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Resveratrol protects late endothelial progenitor cells
from TNF-a-induced inflammatory damage
by upregulating Krippel-like factor-2
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Abstract. Cardiovascular risk factors can negatively influence
late endothelial progenitor cell (EPCs) number and functions,
thus EPCs biology is a clinical implications for cardiovascular
diseases. The present study aimed to investigate the potential
protective effects of resveratrol (RES) on tumor necrosis
factor (TNF)-a-induced inflammatory damage in late endo-
thelial progenitor cells (EPCs) and to elucidate the underlying
mechanisms. Late EPCs at passages 3-5 were pretreated with
RES at a concentration of 20 ymol/I for 12 h and subsequently
incubated with TNF-a (10 ng/ml) for 24 h. The adhesion,
migration, proliferation and vasculogenesis of EPCs were
subsequently detected. Furthermore, the mRNA expression
levels of intercellular adhesion molecule-1 (ICAM-1) and
monocyte chemoattractant protein-1 (MCP-1) were measured
by reverse transcription-quantitative polymerase chain reac-
tion (RT-qPCR). Nitric oxide (NO) levels in the supernatant
were determined using a colorimetric assay kit. Additionally,
the mRNA and protein expression of Kriippel-like factor-2
(KLF2) was determined by RT-qPCR and western blot anal-
ysis, respectively. The results indicated that TNF-o markedly
inhibited the proliferation, adhesion, migration and vasculo-
genesis of late EPCs. However, RES ameliorated the effects
induced by TNF-a. Furthermore, exposure of EPCs to TNF-a
decreased the levels of NO secretion and KLF2 expression
at the mRNA and protein levels, but upregulated the levels
of inflammatory factors, including ICAM-1 and MCP-1,
compared with the control group. RES significantly inhibited
TNF-a-induced inflammatory damage through upregulation
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of KLF2 expression and downregulation of the expression of
ICAM-1 and MCP-1. In conclusion, RES may exert protec-
tive effects on the cardiovascular system, as demonstrated by
the amelioration of TNF-a-induced inflammation in EPCs
following RES treatment, and may therefore be used in the
future for the prevention of cardiovascular disease.

Introduction

Cardiovascular risk factors promote the development of
atherosclerosis (AS) by inducing endothelial cell injury
and dysfunction; therefore, improving endothelial function
may limit AS (1). An increasing amount of evidence indi-
cates that endothelial progenitor cells (EPCs) function in
endogenous endothelial regeneration and repair of damaged
endothelium (2-4). In addition, inflammation is associated
with atherosclerotic disease (5) and inflammatory mechanisms
may contribute to EPC impairment in AS (6). Therefore, drugs
protecting EPCs from inflammatory damage may have poten-
tial in the treatment of AS.

Trans-3,4',5-trihydroxystilbene, also termed resveratrol
(RES), is a natural polyphenol compound that is present in
grapes, red wine and other food products (7). Previous studies
have reported that RES induces a protective effect on the
cardiovascular system (8-10). It has been demonstrated that
elevated levels of tumor necrosis factor (TNF)-a. in the blood
are associated with AS (11) and that RES restores endothelial
function in diabetes by suppressing TNF-a-induced upregula-
tion of NADPH oxidase and promoting the phosphorylation of
endothelial nitric oxide (NO) synthase (eNOS) (12). However,
the direct effects and the underlying mechanisms of RES in
AS are yet to be elucidated.

Kriippel-like factors (KLFs) belong to a family of transcrip-
tion factors that are responsible for various biological processes,
including proliferation, development and apoptosis (13).
Among the members of the KLF family, KLF2 functions in
several signaling pathways associated with cell migration,
vasomotor function and hemostasis (14-16). Previous studies
have demonstrated that KLF2 regulates endothelial thrombotic
function and the expression of flow-responsive genes induced
by shear stress (14,17). However, the expression of KLF2 is
inhibited by TNF-a (18) and it remains to be determined
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whether RES is able to inhibit TNF-a-induced inflammatory
damage in late EPCs via regulation of KLF2 functional path-
ways. The present study aimed to determine the effects of RES
on the functions of late EPCs and the underlying mechanism
of TNF-a-induced inflammatory damage in late EPCs.

Materials and methods

Identification and culture of EPCs. Late EPCs were cultured
in vitro, as previously described (19). Initially, bone marrow
was separated from one male and one female Sprague-Dawley
rats (150 to 175 g, 8 weeks; Weifang Medical College, Weifang,
China), which were housed under controlled conditions (12-h
light/dark cycle, 22°C, 60% humidity) with ad libitum access
to food and water and mononuclear cells were separated by
density gradient centrifugation under 4°C (700 x g for 20 min)
with Histopaque®-1083 (Sigma-Aldrich; Merck KGaA,
Darmstadt, Germany). Subsequently, mononuclear cells
were inoculated on dishes precoated with 5% fibronectin
(Sigma-Aldrich; Merck KGaA,) and cultured in complete
Endothelial Cell Growth Medium-2 (CC-3202; Lonza Group,
Ltd., Basel, Switzerland) at 37°C and 5% CO, in a humidified
atmosphere for 4 days. Subsequently, non-adherent cells were
washed away with PBS. The culture was maintained for an
additional 7 days, during which the medium was replaced every
other day. EPC identification was performed as described in
our previous study (19) and EPCs at passages 3-5, considered
late EPCs, and 2x10% EPCs/well were seeded in 6-well plates
and used for subsequent experiments (20).

Late EPC cells were divided into three groups with
different treatments: TNF-a group, EPCs were cultured with
TNF-a (10 ng/ml; PeproTech, Inc., Rocky Hill, NJ, USA) at
37°C for 24 h; RES + TNF-a group, EPCs were cultured with
RES (20 gmol/l; Sigma-Aldrich; Merck KGaA) at 37°C for
12 h prior to treatment with TNF-a (10 ng/ml) at 37°C for 24 h;
and dimethyl sulfoxide (DMSO) group, EPCs were treated with
the same volume of DMSO at 37°C for 24 h. The present study
was approved by the Medical Ethics Committee of Weifang
Medical University (Weifang, China) and was performed in
accordance with the committee guidelines.

Cell proliferation assays. Late EPCs at the density of
10,000 cells/well were seeded in triplicate in 96-well plates.
Cell proliferation ability was detected using a Cell-Light™
5-ethynyl-2'-deoxyuridine (EdU) DNA Cell Proliferation kit
(Guangzhou RiboBio Co., Ltd., Guangzhou, China) according
to the manufacturer's protocol. Results of the proliferation
assay were observed under Apollo® 567 reaction reagent
at room temperature for 30 min in dark and counterstained
with DAPI at room temperature for 15 min and images from
five random fields/well were captured at x200 magnifica-
tion. Image-Pro Plus 6.0 software (Media Cybernetics, Inc.,
Rockville, MD, USA) was used to calculate the percentage of
EdU-positive cells of all cells.

EPC migration assay. Migration of late EPCs was measured
using a modified Boyden chamber assay, as previously
described (19). Briefly, following pretreatment with 20 gmol/l
RES for 12 h, EPCs were cultured with TNF-a (10 ng/ml)
for another 24 h in a serum-free EGM2 medium. A total of
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4x10* EPCs were added in the upper insert of the chamber
in an EGM2 medium (Lonza Group, Ltd.,) and also EGM2
medium with fetal bovine serum was added to the bottom
chamber. Following incubation for 8 h at 37°C in an incubator
with 5% CO,, the membrane in the upper chamber was washed
gently with PBS and non-migratory cells were scraped using
cotton swabs. Subsequently, EPCs were fixed with 4% para-
formaldehyde at room temperature for 30 min and stained
with DAPI at room temperature for 15 min, and the number of
migratory cells in the bottom chamber in six randomly selected
fields/well was calculated under a fluorescent microscope
(Leica Microsystems GmbH, Wetzlar, Germany; DMI 4000;
magnification, x100).

EPC adhesion assay. The adhesion assay was performed
as previously described (21). Following pretreatment with
20 pumol/l RES for 12 h, EPCs were stimulated with 10 ng/ml
TNF-a for 24 h. Subsequently, EPCs (1x10*) were placed onto
fibronectin-coated 12-well plates and incubated at 37°C for
30 min. Following washing of non-adherent cells with PBS,
the adherent cells were counted independently in six random
fields/well under an inverted phase contrast microscope (Leica
Microsystems GmbH; DM 1400B; magnification, x100).

Tube formation assay. The tube formation ability of EPCs on
Matrigel (BD Biosciences, San Jose, CA, USA) was detected.
Initially, a 96-well plate precoated with 100 1 Matrigel at
37°C for 1 h was prepared. Subsequently, 100 ul late EPCs
(2x10* cells/ml) were seeded into each well and incubated
for 6 h at 37°C. Images of enclosed networks of tubes were
captured in six randomly selected fields under an inverted
phase contrast microscope (Leica Microsystems GmbH;
DM 1400B; magnification, x200) and the length of complete
tubes formed/unit area was quantified by Image-Pro Plus
6.0 software (Media Cybernetics, Inc.).

Quantification of NO. The total amount of NO in the culture
supernatant of EPCs from three groups were, respectively
measured using a Nitric Oxide (NO) assay kit (cat. no. A012-1;
Nanjing Jiancheng Bioengineering Institute, Nanjing, China)
based on the Griess reaction. The total nitrite level was
measured to assess NO levels at 550 nm according to the
manufacturer's protocol. As NO is easily transformed to nitrite
and nitrate in vivo, therefore the total nitrite and nitrate level
may represent the NO level. In the presence of nitrate reduc-
tase in the kit that was used, nitrate is reduced to nitrite via
reduced NADPH and then nitrite level was examined by the
colorimetric assay kit.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR) analysis. Total RNA was extracted using TRIzol
reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham,
MA, USA) and PrimeScript™ RT Master Mix (RR0O36A;
Takara Biotechnology Co., Ltd., Dalian, China) was used to
synthesize cDNA at 37°C for 15 min. Subsequently, JPCR was
performed using SYBR Premix Ex Taq™ (RR420A; Takara
Biotechnology Co., Ltd.) using the synthesized cDNA as a
template. The thermal cycling conditions were as follows:
30 sec at 95°C for pre-denaturation, 40 cycles for 15 sec at
95°C for denaturation, 1 min at 59°C for annealing, and 10 sec
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Figure 1. Effect of RES on the viability of EPCs treated with TNF-o as determined using an EdU assay. Images from five random fields per well were captured
at x200 magnification. Treatment with TNF-a decreased the proliferation of EPCs, which was restored by co-culture with TNF-a and RES. EPCs treated
with DMSO only served as the blank group. Data are presented as the mean + standard error of the mean, n=5. "P<0.01, as indicated. RES, resveratrol; EPCs,
endothelial progenitor cells; TNF-a, tumor necrosis factor-a; EAU, 5-ethynyl-2'-deoxyuridine; DMSO, dimethyl sulfoxide.

at 80°C for elongation. The following gene-specific oligonucle-
otide sequences were used: GAPDH, 5-GGCACAGTCAAG
GCTGAGAATG-3' (forward) and 5'-ATGGTGGTGAAG
ACGCCAGTA-3' (reverse); KLF2, 5-"TCGCACCTAAAG
GCGCATC-3' (forward) and 5-TAGTGGCGGGTAAGCTCG
TC-3' (reverse); monocyte chemoattractant protein-1 (MCP-1),
5'-CTATGCAGGTCTCTGTCACGCTTC-3' (forward) and
5'-CAGCCGACTCATTGGGATCA-3' (reverse); and inter-
cellular adhesion molecule-1 (ICAM-1), 5'-GCTTCTGCC
ACCATCACTGTGTA-3' (forward) and 5-ATGAGGTTC
TTGCCCACCTG-3' (reverse). RT-qPCR was performed
using a LightCycler 480 Instrument II (Roche Diagnostics
GmbH, Mannheim, Germany). Amplification of GAPDH was
performed as a control for normalization. Fold changes in gene
expression were calculated using 22 method (22).

Western blotting. Late EPC cells were divided into six groups
with different treatments: TNF-a group, DMSO group, SRES
(R) + TNF-a (T) group, 10R + T group, 20R + T group and
50R + T group. The density of EPCs in those six groups was

2x10° cell/well. In SR + T, 10R + T, 20R + T and 50R + T
groups, EPCs were pretreated with 5, 10, 20, and 50 gmol/I
RES at 37°C for 12 h, respectively, and then cultured with
TNF-a (10 ng/ml) at 37°C for 24 h. In TNF-a and DMSO
group, EPCs were cultured with 10 ng/ml TNF-a or the same
volume of DMSO at 37°C for 24 h, respectively.

Following the various treatments, late EPCs were lysed
using radioimmunoprecipitation assay lysis Solution Enhanced
(C1053; Applygen Technologies Inc., Beijing, China) and the
lysates were isolated by centrifugation at 12,000 x g and 4°C for
5 min. The proteins concentration were determined by bicin-
choninic acid (BCA) method (Pierce™ BCA Protein Assay
kit, Thermo Fisher Scientific, Inc.). Then, total proteins with
equal quality (40 pg/lane) from each group were separated by
12% (weight/volume) polyacrylamide gels. Prior to incubation
with the primary antibody against KLF2 (cat.no. SAB2108684;
1:500; Sigma-Aldrich; Merck KGaA) overnight at 4°C, the
separated proteins were transferred to polyvinylidene fluoride
membranes and non-specific binding proteins were blocked
with 5% bovine serum albumin (cat. no. ST-023; Beyotime
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Figure 2. Effect of RES on the migration of late EPCs treated with TNF-a. The migration ability of late EPCs was detected by a modified Boyden chamber
assay. Migratory cells were counted in six randomly selected high-power microscope fields/well (magnification, x100). Migration capacity of EPCs was
inhibited by TNF-a (10 ng/ml), while it was restored by RES (20 ymol/l). EPCs treated with DMSO only served as the blank group. Data are presented as the
mean + standard error of the mean, n=5. “P<0.01, as indicated. RES, resveratrol; EPCs, endothelial progenitor cells; TNF-a, tumor necrosis factor-o; DMSO,

dimethyl sulfoxide.

Institute of Biotechnology, Jiangsu, China)/0.01 mol/l
TBS-Tween-20 (TBST) for 60 min at room temperature.
B-actin (cat. no. AF0003; 1:1,000; Beyotime Institute of
Biotechnology) was selected as the control and incubated
overnight at 4°C. Subsequently, membranes were washed with
TBST and incubated with horseradish peroxidase-conjugated
secondary antibody (cat. no. SC-2357; 1:1,000; Santa Cruz
Biotechnology, Inc., Dallas, TX, USA) at room temperature for
60 min. Immunoreactive bands were visualized by Amersham
enhanced chemiluminescence (ECL) western blotting detec-
tion reagent (GE Healthcare Life Sciences, Little Chalfont,
UK). Finally, a densitometric analysis for the western blot
was performed by GelPro Analyser 4.0 software (Media
Cybernetics, Inc., Rockville, MD, USA).

Statistical analysis. Data are presented as the mean + stan-
dard error of the mean. Statistical analysis was performed
by one-way analysis of variance and Tukey-Kramer post-hoc
test was applied for multiple comparisons. All the experi-
ments were repeated three times. All statistical analyses were
performed using SPSS 16.0 software (SPSS, Inc., Chicago,
IL, USA). P<0.05 was considered to indicate a statistically
significant difference.

Results

Effects of RES on viability of EPCs treated with TNF-o.. Based
on the results of the EdU assay, the proliferative potential of
EPCs treated with TNF-a (10 ng/ml) was markedly reduced
compared with the DMSO group (P<0.01; Fig. 1). However,
cell viability in the RES + TNF-a group was significantly
increased compared with the TNF-a group (P<0.01; Fig. 1).

Effects of RES on the migration of EPCs. To determine the
effect of RES on the migration of EPCs, a migration assay was
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Figure 3. Effect of RES on the adhesion of late EPCs that was impaired
by TNF-a in vitro. The adhesion capacity of late EPCs was decreased by
TNF-a (10 ng/ml), while RES (20 gmol/l) increased the adhesion ability of
late EPCs. EPCs treated with DMSO only served as the blank group. Data
are presented as the mean + standard error of the mean, n=5. "P<0.05 and
“P<0.01, as indicated. RES, resveratrol; EPCs, endothelial progenitor cells;
TNF-a, tumor necrosis factor-a; DMSO, dimethyl sulfoxide.

conducted. The results indicated that TNF-a markedly inhib-
ited the migration of EPCs (TNF-a group vs. DMSO group,
13.75+2.63 vs. 22.5+2.52 cells/high-power field, respectively;
P<0.01; Fig. 2). However, RES significantly enhanced the
migration ability of EPCs in TNF-a-treated cells; the number
of migratory EPCs in the RES + TNF-a group was markedly
increased compared with the TNF-a group (20.75+1.89 vs.
13.75+2.63 cells/high-power field, respectively; P<0.01; Fig. 2).

RES improves the adhesion of EPCs impaired by TNF-a
in vitro. The present study also aimed to determine whether
RES affects the adhesion of late EPCs treated with TNF-a.
The results demonstrated that the adhesion potential of EPCs
treated with TNF-o was significantly lower compared with
the DMSO group (18.17+1.72 vs. 22.43+2.37, respectively;
P<0.05; Fig. 3). However, the adhesion capacity of EPCs was
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Figure 4. Effect of RES on the vasculogenesis of late EPCs that was inhibited by TNF-a in vitro. Enclosed networks of tubes are presented by light micrographs
(magnification, x200). TNF-a inhibited the vasculogenesis of EPCs in vitro, while RES promoted vasculogenesis of EPCs in vitro. EPCs treated with DMSO
served as the blank group. Data are presented as the mean + standard error of the mean, n=5. "P<0.05 and “P<0.01, as indicated. RES, resveratrol; EPCs,
endothelial progenitor cells; TNF-a, tumor necrosis factor-o; DMSO, dimethyl sulfoxide.

markedly elevated in the group that was pre-exposed to RES
(RES + TNF-a group) compared with the TNF-a only group
(27.5+£3.93 vs. 18.17+1.72, respectively; P<0.01; Fig. 3).

Effect of RES on the vasculogenesis of EPCs. The neovas-
cularization capacity of EPCs was investigated using a
vasculogenesis assay. TNF-o markedly inhibited the length
of tubules by EPCs compared with the DMSO control
(P<0.01; Fig.4). By contrast, tubule length increased in response
to pretreatment with RES compared with the treatment with
TNF-a only (P<0.05; Fig. 4).

Effect of RES on the levels of NO. NO secretion by EPCs was
detected using a colorimetric assay kit in all three groups. NO
secretion by EPCs was reduced in the TNF-a group compared
with the DMSO group (P<0.01; Fig. 5). Conversely, a significant
increase in NO production was observed in the RES + TNF-a
group compared with the TNF-a group (P<0.05; Fig. 5).
Therefore, RES alleviated the TNF-a-induced inhibition of
NO release in EPCs.

Effect of RES on the expression of the inflammatory molecules
ICAM-1 and MCP-1 in EPCs treated with TNF-a. The
mRNA levels of ICAM-1 and MCP-1 in the TNF-a group
were significantly increased compared with the DMSO group
(P<0.01; Fig. 6). EPCs co-cultured with RES and TNF-a
demonstrated markedly decreased mRNA expression of
ICAM-1 (Fig. 6A) and MCP-1 (Fig. 6B) compared with the
respective TNF-a groups (P<0.05). The above results indicated
that RES may inhibit TNF-a-induced increases in the expres-
sion of inflammatory molecules, including ICAM-1 and
MCP-1, in late EPCs.

Effect of RES on KLF2 mRNA and protein expression in
EPCs treated with TNF-a. The mRNA levels of KLF2
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Figure 5. Effect of RES on the production of NO in late EPCs. NO produc-
tion was detected by a colorimetric assay. NO production was inhibited by
TNF-a, while RES pretreatment enhanced NO levels compared with the
TNF-a only group. EPCs treated with DMSO served as the blank group.
Data are presented as the mean + standard error of the mean, n=5. "P<0.05
and “P<0.01, as indicated. RES, resveratrol; NO, nitric oxide; EPCs, endo-
thelial progenitor cells; TNF-a, tumor necrosis factor-a; DMSO, dimethyl
sulfoxide.

were significantly reduced in late EPCs treated with TNF-a
compared with EPCs treated with DMSO (P<0.01; Fig. 7A).
However, KLF2 mRNA expression in the RES + TNF-a
group was markedly enhanced compared with the TNF-a
only group (P<0.05; Fig. 7A). Subsequently, the protein levels
of KLF2 were determined in EPCs pretreated with RES at
different concentrations (5, 10, 20 and 50 ymol/I). The results
demonstrated that TNF-a inhibited KLF2 protein expression
(Fig. 7B). However, the protein levels of KLF2 were increased
in a dose-dependent manner when EPCs were treated with
RES at concentrations between 5 and 20 pgmol/l, and KLF2
protein expression was decreased in EPCs following treatment
with 50 gmol/l RES compared with 20 gmol/l RES group
(Fig. 7C). Therefore, these results indicated that 20 xgmol/l
RES was the optimal concentration to stimulate KLF2 protein
expression in late EPCs.
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Figure 6. Effect of RES on the mRNA expression of ICAM-1 and MCP-1. The mRNA expression of (A) ICAM-1 and (B) MCP-1 was determined by reverse
transcription-quantitative polymerase chain reaction. EPCs treated with DMSO served as the blank group. ‘P<0.05 and “P<0.01, as indicated. RES, resveratrol;
ICAM-1, intercellular adhesion molecule-1; MCP-1, monocyte chemoattractant protein-1; DMSO, dimethyl sulfoxide; TNF-a, tumor necrosis factor-a.
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Figure 7. Effect of RES on KLF2 mRNA and protein expression in EPCs. (A) KLF2 mRNA expression was determined by reverse transcription-quantitative
polymerase chain reaction. (B) KLF2 protein expression was determined by western blot analysis. For western blotting, EPCs were pretreated with RES at
concentrations of 5, 10, 20 and 50 gmol/l for 12 h, and subsequently, EPCs were cultured with 10 ng/ml TNF-a for 24 h. f-actin was analyzed as a loading
control. (C) Densitometric analysis for the western blot was performed by GelPro Analyser 4.0 software. EPCs treated with DMSO served as the blank
group. "P<0.05 and “P<0.01, as indicated. In C, "P<0.05 vs. DMSO groups, “P<0.01 vs. TNF-a groups. RES, resveratrol; KLF2, Kriippel-like factor-2; EPCs,
endothelial progenitor cells; DMSO, dimethyl sulfoxide; TNF-a, tumor necrosis factor-a; R, resveratrol; T, tumor necrosis factor-a.

Discussion

EPCs can promote plaque angiogenesis and restore endo-
thelial function to serve a protective role in atherosclerotic
disease (23). The biological properties of EPCs have clinical
implications for coronary atherosclerotic disease, since
cardiovascular risk factors can negatively influence the
number and function of EPCs (23,24). A number of studies
have demonstrated that RES delayed the senescence of EPCs
by augmenting telomerase activity to maintain the appropriate
levels and function of EPCs (25-27). The present study aimed
to determine the effect of RES on the function of EPCs treated
with TNF-a and the underlying anti-inflammatory mecha-
nisms, in addition to the potentially protective role of RES in
atherosclerotic disease.

In the current study, the effects of RES on the prolif-
eration, migration, adhesion, tube formation ability and
NO production of EPCs were evaluated following treat-
ment with TNF-a. The results demonstrated that RES
attenuated TNF-a-induced damage to the functioning of
EPCs. These results are consistent with a previous study
by Wang er al (28), which demonstrated that RES may
promote the proliferation, adhesion and migration of EPCs
in a dose- and time-dependent manner. The aforementioned
study also indicated that RES increased the expression of
vascular endothelial growth factor to further induce vascu-
logenesis (28).

The results of the present study indicated that RES
promoted NO production and KLF2 expression in EPCs, and
it has been previously reported that endothelial NO release
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may protect cells against AS (29). NO is synthesized by
inducible nitric oxide synthase and eNOS, where eNOS acts
as an anti-atherosclerotic factor (30). It has been previously
demonstrated that RES increased the expression of eNOS
in endothelial cells in vitro (31,32), which was mediated by
the activation of sirtuin 1 (SIRT1) and subsequent activation
of the transcription factor KLF2 (33). The KLF2-dependent
signaling pathway has been reported to enhance the enzymatic
activity of dimethylarginine dimethylaminohydrolase II,
which leads to the degradation of asymmetric dimethylargi-
nine, an endogenous inhibitor of eNOS (9,34). Therefore, we
hypothesized that RES may increase NO production in EPCs
via upregulation of KLF2.

Piga et al (35) indicated that adhesion and migration of
human aortic endothelial cells were influenced by overex-
pression of ICAM-1 and MCP-1. In addition, upregulation
of ICAM-1 and MCP-1 was considered a marker for AS
progression via TNF-a-induced activation of the nuclear
factor-kB (NF-xB) pathway (36). Therefore, in the present
study, the expression of ICAM-1 and MCP-1 was detected
in EPCs following inflammatory damage induced by
TNF-a. Based on the results of the present study, it may
be hypothesized that TNF-a may promote the expression
of ICAM-1 and MCP-1 in EPCs, which may be responsible
for alterations in the function of EPCs during the develop-
ment of AS. Furthermore, the present study demonstrated
that RES may attenuate inflammatory damage of EPCs
via downregulation of ICAM-1 and MCP-1. Similar to the
results of the present study, Zhu et al (37) demonstrated that
RES may reduce TNF-a-activated expression of MCP-1 via
inhibition of NF-kB transcriptional activity in adipocytes.
Xiao et al (38) indicated that RES inhibited the expression of
TNF-a-activated ICAM-1 and vascular cell adhesion mole-
cule-1 (VCAM-1) in endothelial cells. Additionally, several
studies have indicated that KLF2 may inhibit inflammation
via suppression of a number of adhesion molecules, including
VCAM-1, E-selectin and MCP-1 (39,40). Therefore, we
hypothesized that RES may downregulate the expression of
ICAM-1 and MCP-1 in response to proinflammatory stimuli
by increasing the expression of KLF2.

KLF2 has been reported to be involved in the prevention
of the progression of AS via anti-inflammatory action and the
regulation of eNOS expression (41,42). Based on the results
of the present study and previous reports, we hypothesized
that RES may have potential in the development of novel
therapies against AS, and the anti-atherosclerotic effects of
RES may be attributed to the promotion of KLF2 expression
and subsequent inhibition of inflammation and promotion of
NO release.

In conclusion, the results of the present study demonstrated
that RES increased the proliferation, migration, adhesion,
tube formation ability and NO release of EPCs and upregu-
lated KLF2 expression following treatment with TNF-a, and
also inhibited the TNF-a-stimulated expression of ICAM-1
and MCP-1. Therefore, these results indicate that RES may
alter the growth properties of EPCs treated with TNF-a
by increasing NO production and ameliorating inflamma-
tory damage by reducing the expression levels of inflammatory
molecules, including ICAM-1 and MCP-1, through regulation
of KLF2-associated signaling pathways.
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