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Abstract

Background
Endothelial progenitor cells (EPCs) play an important role in vascular repair. However, the functions of
EPCs are obviously weakened in in�ammatory microenvironment during restenosis. Therefore, we
investigated whether omentin-1, an anti-in�ammatory factor, can reduce neointima formation after
carotid artery injury (CAI) in rats via improving EPCs functions damaged by in�ammation and the
underlying mechanisms.

Methods
Rats bone marrow-derived EPCs were isolated and cultured. EPCs were transfected with adenovirus
vectors expressing human omentin-1 or green �uorescent protein (GFP). Rats received 2×106 EPCs with
expressing omentin-1 or GFP by tail vein injection directly after CAI and again 24 h later. Hematoxylin-
eosin staining and immunohistochemistry were used for analyzing neointimal hyperplasia. Besides, EPCs
were treated with omentin-1 and tumor necrosis factor-α (TNF-α) in order to explore the underlying
mechanism.

Results
Omentin-1 could signi�cantly promote EPCs proliferation and tube formation, as well as inhibit
apoptosis. EPCs overexpressed with omentin-1 using adenovirus vectors could extremely reduce the
neointimal hyperplasia after CAI in rats. Besides, TNF-α could notably induce EPCs dysfunction including
reduced proliferation, migration tube formation and increased apoptosis, which can be remarkably
attenuated by omentin-1 via inhibiting of p38/CREB pathway. Besides, p38 agonist (anisomycin) could
signi�cantly reverse the protective effects of omentin-1 which attenuated the injury effects of TNF-α on
EPCs.

Conclusions
EPCs overexpressed with omentin-1 can signi�cantly reduce neointima formation after arterial injury by
enhancing the functions of EPCs via inhibiting the p38/CREB pathway. Our results indicate that gene
modi�ed EPCs with omentin-1 may be an alternative strategy for the treatment of restenosis.

Background
Percutaneous coronary intervention (PCI) is the most widely recommended treatment to restore
myocardial blood �ow and reduce angina symptoms for coronary heart disease (CHD) patients.
Nevertheless, an ineluctable clinical problem of this therapy is in-stent restenosis (ISR), which occurs in
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approximately 20% of CHD patients with drug-eluting stents implantation [1]. It is generally believed that
ISR can be brie�y divided into 3 phases including a damage to the endothelium, the migration and
proliferation of vascular smooth muscle cells (VSMCs) and the late remodeling phase [2]. Despite many
approaches were used for clarifying the mechanism as well as the prevention of ISR, however, it is still a
tricky problem that has not been completely solved [3].

Endothelial progenitor cells (EPCs) were identi�ed as a subset of bone marrow-derived progenitor cells
migrate into the peripheral blood circulation, which can quickly proliferate and differentiate into mature
endothelial cells (ECs) with CD31, CD34, CD133 and VEGFR-2 antigens were commonly recognized as the
surface markers [4–6]. EPCs can mobilize in response to vascular injury and home to the site of injury
area, resulting in an enhanced angiogenesis and endothelial repair, therefore contributing to increased
reendothelialization associated with decreased neointima formation [7, 8]. In view of these, cell therapy
with EPCs may offer a promising strategy for accelerating reendothelialization and maintaining
endothelial integrity in ISR [9]. Importantly, the microenvironment in ISR is essential for EPCs fate and
function, especially in�ammation, which is closely followed with endothelial injury, including platelet
activation and recruitment of circulating leukocytes, releasing cytokines and growth factors [2].
In�ammatory factor, such as tumor necrosis factor-α (TNF-α) can dramatically result in EPCs dysfunction
with reduced cell number, survival, migratory, and angiogenic activities [10, 11]. Therefore, much efforts
are needed to improve the damage of in�ammation on EPCs dysfunction, which may further ameliorate
EPCs biological property and signi�cantly enhance the therapeutic potentials [9].

Omentin-1, also referred to as intelectin-1, is a novel anti-in�ammatory adipokine of 313 amino acids that
is expressed in omental, epicardial and perivascular adipose tissue and primarily produced by adipose
tissue vascular stromal cells [12]. Studies have shown that omentin-1 plays crucial roles in the
maintenance of body metabolism and insulin sensitivity, anti-in�ammatory, anti-atherosclerotic and
cardiovascular protective effects via AMP-activated protein kinase/Akt/nuclear factor-κB/mitogen-
activated protein kinase (ERK, JNK, and p38) signaling [13]. Besides, omentin-1 protects against high
glucose-induced endothelial dysfunction through inhibiting endoplasmic reticulum stress and oxidative
stress via activation of AMPK/PPARδ pathway [14]. However, whether omentin-1 improves EPCs
functions especially damaged by in�ammation is still unknow.

Therefore, the aims of this study were to investigate whether omentin-1 improves EPCs functions as well
as gene modi�ed EPCs with omentin-1 could inhibit neointima formation after carotid artery injury (CAI)
in rats. Furthermore, we also explored whether omentin-1 ameliorates EPCs dysfunction damaged by
in�ammation was related with p38/CREB pathway. Our results may offer an alternative target for
resisting EPCs dysfunction which may bene�t for the prevention and treatment of ISR.

Methods
Isolation and cultivation of EPCs
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Animals care and experimental procedures were approved by the Animal Research Committee of the
Department of Laboratory Animals, Xiangya School of Medicine, Central South University. EPCs were
isolated from the bone marrow of Sprague-Dawley (SD) rats (150-250 g) as previously described [6].
Brie�y, total bone marrow-derived mononuclear cells (MNCs) were isolated from both femurs and tibias
of male SD rats by density gradient centrifugation using Histopaque-1077 (Sigma Aldrich, St. Louis, MO,
US). Isolated cells were subsequently maintained in complete EGM-2 medium supplemented with EGM-2-
MV BulletKit (Lonza, Walkersville, MD, USA) and 10% fetal bovine serum (FBS) (ScienCell Research
Laboratories, Inc. Carlsbad, CA, USA). Cells were maintained at 37 ℃ in a humidi�ed atmosphere (5%
CO2). After 4 days, the unattached cells were removed by washing with phosphate buffer saline (PBS) for
three times and replaced with fresh media and culture medium was changed every 2-3 days.

Identi�cation of EPCs

After 7 days of culture, EPCs were determined by doubly positive for staining cells with FITC-labeled Ulex
europaeus lectin I (UEA-1) and Dil-conjugated acetylated low-density lipoprotein (Dil-ac-LDL). More
concretely, cells were incubated with 2.4 μg/ml Dil-labeled acetylated low-density lipoprotein (LDL)
(Yiyuan biotechnology, Guangzhou, China) at 37 ℃ for 3 h and then �xed with 4% paraformaldehyde for
10 min. After washing with PBS, the cells were incubated with 15 μg/ml FITC-UEA-I (lectin) (Sigma
Aldrich, St. Louis, MO, US) at 37 ℃ for 1 h. After staining, images were obtained by �uorescence
microscope (DMi8, Leica). EPCs were also identi�ed by �ow cytometry. The surface markers investigated
were FITC-conjugated CD34 (1:50, Bioss, Beijing, china), PE-conjugated CD133 (1:50, Novus Biologicals,
Littleton, CO, USA), PE-conjugated CD31 (1:50, BD Biosciences, San Jose, CA, USA) and FITC-VEGFR-2
(1:30, Abcam, Cambridge, UK), blank served as negative control.

Carotid artery injury

Carotid artery injury (CAI) was induced as described previously [15]. Brie�y, 350-400 g male SD rats were
anesthetized by an intraperitoneal injection of 10% chloralic hydras (4 mL/kg), and the surgical
procedures were performed under sterile conditions. Using a dissecting microscope, the bifurcation of the
left carotid artery was exposed via a midline incision of the ventral side of the neck. Two ligatures were
placed proximally and distally around the external carotid artery. The distal ligature was then tied off.
After temporary occlusion of the internal and common carotid artery by the vascular clamp, a V-shaped
arteriotomy was performed in the ligatures of the external carotid artery, to introduce a 2F arterial
embolectomy catheter (Edwards Lifesciences, California, USA) that was slightly pumped 1.5 kPa gas into
the balloon and completely �lls out the vessel. The catheter was passed along the common carotid artery
in a rotating manner for three times. After removal of the catheter, the proximal ligature of the external
carotid artery was tied off. Normal blood �ow was reassured, and the skin was closed with single sutures
using 6-0 silk. After induction of arterial injury and 24 h later, each rat received 2×106 EPCs by intravenous
tail vein injection which have transfected with adenovirus vectors expressing human omentin-1 (Ad-
omentin-1) or green �uorescent protein (Ad-GFP) for 72 h.
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Construction and infection of Adenoviral Vector

Adenovirus vector expressing human omentin-1 (Ad-omentin-1) and adenovirus-carrying green
�uorescent protein (Ad-GFP) used as a control were both constructed by Vigene Biosciences (Jinan,
China) using pAd-EF1a-GFP adenovirus vector. Adenovirus was added to the cells at 70%–80%
con�uence with a multiplicity of infection (MOI) of 100, and then incubated in EGM-2 medium without
FBS and antibiotics for 12 h. After the transfection, the medium was removed, and the cells were
maintained in the complete medium for 48 h before further treatment.

Immunohistochemistry

For immunohistochemistry, we used antibodies to TNF-α (1:200, Santa Cruz, Texas, USA) and Ki-67
(1:200, Abcam, Cambridge, UK). Para�n section was rehydrated and endogenous peroxidase activity was
blocked for 30 minutes by endogenous peroxidase blocking buffer (Beyotime Biotechnology, Shanghai,
China). Primary antibody was incubated at 4 °C overnight, followed by 30 minutes for biotinylated
secondary antibody (1:500, Abcam, Cambridge, UK). All specimens were counterstained with
hematoxylin-eosin (HE) staining solution (Beyotime Biotechnology), then neutral gum sealed piece for
storage. Images were obtained after scanning the section through Pannoramic MIDI (3D-Histech,
Budapest, Hungary) and analyzed with ImageJ software.

Cell proliferation assay

Cell proliferation was assessed with the cell counting kit-8 (CCK-8) assay (Dojindo Laboratories,
Kumamoto, Japan) and 5-ethynyl-2’-deoxyuridine (EdU) proliferation assay (RiboBio Co., Guangzhou,
China). For the CCK-8 test, cells were plated onto 96-well plates (3×103 cells/well) in a triplicate pattern.
After treating with recombinant human omentin-1 protein (Novus Biologicals) with 0-500 ng/ml. For
combined treatments with omentin-1 and TNF-α, omentin-1 (300 ng/ml) was added to the medium for 6 h
before TNF-α (10 ng/ml) treatment and then continuously incubated with 37 °C for 24 h. Cells were added
with 100 μl of fresh medium supplemented with 10 μl of CCK-8 solution for another 2 h at 37 °C. The
optical density (OD) at 450 nm was measured. For the proliferation of EdU assay, cells were plated with
4×103 cells/well in a triplicate pattern, and then the proliferation was assessed by the EdU assay kit
according to the manufacturer's instructions. The EdU positive cells were viewed under �uorescence
microscopy (DMi8, Leica) and the number calculated by counting at least three random separate �elds.
These images were analyzed by ImageJ software.

Cell apoptosis assay

We used low FBS medium to induce EPCs apoptosis. In brief, cells were washed with PBS, the culture
medium was replaced with EGM-2 added with omentin-1 (0-500 ng/ml) and then the cells were placed at
37 °C for 24 h. For reversal of apoptosis by omentin-1, omentin-1 (300 ng/ml) was added to the EPCs
medium for 6 h before TNF-α (10 ng/ml) treatment and then continuously incubated with for 37 °C 24 h.
The apoptosis cells were assessed using the Annexin V-FITC/PI Apoptosis Detection Kit (BD Biosciences)
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according to the manufacturer's instructions. After treatment, cells were harvested and washed in ice-cold
PBS, then resuspended in 100 μl of binding buffer, 5 µl Annexin V-FITC solution was added to the cells
and incubated for 15 min at room temperature in the dark. This was followed by further incubation with 3
μl PI solution for 10 min, and then they were analyzed immediately by bivariate �ow cytometry using a
Cytek Dxp Athena �ow cytometer with Flowjo CE software and analyzed using FlowJo software (Ver
X.0.7; FlowJoLLC, Eugene, OR). Approximately 3-4×105 cells were analyzed in each sample.

In vitro tube formation assay

EPCs were incubated in 6-well plates and cells were treated as described above. After treatment, EPCs
(4×103 cells/well) were seeded in 96-well plates that had been pre-coated with Matrigel Matrix (70 μl/well)
(CORNING Life Sciences, Tewksbury, MA, USA). After incubation for 6 h in serum-containing media,
images of tube morphology were captured by an inverted microscope and analyzed using ImageJ
software.

Western blot analysis

EPCs were lysed for 30 minutes on ice in RIPA lysis buffer (Beyotime Biotechnology), and the protein
concentration was determined by BCA Protein Assay Kit (Beyotime Biotechnology). Total protein (50 to
100 μg) was resolved by SDS-polyacrylamide gel electrophoresis, transferred to PVDF membrane
(Immobilon-P, Millipore, Bredford, MA, USA), and subjected to immunoblot analysis. The primary
antibodies for p38 MAPK (1:1000, Cell Signaling Technology, MA, USA), P-p38 MAPK (1:1000, Cell
Signaling Technology), CREB (1:1000, Cell Signaling Technology), P-CREB (1:1000, Cell Signaling
Technology) and horseradish peroxidase-conjugated secondary antibody (Santa Cruz, Texas, USA) were
used. The proteins were detected using ChemiDoc XRS+ Imaging System (Bio-Rad, Hercules, California,
USA) with enhanced chemiluminescence reagents (Millipore), and bands were analysed with Image J
software normalized by GAPDH (Abcam).

Statistical analysis

Data were expressed as mean ± standard deviation (SD). Comparisons between two groups were
measured using Student's t test, and comparisons of multiple groups were performed with one-way
analysis of variance (ANOVA). All statistical analyses were performed using the SPSS 13.0 software
package (SPSS, Inc., Chicago, IL, USA), and a two-tailed P value <0.05 was considered to be statistically
signi�cant.

Results
Characteristics of EPCs

When the bone marrow-derived EPCs were cultured for 4-5 days in EGM-2 medium, they appeared to form
foci or cord-like structures in the same �eld. The typical spindle-shape cells had begun to sprout from the
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foci after 6-7 days. At this time, they showed obvious characteristics for Dil-ac-LDL uptake (Fig. 1A, red)
and lectin binding (Fig. 1B, green). The phenotype of EPCs was characterized by double positive (96.21
±6.50 %) (Fig. 1C) of Dil-ac-LDL and lectin. Furthermore, �ow cytometry also was used to identify EPCs.
First, the CD 34 and VEGFR-2 antibodies were used to the identi�cation of MNCs (Fig. 1D). Other studies
have shown that those cells which in the form of foci-shape during the early stage signi�cantly expressed
CD133 (endothelial progenitor marker), while negatively expressed CD31 [6]. We also found that EPCs
expressed much CD133 (73.5%) at the stage of spindle-shape cells after 7 days (Fig. 1E, F). With the
differentiation of EPCs, the stem cell phenotype CD133 was gradually decreased (6.68%), accompanied
with gradually increased endothelial phenotype CD31 (98.4%), indicating that EPCs gradually
differentiate into ECs. After two weeks of culture, cells remarkably expressed CD31 but barely expressed
CD133 (Fig. 1E, F).

Omentin-1 improved EPCs function

Evidences have showed that omentin-1 could signi�cantly improve ECs functions, however, whether
omentin-1 can improve the function of EPCs is still unknown [16]. To explore the effects of omentin-1 on
the EPCs, we �rstly investigated the proliferation ability of EPCs using EdU and CCK-8 assay, respectively.
When EPCs were treated with different concentrations of omentin-1 (0, 100, 300, 500 ng/ml), we found
that omentin-1 (300 ng/ml) could signi�cantly promote EPCs proliferation determined by CCK-8 assay
(Fig. 2A) which was also con�rmed by EdU assay (Fig. 2B, C). Furthermore, we also performed �ow
cytometry to investigate whether omentin-1 in�uenced EPCs apoptosis and found that 300 ng/ml
omentin-1 could signi�cantly inhibit EPCs apoptosis. Interestingly, 100 ng/ml omentin-1 also showed the
obvious inhibitory effect (Fig. 2D, E). Besides, in vitro tube formation assay was used to estimate the
angiogenic ability of EPCs and the results revealed that omentin-1 (300 ng/ml) could signi�cantly
promote tube formation ability of the EPCs (Fig. 2F, G). Taken together, all these results demonstrated
that omentin-1 could enhance the functions of EPCs.

Omentin-1 reduced neointima formation of carotid artery after balloon injury in rats

As we have proved that omentin-1 could dramatically enhance EPCs functions, so we speculated that
omentin-1-modi�ed EPCs may improve vascular repair. To detect the effect of omentin-1 on neointima
formation in response to vascular injury, rats were treated with Ad-omentin-1 or Ad-GFP (as control) EPCs
via tail intravenous injection after subjecting to CAI. The transfection e�ciency of adenovirus in EPCs
was assessed by GFP using �uorescence microscopy and western blot (Supplementary Fig.1). As shown
in Fig. 3A, we performed HE-stained sections from carotid arteries of Ad-omentin-1 or Ad-GFP-treated rats
at 14 days after surgery. The results revealed that Ad-omentin-1 EPCs treated rats showed a signi�cant
reduction of the neointimal hyperplasia (35.46 ± 16.36% vs 100 ± 25.83%, P < 0.01, Fig. 3B) and I/M ratio
(74.35 ± 36.94% vs 249.6 ± 64.46%, P < 0.01, Fig. 3C) compared with control rats, but no hyperplasia of
intima was found in the sham groups (Fig. 3A-C). To further investigate the effect of omentin-1 on
vascular cell proliferation in the intima-media area, the proliferation marker Ki67 was assessed by
immunohistochemistry in the injured vessel at 14 days after surgery. Quantitative analysis of Ki67
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indicated that Ad-omentin-1 EPCs signi�cantly decreased the number of Ki67-positive cells in the intima-
media area compared with the control group (19.17 ± 6.85% VS 43.33 ± 9.75 %, P < 0.01 Fig. 3D, E). In
contrast, little Ki67-labeled cells were observed in the sham groups (Fig. 3D, E). It is therefore conceivable
that EPCs overexpressed with omentin-1 can lead to the reduction of neointimal hyperplasia after
mechanical vascular injury.

Omentin-1 improved EPCs dysfunction damaged by TNF-α

It is well known that arterial injury after stent implantation can activate acute in�ammatory response in
the injured site especially for TNF-α, which could reduce the number of EPCs [11, 17, 18]. To further
determine whether omentin-1 protect EPCs functions damaged by TNF-α, we treated EPCs with TNF-α
with or without omentin-1. When EPCs treated with TNF-α, the proliferation of EPCs was markedly
decreased which was resumed by omentin-1 (Fig. 4A). The same effect of omentin-1 was also illustrated
by EdU assay (Fig. 4B, C). Considering that apoptosis caused by in�ammation reduces the tissue repair
capacity of EPCs, we examined the protective effect of omentin-1 on EPCs apoptosis induced by TNF-α.
As a result, we observed that TNF-α mainly induced late phase apoptosis (Annexin V+ / PI+), had part
effect on the early apoptosis (Annexin V+ / PI-), and omentin-1 could signi�cantly reverse the stimulative
apoptosis of EPCs induced by TNF-α (Fig. 4D, E). Besides, in vitro tube formation of EPCs was markedly
weakened incubated with TNF-α whereas omentin-1 could obviously reverse the damage (Fig. 4F, G). All
these results suggested omentin-1 could reverse EPCs dysfunction under the in�ammatory environment.

Omentin-1 protects EPCs function under in�ammation through p38/CREB pathway

Previous study has demonstrated p38 MAPK and its downstream target CREB participated in the
impairment of EPCs induced by TNF-α, so we further investigated whether omentin-1 could protect EPCs
from TNF-α through p38/CREB pathway [11]. As con�rmed previously, we also found that TNF-α could
induce the phosphorylation of p38 [11]. however, omentin-1 could signi�cantly abolish p38
phosphorylation induced by TNF-α (Fig. 5A, B). Meanwhile, the phosphorylation of downstream molecule
CREB, a transcription factor, was also activated by TNF-α, which was also inhibited by omentin-1 (Fig. 5A,
C). Therefore, these results demonstrated that omentin-1 improved EPCs functions damaged by TNF-α
may through inhibition of p38/CREB pathway.

Anisomycin could reverse the protective effects of omentin-1 on EPCs

In the above experiments, we have proved that omentin-1 protected EPCs functions by inhibiting
p38/CREB pathway. To further verify these results, we incubated EPCs with anisomycin (a p38 agonist) in
the presence of TNF-α and omentin-1, and found it signi�cantly decreased the the proliferation as well as
tube formation of EPCs. (Fig. 6A, B and E, F). Meanwhile, we also found that when p38 was activated,
that the apoptosis was remarkably increased as indicated by �ow cytometry (Fig. 6C, D). Consistently, we
further examined the expressions of p38/CREB pathway under the treatment of anisomycin. It is
obviously that p38 phosphorylation was signi�cantly activated, and its downstream phosphorylated
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CREB also showed the same trend (Fig. 6G-I). All these results clearly stated that p38 agonist anisomycin
could offset the protection of omentin-1 on EPC when damaged by TNF-α.

Discussion
In this study, we investigated the role of omentin-1 in improving EPCs functions during vascular repair in
rats and the underlying mechanism. We found that omentin-1 could signi�cantly promote EPCs
proliferation, tube formation, as well as inhibit apoptosis. Based on these results, we also found that
EPCs overexpressed with omentin-1 using adenovirus vectors could signi�cantly reduce the neointimal
hyperplasia after CAI in rats. Furthermore, we expounded the underlying mechanism involved in this
process in vitro. We demonstrated that omentin-1 could ameliorate TNF-α-induced impairment in
proliferation, tube formation, and apoptosis of EPCs via p38/CREB pathway. Collectively, these �ndings
mainly suggested that omentin-1 attenuated the formation of neointima after arterial injury by enhancing
the functions of EPCs under in�ammatory responses.

Based on the preclinical and clinical data, EPCs therapy has been suggested as a potential therapeutic
strategy for arterial injury [8, 18, 19]. Furthermore, accumulating evidence suggested that EPCs repair the
damaged vascular mainly by reendothelialization [20]. However, the success of EPCs therapy still has its
limitations. One of them is that the number of EPCs has decreased signi�cantly when long-term exposure
to the condition of hyperlipidemia and hyperglycemia [21]. The other is that EPCs therapy is
compromised by the CD34-positive cells differentiation into smooth muscle progenitor cells (SMPC) and
decreased function of EPCs mainly due to in�ammatory cascade in the harsh environment, which in turn
inhibits vascular repair and reendothelialization [22–25]. Thus, to circumvent these problems, many
approaches have been attempted to enhance EPCs functions.

Omentin-1 is a recently discovered adipokine which is preferentially produced by visceral adipose tissue
and acts as an anti-in�ammatory mediator [25]. Although omentin-1 has been reported to exert
proproliferation, inhibiting apoptosis, increasing secretion of angiogenic cytokines, and enhancing the
ability for tube formation of MSCs [26, 27], whose speci�c role and underlying mechanism in EPCs still
unclear. In the present study, we illustrated that omentin-1 could promote the functions of EPCs. by
employing different parallel assays including CCK-8, EdU, tube formation and apoptosis to validate the
functions of omentin-1. Taken together, our results as well as other studies demonstrated that omentin-1
exhibits bene�cial effects for EPCs, ECs and MSCs [16, 26].

As omentin-1 was bene�cial for EPCs, therefore we investigated whether EPCs overexpression with
omentin-1 could reduce the neointimal hyperplasia after CAI in rats. Actually, we observed that Ad-
omentin-1 EPCs could signi�cantly reduce the neointimal hyperplasia after balloon injury. Furthermore,
we also detected the proliferation marker Ki67 using immunohistochemistry which was signi�cantly
lower in Ad-omentin-1 EPCs group than in the control group. Consequently, these �ndings suggested that
omentin-1 could strengthen the ability of EPCs to reduce the development of balloon injury-induced
neointimal hyperplasia in rats. However, the underlying mechanism was remain not completely clari�ed. It
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is known that arterial injury after stent implantation can activate acute in�ammatory response, as a
result, a large number of in�ammatory factors will be increased rapidly, such as TNF-α, interleukins 6 (IL-
6), interleukins 8 (IL-8), interleukins 11 (IL-11) [17]. Most notably, TNF-α is a master acute
immunoin�ammatory response factor expressed in the injured site, which markedly promotes the
development of restenosis [17, 18, 28, 29]. Based on these, we speculated that omentin-1 modi�ed EPCs
reduced intimal hyperplasia after arterial injury may through anti-in�ammation.

Next, we used TNF-α to simulate the in�ammatory environment to explore the effect of omentin-1 on
EPCs in vitro. Although TNF-α can promote the proliferation of smooth muscle cells and part tumor cells,
it also induces apoptosis of aortic ECs [30, 31]. In our experiments, stimulation of EPCs with TNF-α
leading decreased proliferation and tube formation function, but the apoptotic cells were also
signi�cantly increased at the same time. We further demonstrated that omentin-1 pretreatment markedly
reversed TNF-α induced the impairment of EPCs proliferation and the increase of apoptosis. Collectively,
these �ndings suggested that omentin-1 may exert protective property on EPCs in in�ammatory
environment. We therefore reasoned that the activation of in�ammation in restenosis may inhibit the
endothelial repair partly through inhibiting the functions of EPCs, which can be reversed by omentin-1.

Further, we explored the underlying mechanism of omentin-1 regulating the functions of EPCs. According
to previous study, the classic pathway of p38 MAPK mainly activated by TNF-α [11, 32]. More concretely,
the p38 MAPK is mediated by regulation of TNF-α mRNA stability and translation initiation [28].
Compelling evidence has indicated that the activation of p38 MAPK/CREB mainly impaired the
proliferation and differentiation of EPCs [11]. In our study, we also con�rmed these results that TNF-α
could activate p38/CREB in EPCs. Therefore, the activation of p38/CREB pathway in the
microenvironment of in�ammation results in a major dysfunction on EPCs. Previous study also showed
that omentin can inhibited TNF-α induced vascular cell adhesion molecule 1 (VCAM-1) expression via
preventing the activation of p38 in VSMCs [33]. Similarly, our results illustrated that omentin-1 could
rescue the dysfunction of EPCs damaged by TNF-α, accompanying with the decreased activation of p38
MAPK/CREB. To further con�rm the effect of omentin-1 on p38/CREB pathway, we used p38 MAPK
agonist anisomycin, which could signi�cantly reverse the protective effect of omentin-1 on EPCs. All the
above results strongly demonstrated that omentin-1 reverses the dysfunction of EPCs damaged by TNF-α
through p38/CREB pathway. In addition, we didn’t investigate the receptor of omentin-1 as well as the
direct evidence for omentin-1 to interact with p38 MAPK in EPCs, which need further studies.

Conclusions
In summary, our results demonstrated that omentin-1 could improve the dysfunction of EPCs damaged
by TNF-α, as well as EPCs overexpressed with omentin-1 can reduce neointimal hyperplasia in rats with
CAI, and the underlying mechanism may be related with the inhibition of p38/CREB pathway. Therefore,
targeting omentin-1 in EPCs may be considered as an alternative strategy in the treatment of restenosis.

Abbreviations
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EPCs: Endothelial progenitor cells; CAI: Carotid artery injury; GFP: Green �uorescent protein; TNF-α: Tumor
necrosis factor-α; PCI: Percutaneous coronary intervention; CHD: Coronary heart disease; VSMCs:
Vascular smooth muscle cells; ECs: Endothelial cells; ISR: In-stent restenosis; SD: Sprague-Dawley; MNCs:
Mononuclear cells; UEA-1: Ulex europaeus lectin I; LDL: Low-density lipoprotein; Ad-omentin-1: Adenovirus
vectors expressing human omentin-1; Ad-GFP: Green �uorescent protein; MOI: Multiplicity of infection; HE:
Hematoxylin-eosin; CCK-8: Cell counting kit-8; EdU: 5-ethynyl-2’-deoxyuridine; OD: Optical density; SMPC:
Smooth muscle progenitor cells; IL: Interleukins; VCAM-1: Vascular cell adhesion molecule 1
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Figure 1

Identi�cation of EPCs derived from rats bone marrow. EPCs was identi�ed at 6-7 days. A-C Representative
images of Dil-ac-LDL uptake (red, ×200) and lectin binding (green, ×200), double positive cells were
characterized as EPCs, scale bar=50 μm. D FITC-conjugated CD34 and FITC-conjugated VEGFR-2
antibodies were used for the identi�cation of mononuclear cells by �ow cytometry. E, F The EPCs
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differentiation was stained with antibodies against PE-conjugated CD133 and PE-conjugated CD31 at 7
and 14 days, respectively. NC, as negative controls.

Figure 2

Omentin-1 promotes the functions of EPCs. A-C EPCs were treated with omentin-1 (0, 100, 300 and 500
ng/ml) for 24 h, and then the proliferation of EPCs were examined by CCK-8 and EdU assay, respectively.
D, E EPCs were induced to apoptosis with 0.1% FBS in the medium, then continuously incubated with
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omentin-1 (0-500 ng/ml) for 24 h. Cells apoptosis were con�rmed using Annexin V/propidium iodide (PI)
by �ow cytometry. Annexin V-/PI- represented viable cells, Annexin V+/PI- cells represented early
apoptotic cells, and Annexin V+/PI+ cells represented apoptotic cells in terminal stages. F, G EPCs were
incubated in complete medium for 6 h in Matrigel (70 μl) after treated with different concentrations of
omentin-1 for 24 h, and the total length of the tube network per �eld was quanti�ed (magni�cation ×200).
Data were presented as mean ± SD from three independent experiments. *P < 0.05, **P < 0.01, vs the
control group.
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Figure 3

Omentin-1 can reduce intimal hyperplasia after CAI in rats. Balloon-injured rat carotid arteries were
harvested 14 days after injury. A Representative images of HE staining in sham and CAI group. B, C
Quanti�cation of neointimal growth index and intima-to-media (I/M) ratio. D, E Sections of the left carotid
artery were immunostained for ki67. Quanti�cation of IHC intensity of ki67 in the intima-media area. *P <
0.05, **P < 0.01, vs Ad-GFP in CAI group; ##P < 0.01, vs the corresponding control group. n=5-6. Scale
bar=100 μm.



Page 19/21

Figure 4

Omentin-1 protects EPCs functions through anti-in�ammation. EPCs were preincubated with omentin-1
(300 ng/ml) for 6 h before TNF-α (10 ng/ml) treated with 24 h. A CCK-8 assay was used to determine the
proliferation, the optical density (OD) at 450 nm was measured. B, C The proliferation function was also
tested by EdU assay, and Hoechst 33342 was used to assess the total number of EPCs (×200). Scale
bar=50 μm. D, E The Annexin V/ PI was used to con�rm the apoptotic cells by �ow cytometry. F, G EPCs
were incubated in complete medium for 6 h in Matrigel (70 μl), and the total length of the tube network
per �eld was quanti�ed (magni�cation ×200). Data were presented as mean ± SD. *P < 0.05, **P < 0.01,
for vs control group; #P < 0.05, ##P < 0.01, for vs TNF-α. Each experiment was repeated three times.

Figure 5

Omentin-1 protect EPCs from TNF-α through inhibition of p38/CREB pathway. The EPCs were
preincubated with omentin-1 (300 ng/ml) for 6 h, subsequently treated with TNF-α (10 ng/ml) for 24 h. A-
C Representative of western blot images and quanti�cation of P-p38 and P-CREB protein expressions in
EPCs. Data are presented as the mean ± SD from three independent experiments. **P < 0.01, for vs
control group; #P < 0.05, for vs TNF-α.
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Figure 6

Anisomycin reverses the protection of omentin-1 on EPCs. Preincubation with omentin-1 (300 ng/ml) for
6 h before TNF-α (10 ng/ml) treatment with 30 min, and then together with DMSO or anisomycin (500
ng/ml) for 24 h. A, B EdU assay was performed to examine the proliferation of EPCs, and Hoechst 33342
was used to assess the total cells number. Merge images were used to calculate the proportion of EdU-
positive cells. C, D The Annexin V+/ PI+ was used to con�rm the apoptotic cells of late stage. E, F
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Matrigel was used to investigate the function of tube formation in vitro. EPCs were incubated in complete
medium for 6 h in Matrigel (70 μl), and the total length of the tube network per �eld was quanti�ed
(magni�cation ×200). G-I Representative of western blot images and quanti�cation of phosphorylated
p38 and CREB protein expressions. Data were presented as the mean ± SD. *P < 0.05, **P < 0.01, for vs
+DMSO group. Each experiment was repeated three times.

Figure 7

Schematic diagram illustrating the procedure for omentin-1 promotes EPCs function and reduces intimal
thickness of injured arteries. In the in�ammatory microenvironment, the function of proliferation, tube
formation of EPCs was signi�cantly inhibited and apoptosis also strengthened. however, omentin-1 can
reverse this effect through p38/CREB pathway. Enhanced function of EPCs promotes endothelial repair
and reduces intimal thickness of injured arteries.
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