. Apoptotic nuclei were identified by TUNEL staining (green), and total
nuclei were identified by 4�,6-diamidino-2-phenylindole counterstaining
(blue). Representative photomicrographs of TUNEL-positive HUVECs are
shown (upper panels). Quantitative analyses of the frequency of TUNEL-posi-
tive HUVECs are shown (bottom panel) (n � 5). C, omentin inhibits the degree
of nucleosome fragmentation of HUVECs. Nucleosome fragmentation was
assessed by enzyme-linked immunosorbent assay. Results are expressed rel-
ative to the values compared with control. Results are shown as the mean �
S.D. (n � 5).
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FIGURE 3. Omentin stimulates the phosphorylation of eNOS in endothelial cells via activation of Akt. A, time-dependent changes in the phosphorylation
of Akt and eNOS signaling in endothelial cells following stimulation with omentitn (left). Changes in the phosphorylation of Akt (P-Akt) and eNOS (P-eNOS)
following omentin treatment were determined by Western blot analysis. Representative blots are shown. Relative phosphorylation levels of Akt and eNOS
were quantified by using ImageJ software. Immunoblots were normalized to an �-tubulin signal. Results are shown as the mean � S.D. (n � 3). B, effect of
LY294002 on omentin-stimulated eNOS phosphorylation. HUVECs were pretreated with LY294002 (50 �mol/L) or vehicle (dimethyl sulfoxide) for 60 min and
treated with omentin (300 ng/ml) or vehicle for 60 min. P-Akt and P-eNOS were determined by Western blot analysis. Relative phosphorylation levels of Akt and
eNOS were quantified by using ImageJ software. Immunoblots were normalized to �-tubulin signal. Results are shown as the mean � S.D. (n � 3). C, role of Akt
in regulation of omentin-induced eNOS signaling. HUVECs were transduced with Ad-dnAkt or Ad-�-gal 24 h before serum starvation. After 16 h serum
starvation, cells were treated with omentin (300 ng/ml) for 60 min. P-eNOS was determined by Western blot analysis.
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E). Thus, omentin promotes Akt signaling in endothelial cells
via activation of AMPK.
eNOS Activation Is Essential for Omentin-induced Revascu-

larization in Vivo—To investigate the role of eNOS signaling in
omentin-induced revascularization in vivo, the expression and
phosphorylation of AMPK, Akt, and eNOS in ischemic adduc-
tor muscle of WTmice were assessed byWestern blot analysis
onpostoperative day 7. Systemic administration ofAd-omentin
to WT mice increased the phosphorylation of AMPK at Thr-
172, Akt at Ser-473, and eNOS at Ser-1177 in ischemic muscle
(Fig. 7A). Treatment with Ad-omentin had no effects on the
expression levels of total Akt and eNOS protein in ischemic
muscles.

We also assessed whether omentin treatment affects plasma
VEGF levels in WT mice on postoperative day 7 and 14. Ad-
omentin-treated mice had significantly higher levels of plasma
VEGF compared with control mice (day 7, 62.6 � 5.4 pg/ml in
controlmice and 79.3� 8.2 pg/ml inAd-omentin-treatedmice,
p � 0.05; day 14, 15.5 � 4.9 pg/ml in control mice and 43.0 �
16.4 pg/ml in Ad-omentin-treated mice, p � 0.05).
Furthermore, to examine whether eNOS signaling is

required for the actions of omentin on revascularization, we
systemically injected Ad-omentin or control Ad-�-gal into
eNOS-KO mice 3 days before surgery. On the sixth day after
injection, Ad-omentin increased plasma omentin levels of
eNOS-KO mice to 1114.8 � 266.9 ng/ml, which was similar to

FIGURE 4. Akt signaling participates in endothelial cell responses to omentin. A, Akt signaling is essential for omentin-mediated endothelial cell differen-
tiation. HUVECs were transduced with Ad-dnAkt or Ad-�-gal. After 18 h of serum starvation, a Matrigel assay was performed. Cells were treated with omentin
(300 ng/ml) or vehicle. Representative photomicrographs of vascular-like tube formation are shown (left panels). Quantitative analyses of the network tube
length are shown (right panel). Results are shown as the mean � S.D. (n � 5). B and C, involvement of Akt in omentin-induced endothelial cell survival. After
transduction with Ad-dnAkt or Ad-�-gal, cells were incubated in serum-free media for 48 h. Cells were treated with omentin (300 ng/ml) or vehicle. Apoptotic
nuclei were identified by TUNEL staining (green), and total nuclei were identified by 4�,6-diamidino-2-phenylindole counterstaining (blue; B). Representative
photomicrographs of TUNEL-positive HUVECs are shown (B, left panels). Quantitative analyses of the frequency of TUNEL-positive HUVECs are shown (B, right
panel). Nucleosome fragmentation was assessed by enzyme-linked immunosorbent assay (C). Results are shown as the mean � S.D. (n � 5).
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those of Ad-omentin-treatedWTmice (1051.2� 207.8 ng/ml).
In contrast to WT mice (Fig. 1A), systemic delivery of
Ad-omentin did not affect the blood flow recovery in ischemic
limbs of eNOS-KO mice throughout the experimental period
(Fig. 7B). Therefore, the in vivo effect of omentin on ischemia-
induced revascularization is dependent on eNOS.

DISCUSSION

The present work provides the first evidence that omentin
promotes endothelial cell function and revascularization pro-
cess under conditions of ischemic stress. Treatment with a
physiological concentration of omentin led to enhancement of
endothelial cell differentiation and reduction of endothelial cell
apoptosis. Systemic administration of omentin to wild-type
mice resulted in a significant increase in blood flow recovery
and capillary density in ischemic limbs.
It is well established that Akt and its downstream target

eNOS are crucial regulators of blood vessel growth and vascular
cell function (24, 25). Here, we show that omentin promoted

endothelial cell differentiation and survival and stimulated the
phosphorylation ofAkt and eNOS in endothelial cells. Blockade
of Akt signaling by transduction with dominant-negative
mutant Akt cancelled the stimulatory effects of omentin on
endothelial cell function and eNOS phosphorylation. In addi-
tion, inhibition of PI3K or eNOS attenuated omentin-stimu-
lated endothelial cell differentiation and survival. Thus, the
stimulation of endothelial cell function by omentinmay depend
on its ability to activate Akt-eNOS signaling. Furthermore,
omentin promoted revascularization in ischemicmuscle ofWT
mice in vivo, which were associated with increased phosphory-
lation of Akt and eNOS. Of note, the impact of omentin on
blood vessel recruitmentwas abolished in eNOS-KOmice. Col-
lectively, these data suggest that the omentin-Akt-eNOS regu-
latory axis can promote endothelial cell function under condi-
tions of ischemia, thereby accelerating the revascularization
process.
Our present data show that omentin promoted AMPK sig-

naling pathways in endothelial cells and ischemic tissue. Inhi-
bition of AMPK activation abolished omentin-induced stimu-
lation of Akt activation and endothelial cell differentiation and
survival in vitro. Thus, omentin can promote Akt signaling and
subsequent endothelial cell responses via activation of AMPK.
Our hypothesis that AMPK functions upstream of Akt signal-
ing in endothelial cells is supported by a number of previous
studies (22, 28, 29).
It has been shown that eNOS is protective against various

vascular diseases, including atherosclerosis and peripheral
artery diseases (30, 31). Omentin promotes vasodilation in rat
isolated aorta, which is prevented by NOS inhibition (17). A
recent report showed that omentin reduces cytokine-induced
inflammatory responses in cultured endothelial cells, which is
cancelled by a NOS inhibitor (18). Consistent with these find-
ings, this study shows that omentin increased the activating
phosphorylation of eNOS in both ischemic muscles and cul-
tured endothelial cells. Our data also indicate that the actions of
omentin on endothelial cell behavior and vessel growth are
mediated, at least in part, through its ability to activate eNOS.
These observations suggest that eNOS acts as a crucial media-
tor of the protective actions of omentin on the vasculature.
VEGF is a crucial angiogenic growth factor that stimulates

Akt-eNOS signaling pathway in endothelial cells, thereby pro-
moting revascularization in vivo (25). The present study dem-
onstrates that omentin increased circulating VEGF levels after
ischemic surgery. Thus, in addition to the direct actions on
endothelial cells, omentin may stimulate ischemia-induced
revascularization partly by increasing VEGF production. It has
been shown that lack of TNF-� receptor (TNFR2/p75) causes
impaired blood flow recovery and marked reductions in VEGF
expression in ischemic muscle (32). Although the ability of
omentin to increase VEGF production may be mediated, at
least in part, throughTNFR2/p75, future research is required to
elucidate the possible link between omentin and TNF receptor
signaling.
We utilized an adenoviral vector expression system to assess

whether systemic delivery of omentin affects revascularization
in an endocrine manner. Although the liver is the major site of
adenovirus infection following an intravenous administration,

FIGURE 5. PI3K and eNOS contribute to omentin-induced endothelial cell
responses. A, contribution of PI3K and eNOS to omentin-mediated endothe-
lial cell differentiation. HUVECs were pretreated with LY294002 (50 �mol/
liter), L-NAME (1 mmol/liter), or vehicle (dimethyl sulfoxide) and treated with
omentin (300 ng/ml) or vehicle for 18 h. A Matrigel assay was performed.
Quantitative analyses of the network tube length are shown. Results are
shown as the mean � S.D. (n � 5). B and C, PI3K and eNOS participate in
omentin-induced endothelial cell survival. After treatment with LY294002
(50 �mol/liter), L-NAME (1 mmol/liter) or vehicle (dimethyl sulfoxide), cells
were treated with omentin (300 ng/ml) or vehicle followed by 48 h of
incubation with serum-free media. Apoptotic nuclei were identified by
TUNEL staining, and total nuclei were identified by 4�,6-diamidino-2-phe-
nylindole counterstaining (B). Quantitative analyses of the frequency of
TUNEL-positive HUVECs are shown. Nucleosome fragmentation was
assessed by enzyme-linked immunosorbent assay (C). Results are shown
as the mean � S.D. (n � 5).
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we and other groups (19, 33–35) have demonstrated that ade-
novirus-mediated overexpression of adipocytokines, including
leptin and adiponectin, is valuable to assess their biological

functions. However, further study will be needed to clarify
whether fat-derived omentin canmodulate revascularization in
response to ischemia in vivo.

FIGURE 6. AMPK activation is essential for endothelial cell responses to omentin. A, time-dependent changes in the phosphorylation of AMPK and ACC in
endothelial cells following stimulation with omentin (left panels). Changes in the phosphorylation of AMPK (P-AMPK) and ACC (P-ACC) following omentin
treatment were determined by Western blot analysis. Representative blots are shown. Relative phosphorylation levels of AMPK and ACC were quantified by
using ImageJ software. Immunoblots were normalized to �-tubulin signal. Results are shown as the mean � S.D. (n � 3). B, role of AMPK in regulation of
omentin-induced Akt signaling. HUVECs were transduced with Ad-dnAMPK or Ad-�-gal 24 h before serum-starvation. After a 16-h serum starvation, cells were
treated with omentin (300 ng/ml) for 60 min. P-Akt was determined by Western blot analysis. C, AMPK signaling is required for omentin-induced endothelial
cell differentiation. HUVECs were transduced with Ad-dnAMPK or Ad-�-gal. After 18 h of serum starvation, a Matrigel assay was performed. Cells were treated
with omentin (300 ng/ml) or vehicle. Quantitative analyses of the network tube length are shown. Results are shown as the mean � S.D. (n � 5). D and E,
Involvement of AMPK in omentin-induced endothelial cell survival. After transduction with Ad-dnAMPK or Ad-�-gal, cells were incubated in serum-free media
for 48 h. Cells were treated with omentin (300 ng/ml) or vehicle. Apoptotic nuclei were identified by TUNEL staining, and total nuclei were identified by
4�,6-diamidino-2-phenylindole counterstaining. Quantitative analyses of the frequency of TUNEL-positive HUVECs are shown (D). Nucleosome fragmentation
was determined by enzyme-linked immunosorbent assay (E). Results are shown as the mean � S.D. (n � 5).
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Obesity-linked diseases, including type 2 diabetes, cause
increased mortality and morbidity of coronary and peripheral
artery diseases partly due to microvascular rarefaction and
impaired collateral vessel development under ischemic condi-
tions (3–5). Plasma omentin levels are decreased in patients
with obese complications such as type 2 diabetes and coronary
artery disease (13, 16). Taken together with our present find-
ings, these results suggest that low plasma omentin levels may
be causally linked with endothelial dysfunction and reduced
collateral vessel growth under obesity-related conditions. Con-
versely, the therapeutic approaches aimed at increasing circu-
lating omentin levels could be beneficial for treatment of ische-
mic heart and limb diseases.
In conclusion, our data document that omentin can function

as a novel regulator of vascular response to ischemia through
activation of eNOS in endothelial cells. Because omentin is an
adipocytokine that is expressed mainly in human visceral adi-
pose tissue, it is conceivable that omentin modulates vascular

function by directing acting on the endothelial cells in an endo-
crine or paracrine manner. Therefore, the omentin-eNOS sig-
naling axismay serve as a functional link between adipose tissue
and the vasculature, thereby affecting the development of vas-
cular disease in obese states.
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