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Abstract: Improving the dysfunction of endothelial progenitor cell (EPCs) in patients with diabetes mellitus is impor-
tant for preventing vascular complication. Vaspin, an adipocytokine, has the anti-atherogenic properties rely on its
positive effect on nitric oxide (NO) bioavailability. We hypothesis that vaspin may ameliorate high glucose induced
dysfunction of EPCs. In rat bone morrow derived EPCs, glucose treatment results in a decrease in the proliferation
and migration capacity in a dose dependent manner. These detrimental effects can be alleviated by vaspin. Further-
more, vaspin increased the production of NO and the effect of vaspin on EPCs can be diminished partly by the eNOS
inhibitor (-NAME). We assessed total eNOS protein expression and Ser**"’-phospho-eNOS expression and found
that vaspin not only induced eNOS protein expression but also up regulate the eNOS activation. Subsequently, we
investigated protein kinase B (Akt) activation in the presence and absence of phosphatidylinositol 3-kinase (Pl 3-ki-
nase) inhibitor (LY-2940002). Vaspin increased total Akt and Ser*"3>-phospho-Akt expression and these effects can
be blocked by LY-2940002. The results of our study indicate a novel effect of vaspin to regulate eNOS expression
and function in EPCs via a PI3K/Akt/eNOS pathway; vaspin may have a protective effect in patients with diabetes to
prevent the occurrence of vascular complication.
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Introduction and diabetic mellitus [3]. In patients with type 1
or type 2 diabetes, the number of circulating

Vaspin (visceral adipose tissue-derived serine EPCs is decreased significantly as well as the

protease inhibitor) is a 392-395-amino acid
adipocytokine belonging to the serine protease
inhibitor family. It is identified firstly in visceral
white adipose tissues of a rat model of abdomi-
nal obesity with type 2 diabetes- the Otsuka
Long-Evans Tokushima Fatty rat [1]. Prior
reports showed that vaspin has the anti-athero-
genic properties rely on its positive effect on
Nitric Oxide (NO) bioavailability [2].

Endothelial progenitor cells (EPCs) originate
from bone marrow. These cells can migrate to
the peripheral circulation and participate in the
process of endothelial repairing by the capacity
of differentiating into mature cells. Dysfunction
of EPCs is correlation with many cardiovascular
risk factors such as hypercholesteremia, smoke

migration and proliferation capacity of EPCs [4,
5]. Results in vitro experiment showed that high
glucose reduced the proliferation and migration
of EPCs by modifying eNOS-NO bioavailability
[6].

It is generally accepted that keep the integrity
of the endothelial nitric oxide synthase (eNOS)
pathway is important for EPCs function. The
major upstream effectors of the eNOS pathway
include phosphatidylinositol-3 kinase (PI3K)
and protein kinase B (PKB/Akt) [7]. Given the
role of vaspin on NO bioavailability and high glu-
cose on EPCs dysfunction. In this report, we
tested the hypothesis that vaspin may alleviate
the negative effect on EPCs function of high glu-
cose by the PI3K/Akt/eNOS pathway. The
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approach was to give cultured rat bone marrow-
derived EPCs high glucose and/or human
recombinant vaspin. The number as well as pro-
liferation and migration capacity of EPCs was
observed and immunoblotting techniques were
used to detect the variation of PI3K/Akt/eNOS
pathway.

Materials and methods
Isolation and identification of EPCs

EPCs were isolated and identified as previously
described [8]. Briefly, bone marrow obtained
from Sprague-Dawley rats was subjected to
density gradient centrifugation to isolate mono-
nuclear cells (MNCs). The MNCs were re sus-
pended in EGM-2MV bullet Kit medium (Lonza,
Switzerland) containing endothelial basal medi-
um (EBM-2), 5% foetal bovine serum and sup-
plemented with recombinant human (rh) EGF,
rhFGF-B, rhVEGF, rhlGF-1, ascorbic acid and
heparin. The glucose concentration of this
medium is 5 mM. Cells were seeded in six-well
or 96-well tissue culture plates (precoated with
fibronectin) at a density of 4 x 10%/cm? and cul-
tured at 37°C in 5% CO, and humidified incuba-
tor. In order to identify the characteristic of
EPCs, cells were processed by immunofluro-
scence staining for the expression of VEGF
receptor 2, CD34, and CD133 (Santa Crugz,
USA). In addition, cells which double positive for
1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocar-
bocyanine-labeled acetylated LDL (Dil-acLDL;
Molecule Probe) and Ulex europaeus aggluti-
nin-1 (UEA-1) lectins (Sigma, USA) by direct fluo-
rescent staining were identified as EPCs.

Cell treatment

After seeding MNCs on wells, cells were incu-
bated with different concentrations (10 mM, 15
mM, 20 mM) of glucose and/or human recom-
binant vaspin (100 ng/mL, Sigma, USA) for 4
days. After 96 h of culture, changed the medi-
um for the first time, and the medium was
changed each 3 days. In another set experi-
ments, EPCs were incubated with vaspin with
or without NG-nitro-L-arginine methyl ester
("NAME, 0.1 mM).

EPCs number and proliferation assay

After seeding MNCs on wells, cells were incu-
bated with different concentrations (10 mM, 15
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mM, 20 mM) of glucose with or without human
recombinant vaspin (100 ng/mL, Sigma, USA)
for 4 days. The number of EPCs was decided by
direct counting six random high-power micro-
scope fields (x100). The WST-8 assay was used
to assess the proliferation of EPCs. The cells
were cultured in a 96 well culture plate with
various concentrations of glucose with or with-
out vaspin (100 ng/mL) underwent further cul-
ture for 3 days. Before the measurement, cells
placed in serum-starved conditions for 6 h.
Subsequently, 10 pl WST-8 dye (Beyotime,
China) was added to each well, cells were incu-
bated at 37°C for 4 h, and then the absorbance
was determined at 450 nm using a microplate
reader.

EPCs migration assay

The migration of EPCs was evaluated by a mod-
ified Boyden chamber (Transwell, Corning)
assay. In brief, EPCs were treated with trypsin/
EDTA, and then 4 x 10* EPCs which pretreat-
ment with high glucose (20 mM) with or without
human recombinant vaspin (100 ng/ml) were
placed in the upper chamber with serum-free
endothelial growth medium; the lower chamber
filling with conditional growth medium supple-
mented with VEGF (50 ng/ml). After incubation
for 24 h, the membrane was washed with PBS
and fixed in 4% paraformaldeyde. The upper
side of the membrane was wiped with a cotton
ball. The membrane was then stained using
crystal violet solution. The migration of EPCs
was evaluated by direct counting six random
high-power (x100) microscope fields. In anoth-
er set of experiment, cells were incubated with
vaspin (100 ng/ml) with or without NG-nitro-L-
arginine methyl ester (-NAME, 0.1 mM) in the
up chamber.

Western blot analysis

EPCs were lysed in a Cell lysis buffer (Beyotime,
China) supplemented with 0.5 mM PMSF and 2
mM Sodium orthovanadate. The protein lysates
was subjected to SDS-PAGE, followed by elec-
troblotting onto PVDF membrane. Membranes
were probed with antibodies against eNOS,
phospho-eNOS (Ser*’”), Akt, phospho-Akt
(Ser*™), and actin (Santa Cruz, USA). For detect-
ing Phospho-eNOS and phospho-Akt levels,
cells were stimulated with vaspin (100 ng/ml)
for 30 min with or without PI 3-kinase inhibitor
(LY-294002, Sigma, USA) and Akt kinase inhibi-
tor (GSK690693, Sigma, USA). Bands were
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Figure 1. Phenotypes of endothelial characteristics of EPCs. (A) Most cells were shown to endocytose Dil-acLDL
(red). (B) EPCs bind fluorescein isothiocyanate UEA-1 (lectin) (green). (C) Double positive for Dil-acLDL and UEA-1.
Immunofluorescence detection (green) of CD34 (D), VEGFR2 (E) and CD133 (F) for EPCs. Cells were counterstained

with DAPI for nucleus (blue).

detected by enhanced chemiluminescence
(Pierce, USA). Densitometry signals were quan-
tified by ImageQuant TL software.

Statistical analysis

Data is presented as means + SE. Inter group
comparisons were performed by one-way
ANOVA test accompanied by post hoc Tukey’s
test. Comparisons between two treatment
groups were analyzed by the Student’s t-test.
Probability values of P < 0.05 were considered
statistically significant.

Results
Culture and identification of EPCs

After 48 h of plating, part of the cell attached to
the culture plate and the adherent cells gradu-
ally stretched and enlarged. After 4-7 days cul-
tured, adherent cells grew as colonies. Cells
were spindly, oval or irregular. After a 7 day cul-
tures, cells which were double positive of
uptake of DIlLDL and binding of UEA-1 defined
as EPCs (Figure 1A-C). Furthermore, immuno-
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fluorescence assay showed that EPCs were
positive expression of CD34, VEGFR2 and
CD133 (Figure 1D-F).

Vaspin alleviates EPCs dysfunction induced by
high glucose

After seeding MNCs on wells, cells were incu-
bated with different concentrations of glucose
for 4 days. The number of differentiated, adher-
ent EPCs was decreased in a dose dependent
manner. As compared with that in control medi-
um (5 mM glucose), the amount of EPCs
assessed by Dil-acLDL and UEA-1 staining was
significantly reduced at 15, 20 and 25 mM glu-
cose medium (17.1, 31.4 and 38.3% inhibition,
respectively, P < 0.05) (Figure 2A). The effect of
glucose on EPCs proliferation was analyzed by
WST-8 assay. Consistently, glucose concentra-
tion dependently inhibited EPC proliferation
activity, which became apparent at 20 and 25
mM glucose (23.2 and 40.1% inhibition, respec-
tively, P < 0.05) (Figure 2B). The migration
capacity of EPCs was impaired by high-glucose
incubation (20 mM, 35% inhibition, P < 0.05)
(Figure 2C).
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Figure 2. Vaspin alleviates dysfunction of endothelial progenitor cells induced by high glucose. A: Vaspin alleviates
EPCs number decrease induced by high glucose. B: Vaspin alleviates EPCs proliferation activity decrease induced by
high glucose. C: Vaspin alleviates EPCs migration activity decrease induced by high glucose. D: The enhancement of
EPCs migration activity induced by vaspin can be inhabited by -NAME. # P < 0.05 vs. control,*P < 0.05 vs. glucose
alone.
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Figure 3. Vaspin-induced eNOS phosphorylation is dependent on protein kinase B (Akt) phosphorylation that are in
turn regulated upstream by phosphatidylinositol 3-kinase (Pl 3-kinase). (A) Vaspin induced eNOS protein expressing
in a time dependent manner. (B, C) Representative Western blots for phospho (p)-eNOS (B), p-Akt (C) from EPCs
that were stimulated with vaspin (100 ng/ml) alone, with vaspin following incubation with the PI 3-kinase inhibitor
LY-294002 (50 uM), or with vaspin post treatment with the Akt kinase inhibitor GSK690693 (10 uM) for 30 min.

The negative impact of high glucose on EPCs compared with cells that incubation with high
function can be partly rescued by vaspin. As glucose, supplemented with vaspin increased
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Figure 4. Quantitative temporal analyses of vaspin-induced eNOS and Akt phosphorylation following LY-294002 and
GSK690693 treatments. Data are presented as means + SE; *P < 0.05 vs. control (n = 3).

EPCs number in different degree. With 20 and
25 mM glucose medium, vaspin increased
number of EPCs by 17.9 and 14.3% respective-
ly (P < 0.05) (Figure 2A). The proliferation activ-
ity of EPCs increased by 11.9 and 24% in 20
and 25 mM glucose medium respectively (P <
0.05) (Figure 2B). As well as, the migration
capacity of EPCs was increased by 35.4% (P <
0.05) (Figure 2C) and the effect of vaspin on
migration can be diminished by -NAME (Figure
2D).

Vaspin stimulates eNOS expression and phos-
phorylation in part via PI3K/Akt activation

After being incubated with vaspin, the expres-
sion of eNOS protein was significantly enhanced
in a time dependent manner (Figure 3A). To
determine if vaspin stimulation of eNOS
requires eNOS phosphorylation at Ser''’?, EPCs
were incubated with vaspin (100 ng/ml) in a
further 30 min. The result showed that eNOS
phosphorylation at Ser''’” of EPCs appeared
10 min after vaspin was added and increased
over time (Figures 3B and 4).

Given that Akt mediated phosphorylation of the
enzyme is critical for activating eNOS, further-
more, Akt is activated by Pl 3-kinase through
phosphorylated at Ser*”® and Ser308. We eval-
uated the contribution of Akt and PI 3-kinase in
the phosphorylation of eNOS by vaspin. Akt
phosphorylation at Ser*”® was observed at 10
min post treatment with vaspin (Figures 3C and
4). Akt kinase inhibitor (GSK690693) inhibited
Akt and eNOS phosphorylation, revealing that
Akt kinase is necessary to activate eNOS. In
addition, Pl 3-kinase inhibitor (LY-294002),
inhibited vaspin induced eNOS and Akt phos-
phorylation (Figures 3B, 3C and 4), reaffirming
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that Pl 3-kinase is the upstream modulator of
Akt activation.

Discussion

EPCs dysfunction is an early event in the devel-
opment of atherosclerosis. High plasma con-
centrations of glucose impair EPCs function
and are associated with the process of athero-
sclerosis. In this study, we investigated the
effects of vaspin on high glucose-induced dys-
function in EPCs. We found that the negative
effect of high glucose on EPCs was partly res-
cued by vaspin treatment via PI3K/Akt/eNOS
pathway, indicating a protective effect of vaspin
in high glucose stimulated EPCs.

There has been a paradigm shift from the tradi-
tional notion that adipose tissue is an energy
store through its ability to release fatty acid to
that adipose tissue is an endocrine or para-
crine tissue through its ability to release adipo-
kines [9]. Adipokines released from adipocytes,
act as paracrine agents and hormones, play a
pivotal role in inflammatory and metabolic
responses [10]. Vaspin is one of the adipokines
which first defined in a rat model of type 2 dia-
betes mellitus and be regarded as an insulin-
sensitizing adipokines [1].

Although the role of vaspin in obesity and dia-
betes is unclear, the previous study support
that increased vaspin secretion may be an
adaptive response to protect against obesity,
insulin resistance and their comorbidities such
as atherosclerosis. Data from Aust et al.
showed that low vaspin serum concentrations
correlate with recently experienced ischemic
events in patients with carotid stenosis despite
the lack of an association between circulating
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vaspin and parameters of atherosclerosis
severity [11]. Li et al. [12] found that decreased
vaspin plasma levels and mRNA levels in
peripheral blood mononuclear cells were
observed in patients with unstable angina pec-
toris. Low vaspin concentrations correlate with
coronary artery disease severity. In vitro experi-
ment, vaspin exhibited a protective effect on
endothelial cells. The mechanism of the protec-
tive effect of vaspin including up regulation of
the PI3-kinase/Akt signaling pathway [13],
increasing eNOS activity by reducing ADMA
level through STAT3-mediated regulation of
DDAH Il expression [2] and by attenuating the
cytokine-induced expression of adhesion mol-
ecule genes by inhibiting NF-kappaB following
AMPK activation [14]. Consistently, our results
in the current study found that vaspin treat-
ment increased EPCs number and enhanced
proliferation and migration function of EPCs in
a dose dependent manner, indicating the role
of vaspin in anti-atherosclerosis by enhancing
the endothelial repairment by EPCs.

EPCs originated and resided within the bone
marrow, under stimulation such as pro-inflam-
matory cytokines, EPCs would be mobilizing out
of the bone marrow. Then circulating EPCs
undergoing homing, further proliferation and
differentiation to repair the endothelial injury.
Under certain pathophysiologic conditions such
as diabetes mellitus this process seems to be
blunted, resulting in a dysfunction of EPCs.
Tepper et al. [15] found that EPCs isolated from
human type 2 diabetics exhibited less prolifera-
tion capacity compared to control subjects and
this condition was inversely correlated with
patient levels of hemoglobin A1C. The potential
of diabetic EPCs adhesion to human umbilical
vein endothelial cells and tubule formation also
decreased compared with controls. Hamed et
al. [16] reported that the ability of diabetic EPCs
to integrate into vascular networks was reduced
as well as circulating EPCs and EPCs colony for-
mation was found to be reduced in these
patients. Data from Voo et al. [17] showed that
type 2 diabetes mellitus not only limits the
abundance of EPCs following acute myocardial
infarction, but also limit their activation and the
resistance to oxidative stress.

In line with clinical data, studies to investigate
EPCs biology in vitro experiment under hyper-
glycemic conditions also demonstrated a sig-
nificant reduction in EPC function [16]. The
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mechanism associated with this loss of func-
tion may explain as follows. First of all, high glu-
cose treatment lead to excess generation of
reactive oxygen species (ROS) and a reduction
in NO bioavailability in EPCs [16]. Excessive
ROS formation impacted hypoxia signaling
pathways and this process may account for the
reduced EPCs mobilization and migration
capacity observed in diabetic mouse models
[18, 19]. Furthermore, hyperglycemic culture
conditions accelerated the onset of EPCs
senescence leading to the impairment of prolif-
erative activity, which might be mediated by the
action of the p38 MAPK pathway [20]. At last,
high glucose conditions decreased eNOS,
Fox01, and Akt phosphorylation, which inhibit
the bioavailability of NO leading to reduce the
number and migration capacity of EPCs. The
effects of high glucose could be ameliorated by
coincubation with NO donor sodium nitroprus-
side or p38 mitogen-activated protein kinase
inhibitor [6]. In accordance with evidences
above-mentioned, our data shows that high glu-
cose treatment reduced the number and migra-
tion activity of EPCs companied with a decline
of NO production. Furthermore, incubation with
vaspin increased the number of EPCs and pro-
moted the migration capacity of EPCs by a dose
dependent manner; this positive effect of
vaspin can be partially eliminated by eNOS
inhibitor -NAME. These results indicated that
vaspin can alleviate the detrimental effect of
high glucose on EPCs by elevated NO produ-
ction.

In addition to regulating the NO synthesis,
eNOS also play a critical role in regulating EPCs
function. Powerful evidence of eNOS effect on
EPCs was that mice deficient in eNOS (Nos3
(-/-)) show reduced vascular endothelial growth
factor (VEGF)-induced mobilization of EPCs [7].
Excepting the mobilization activity, circulating
EPC number, colony-forming and migratory
capacities were reduced and which was accom-
panied by a reduction in the activity and phos-
phorylation of eNOS [21]. In the current study,
we make the novel observation that vaspin
regulate endothelial cell function via unregulat-
ed eNOS expression. The mechanism associ-
ated with eNOS bioavailability regulating includ-
ing transcriptional up-regulation, posttran-
scriptional activation. Our data show that
vaspin affects NO production by increasing
eNOS protein expression. Given that phosphor-
ylation of Ser**”” within eNOS by Akt is critical
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for activation of eNOS, we investigated the
effects of vaspin in this regard. The results
show that vaspin can activate protein kinase
Akt, which leads to activate eNOS via phos-
phorylation of the amino acid Ser'*”". Because
of Pl 3-kinase pathway is known to play a piv-
otal role in the regulation of Akt activation, we
investigated the role of Pl 3-kinase on Akt phos-
phorylation by the specific inhibitor LY-294002.
Our data show that inhibition of Pl 3-kinase by
LY-294002 can inhibit vaspin induced phos-
phorylation of Akt, indicating that vaspin par-
ticipate in the activation of the PI3K /Akt
pathway.

In conclusion, the present study demonstrated
that vaspin ameliorates high glucose induced
dysfunction of EPCs via activation the PI3K/
Akt/eNOS pathway. These results indicate the
role of vaspin in anti-atherosclerosis by enhanc-
ing the endothelial repairment by EPCs. Further
studies are needed to explain the mechanism
by which vaspin activates the PI-3 kinase/Akt
pathway.
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