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Abstract
The aim of this investigation was to determine
whether tumour necrosis factor-alpha (TNF-a) has
any effect on endothelial progenitor cells (EPCs).
Total mononuclear cells were isolated from periph-
eral blood by Ficoll density gradient centrifugation,
and then the cells were plated on fibronectin-coated
culture dishes. After 7 days culture, attached cells
were stimulated with tumour necrosis factor-a (final
concentrations: 0, 10, 20, 50 and 100 mg ⁄ l) for 0, 6,
12, 24 and 48 h. EPCs were characterized as
adherent cells double positive for DiLDL-uptake and
lectin binding, by direct fluorescence staining. EPC
proliferation and migration were assayed using the
MTT assay and modified Boyden chamber assay,
respectively. EPC adhesion assay was performed by
re-plating those cells on fibronectin-coated dishes,
and adherent cells were counted. Tube formation
activity was assayed using a tube formation kit.
Levels of apoptosis were revealed using an annexin
V apoptosis detection kit. Vascular endothelial
growth factor Receptor-1 (VEGF-R1) and stromal
derived factor-1 (SDF-1) mRNA, assessed by real-
time RT-PCR inducible nitric oxide synthase (iNOS)
and endothelial nitric oxide synthase (eNOS) were
assayed by western blot analysis. Incubation of
EPCs with tumour necrosis factor-a reduced EPC
proliferation, migration, adhesion, tube formation
capacity, iNOS and eNOS in concentration- and
time-dependent manners. Tumour necrosis factor-a
reduced proliferation, migration, adhesion and tube
formation capacity of EPCs. TNF-a increased EPC

apoptosis level, reduced VEGF-R1 and SDF-1
mRNA expression; tumour necrosis factor-a also
reduced iNOS and eNOS in the EPCs.

Introduction

Tumour necrosis factor-alpha (TNF-a) is a multifunc-
tional cytokine, produced predominantly by activated
macrophages and T cells, that plays a key role in several
pathophysiological situations involving inflammation and
sepsis. In acute coronary syndrome (ACS), TNF-a is an
important proinflammatory cytokine (1). Vascular endo-
thelial progenitor cells (EPCs) are precursors of endothe-
lial cells. Increasing evidence suggests that circulating
foetal progenitor cells contribute to postnatal neovascu-
larization. These cells are home to sites of ischaemia,
adopt an endothelial phenotype and contribute to new
blood vessel formation. Bone-marrow-derived haemato-
poietic progenitor cells can give rise to EPCs and contrib-
ute to endothelial recovery and new capillary formation
after ischaemia.

At the molecular level, some factors, such as statins
and vascular endothelial growth factor (VEGF), can
improve the proliferation of EPCs by activating the
phosphatidyl-inositol-3-kinase (PI3K)-Akt-endothelial
nitric oxide synthase (eNOS), suggesting that the PI3K-
Akt-eNOS signalling pathway may be the important
signalling transduction pathway in EPCs (2). Nitric oxide
(NO) synthesized from L-arginine by inducible nitric
oxide synthase (iNOS) is a very important signal pathway
messenger in human endothelial cells (3). Therefore, we
investigated the effects of TNF-a on activity of EPCs from
peripheral blood. We investigated whether TNF-a can
induce EPCs apoptosis. We also investigated the influence
of TNF-alpha on EPCs vascular endothelial growth factor
Receptor-1 (VEGF-R1) and stromal derived factor-1
(SDF-1) mRNA assessed by real-time RT-PCR. We
detected iNOS and eNOS by western blotting and discuss
the role of iNOS and eNOS in these effects.
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Materials and methods

Isolation and culture of EPCs

Human EPCs were obtained from six healthy adults and
cultured according to previously described techniques
(4–7).Written informed consent was obtained from all
people involved in the study. Briefly, total mononuclear
cells (MNC) were isolated from blood of the study sub-
jects, by Ficoll density gradient centrifugation. Cells were
plated on culture dishes coated with human fibronectin
(Chemicon, Pittsburgh, PA, USA) and were maintained in
Medium 199 (Sigma, St. Louis, MO, USA) supplemented
with 20% foetal calf serum, penicillin (100 U ⁄ml) and
streptomycin (100 lg ⁄ml). After 4 days culture, non-
adherent cells were removed by washing in phosphate-
buffered saline (PBS); new medium was added and
cultures were maintained until day 7. Attached cells were
stimulated with TNF-a (Sigma; to achieve final concen-
trations of 10, 20, 50 and 100 mg ⁄ l) for 0, 6, 12, 24
and 48 h.

Cell staining

Fluorescence detection of EPCs was performed on
attached MNCs after 7 days culture. Direct fluorescence
staining was used to detect dual binding of fluorescein
isothiocyanate (FITC)-labelled Ulex europaeus agglutinin
(UEA-1; Sigma) and 1,1-dioctadecyl-3,3,3,3-tetramethyl-
indocarbocyanine (DiI)-labelled acetylated low-density
lipoprotein (acLDL; Molecular Probe Data Base, Genoa,
Italy). Cells were first incubated in acLDL at 37 �C and
later fixed in 2% paraformaldehyde for 10 min. After
being washed, cells were treated with UEA-1 (10 lg ⁄ml)
for 1 h. Samples were then viewed using an inverted fluo-
rescence microscope (Leica Microsystems AG, Wetzlar,
Germany) and a laser scanning confocal microscope
(LSCM; Leica). Cells that were doubly fluorescencent
were identified as differentiating EPCs (4,5,7–9). Two
or three independent investigators evaluated numbers
of EPCs per well, by counting 15 randomly selected
high-power fields (·200) using the inverted fluorescence
microscope.

Cell migration assay

EPC migration was evaluated using a modified Boyden
chamber assay (Jiangsu Qilin Medical Equipment Factory,
Shuzhou, China). In brief, isolated EPCs were detached
using 0.25% trypsin, harvested by centrifugation, re-
suspended in 500 ll M199 and counted. Then 2 ·
104 cells were placed in the upper portion of a modified
Boyden chamber. M199 and human recombinant VEGF

(50 ng ⁄ml) were introduced into the lower compartment
of the chamber. After 24 h incubation at 37 �C, the lower
side of the filter was washed in PBS and cells were fixed
in 2% paraformaldehyde. For quantification, cells were
stained with Giemsa solution. Cells migrating into the
lower chamber were counted manually in three random
microscope fields (·200) (4,5).

Cell adhesion assay

EPCs were washed in PBS and gently detached using
0.25% trypsin. After centrifugation and re-suspension in
M199 with 5% foetal bovine serum, identical cell num-
bers were replated on to fibronectin-coated culture dishes
and incubated for 30 min at 37 �C. Adherent cells were
counted blind by independent investigators (4,5,10).

EPC proliferation assay

Effects of TNF-a on EPC proliferation were determined
by 3-(4,5-dimethyl-2 thiazoyl)-2,5-diphenyl-2H-tetrazo-
lium bromide (MTT) assay. After being cultured for
7 days, EPCs were digested using 0.25% trypsin, and
then were cultured in serum-free medium in 96-well
plates (200 ll per well). Cells were supplemented with
10 ll MTT (5 g ⁄ l) and incubated for a further span of
6 h. Then supernatant was discarded by aspiration and
EPC preparations were shaken with 200 ll Me2SO for
10 min, before optical density (OD) was measured at
490 nm (4,5).

Tube formation assay

Tube formation assay was performed using a tube forma-
tion assay kit (Chemicon) and protocol was followed
according to manufacturer’s instructions. Briefly, EC-
Matrix solution was thawed on ice overnight, then mixed
with 10· ECMatrix diluent and placed in a 96-well tissue
culture plate at 37 �C for 1 h, to allow matrix solution to
solidify. EPCs were harvested as described earlier and
re-plated (10 000 cells per well) on top of the solidified
matrix solution. Cells were incubated at 37 �C for 24 h.
Tube formation was inspected using an inverted light
microscope at 200· magnification. Formation was defined
as development of structures with length at least four
times the width (4,5,11,12). Five independent fields were
assessed for each well, and average numbers of tubes per
200· field were determined.

Apoptosis assay

Quantitative determination of cells undergoing apop-
tosis was carried out using an annexin V apoptosis
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detection kit (Alexis Biochemicals, Farmingdale, NY,
USA), according to the manufacturer’s instructions.
Percentage of apoptotic cells was measured from EPCs
cultured with and without TNF-a (10, 20, 50 and
100 mg ⁄ l) for 4 days. Cells were stained with annexin
V FITC and propidium iodide (PI), and subjected to
flow cytometric analysis. To exclude necrotic cells,
only annexin positive cells were counted. Data are pro-
vided as means (SEM) as percentage of annexin
V+ ⁄PI) cells (representative of apoptotic cells) (13).

EPC VEGF-R1 and SDF-1 mRNA assessed by
quantitative real-time RT-PCR

Total RNA was extracted with TRIzol (Invitrogen, Carls-
bad, CA, USA) following a standard protocol. Contami-
nating DNA was eliminated by two sequential steps of
DNase (Invitrogen) treatment. mRNA was reverse-tran-
scribed, and cDNA underwent 40 rounds of amplification
(ABI PRISM 7000; Applied Biosystems, Foster City, CA,
USA) with the following reaction conditions: 40 cycles
of two-step polymerase chain reaction (95 �C for 15 s
and 60 �C for 60 s) after initial denaturation (50 �C for
2 min and 95 �C for 10 min) with 1 mu; l DNA solution
in 2· SYBR green PCR master was mixed in reaction buf-
fer. Each sample was tested in triplicate. Authenticity and
size of PCR products were confirmed by melting curve
analysis (PerkinElmer Inc, San Jose, CA, USA). mRNA
levels were normalized using GAPDH as housekeeping
gene, and compared to control groups. VEGFR1 primers
used for amplification were: Forward, GAACAGAGCA-
AACAGGAGGC; Reverse, AGGCCAGGAGTGAGAA-
GTCA, The SDF-1 primers were: Forward, CACTT-
TCACTCTCGGTCCAC; Reverse, CTGAAGGGCACA-
GTTTGGAG (14).

Western blot analysis for iNOS and eNOS

Cell monolayers were washed three times in PBS and
lysed with RIPA buffer containing phenylmethylsulpho-
nyl fluoride and aprotinin as protease inhibitors. Lysates
(30 lg total protein) were denatured and subjected
to 7.5% sodium dodecyl sulphate–polyacrylamide gel
electrophoresis (SDS–PAGE) and proteins were then
transferred to nitrocellulose membranes by electroblot-
ting. Membranes were soaked in blocking solution con-
taining PBS with 5% non-fat dried milk and 0.05%
Tween 20 for 1 h at room temperature. They were then
incubated with iNOS or eNOS monoclonal antibodies
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) for
2 h and then with peroxidase-conjugated secondary anti-
bodies for 2 h at room temperature. Bands corresponding
to iNOS or eNOS were detected using chemilumines-

cence reagent (Amersham Pharmacia Biotech, Piscata-
way, NJ, USA).

Statistical analysis

Data are expressed as mean ± SD and one-way
ANOVA was used to analyse differences in variables.
Differences were considered significant if P-values were
<0.05. All statistical analyses were performed with
SPSS 11.5 (SPSS, Chicago, IL, USA).

Results

Characteristics of human EPCs

Total MNCs isolated and cultured for 7 days were spin-
dle-shaped, with endothelial cell-like morphology. Cells
were characterized as adherent double-positive for
DiLDL-uptake and lectin binding by laser scanning con-
focal microscopy (Fig. 1). We and other investigators
have previously demonstrated that EPCs isolated in this
fashion also exhibit many other endothelial characteris-
tics, including expression of CD31, von Willebrand fac-
tor and vascular endothelial growth factor receptor 2
(4,5,7).

Mononuclear cells were cultured for 7 days, and
adherent cells lectin binding (green, exciting wave-length
477 nm) and DiLDL uptake (red, exciting wave-length
543 nm) were assessed under by laser scanning confocal
microscopy. Double positive cells appearing yellow in
the overlay were identified as differentiating EPCs.
Group TNF-a 100 mg ⁄ l (B1, B2 and B3) significantly
reduced numbers of EPCs compared to controls (A1, A2
and A3).

Effects of TNF-a on proliferative capacity of isolated
EPCs

We incubated isolated human MNC with different concen-
trations TNF-a and results shows that TNF-a reduced
EPCs’ proliferative capacity in concentration- and time-
dependent manners (Table 1 and Fig. 2).

Effects of TNF-a on migratory capacity of isolated EPCs

We incubated isolated human MNC with different concen-
trations TNF-a and results show that TNF-a reduced EPC
migratory capacity in concentration- and time-dependent
manners (Table 2 and Fig. 3).

We incubated isolated human MNC with different
concentrations of TNF-a and results show that TNF-a
reduced EPC adhesive capacity in concentration- and
time-dependent manners (Table 3 and Fig. 4).
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EPC tube formation capacity of control group and
TNF-a 10, 20, 50 and 100 mg ⁄ l was 23.3 ± 3.5,
18.3 ± 3.1**, 12.5 ± 3.1**, 8.8 ± 2.7**, 6.5 ± 2.6**,
respectively (n = 6, compared to control, **P < 0.01).
Incubation of EPC with TNF-a reduced tube formation
capacity of EPCs in concentration-dependent manner
(Fig. 5).

Role of TNF-a-induced EPC apoptosis

To evaluate potential influence of TNF-a on apoptosis we
analysed binding of annexin V in EPCs from healthy vol-
unteers, cultured for 4 days with and without TNF-a.
Significantly level of apoptosis was found after incubation
of EPC with TNF-a at 50 and 100 mg ⁄ l compared to cells
cultured in TNF-a-free environment (control: 15.8 ± 2.1;

10 mg ⁄ l: 16.2 ± 2.7; 20 mg ⁄ l: 17.5 ± 3.2; 50 mg ⁄ l:
22.5 ± 4.2**; 100 mg ⁄ l: 26.5 ± 4.8** as a percentage of
total cells, **P < 0.01) (Fig. 6).

EPC VEGF-R1 and SDF-1 mRNA assessed by real-time
RT-PCR

We found that after 4 days culture, transcription levels
of VEGF-R1 and SDF-1 were significantly reduced in
a concentration-dependent manner (control: 1.0 ± 0.01;
10 mg ⁄ l: 0.8 ± 0.02**; 20 mg ⁄ l: 0.7 ± 0.01**; 50 mg ⁄ l:
0.5 ± 0.01**; 100 mg ⁄ l: 0.3 ± 0.01** fold over control,
**P < 0.01) and (control: 1.0 ± 0.02; 10 mg ⁄ l: 0.9 ±
0.03; 20 mg ⁄ l: 0.7 ± 0.02**; 50 mg ⁄ l: 0.6 ± 0.01**;
100 mg ⁄ l: 0.5 ± 0.01** fold over control, **P < 0.01),
respectively (Fig. 7).

Table 1. Effects of tumour necrosis factor-a (TNF-a) on endothelial progenitor cell proliferation

TNF-a (mg ⁄ l)

A490 nm

0 h 6 h 12 h 24 h 48 h

Control 0.521 ± 0.049 0.514 ± 0.052 0.518 ± 0.057 0.519 ± 0.062 0.523 ± 0.058
10 0.519 ± 0.055 0.499 ± 0.046 0.468 ± 0.049 0.448 ± 0.047*# 0.422 ± 0.045**##

20 0.518 ± 0.059 0.458 ± 0.045 0.398 ± 0.038**## 0.338 ± 0.031**## 0.297 ± 0.031**##

50 0.522 ± 0.063 0.411 ± 0.047**## 0.360 ± 0.040**## 0.259 ± 0.034**## 0.212 ± 0.026**##

100 0.524 ± 0.056 0.395 ± 0.051**## 0.313 ± 0.033**## 0.202 ± 0.032**## 0.178 ± 0.022**##

�x� s, n = 6. *P < 0.05, **P < 0.01, compared with control group; #P < 0.05, ##P < 0.01, compared with 0 h group.

(a1)

(b1)

(a2) (a3)

(b2) (b3)

Figure 1. Characteristics of human EPCs.
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Effects of TNF-a on EPC iNOS and eNOS

Western blot analysis showed that iNOS relative light
density values of controls and TNF-a 10, 20, 50 and
100 mg ⁄ l were 1.00 ± 0.08, 0.81 ± 0.07, 0.57 ± 0.05,
0.35 ± 0.05 and 0.17 ± 0.03, respectively; eNOS relative
light density values were 1.00 ± 0.09, 0.86 ± 0.08,
0.51 ± 0.06, 0.18 ± 0.04 and 0.06 ± 0.03, respectively;
expression of iNOS and eNOS were significantly reduced
by TNF-a in a concentration-dependent manner (Fig. 8).

Discussion

TNF-a is an important proinflammatory cytokine (1).
Zhang et al. (15) have shown that myocardial ischae-
mia ⁄ reperfusion (I ⁄R) initiates expression of TNF-a,
which induces activation of xanthine oxidase and produc-
tion of O2

), leading to coronary endothelial dysfunction.

TNF-a receptor p75 is required in ischaemia-induced
neovascularization (16). Recent studies have shown that
signalling through VEGFR-1 positively modulates endo-
thelial cell migration and vascular branching. It has been
shown that under pathological conditions, activation of
VEGFR-1 by placental growth factor, a VEGFR-1-
specific ligand, contributes to angiogenesis [Debasree
(17)]. Stromal cell-derived factor-1 (SDF1) and its recep-
tor CXC chemokine receptor 4 (CXCR4) play a critical
role in progenitor cell homing, mobilization and differen-
tiation (18).

Anderson et al. have shown that TNF-alpha reduced
eNOS gene expression through post-transcriptional regu-
lation of mRNA stability, suggesting a potential mecha-
nism to account for the endothelial dysfunction (19). High
dose of simvastatin reduces TNF-alpha-induced apoptosis
of EPCs, but fails to prevent apoptosis induced by IL-1b
in vitro (13).

Table 2. Effects of TNF-a on endothelial progenitor cell migration

TNF-a (mg ⁄ l)

Migratory cells (number)

0 h 6 h 12 h 24 h 48 h

Control 12.9 ± 3.0 13.4 ± 3.2 14.1 ± 2.9 13.3 ± 2.6 13.6 ± 2.7
10 13.1 ± 2.7 13.1 ± 2.6 11.8 ± 2.4 9.9 ± 2.3* 9.4 ± 2.3*#

20 12.9 ± 2.5 11.9 ± 3.0 10.1 ± 2.8* 8.8 ± 2.5**# 8.1 ± 2.3**##

50 13.2 ± 2.9 10.1 ± 3.1* 8.0 ± 2.3**## 7.5 ± 2.4**## 5.9 ± 2.6**##

100 12.8 ± 2.8 9.7 ± 3.1* 7.5 ± 3.5**## 5.8 ± 2.5**## 4.6 ± 2.3**##

�x� s, n = 6. *P < 0.05, **P < 0.01, compared to control group; #P < 0.05, ##P < 0.01, compared to 0 h group.
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Figure 3. Effects of TNF-a on EPC migration.
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Figure 2. Effects of tumour necrosis factor-a (TNF-a) on EPC
proliferation.
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Table 3. Effects of TNF-a on endothelial progenitor cell adhesion

TNF-a (mg ⁄ l)

Adherent cells (number)

0 h 6 h 12 h 24 h 48 h

Control 32.3 ± 4.9 31.5 ± 5.1 31.9 ± 5.8 30.9 ± 6.2 31.7 ± 5.0
10 31.4 ± 5.6 30.2 ± 4.8 28.5 ± 4.7 27.5 ± 5.1 25.7 ± 3.4#

20 32.5 ± 6.3 27.8 ± 5.7 26.1 ± 4.3* 21.9 ± 4.3*## 19.7 ± 2.9**##

50 31.7 ± 5.9 23.4 ± 4.9*# 20.8 ± 4.6**## 15.4 ± 4.9**## 11.5 ± 3.1**##

100 32.1 ± 5.1 20.7 ± 5.4**## 17.6 ± 4.9**## 11.4 ± 5.2**## 8.1 ± 3.7**##

�x� s, n = 6. *P < 0.05, **P < 0.01, compared to controls; #P < 0.05, ##P < 0.01, compared to 0 h group.
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Figure 4. Effects of TNF-a on EPC adhesion.
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Figure 5. Effects of TNF-a on EPC tube formation capacity.
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Figure 6. Effects of TNF-a on EPC apoptosis.
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There is strong evidence that EPCs play a significant
role in neovascularization and re-endothelialization,
particularly during ischaemic conditions. More recently,
two groups have documented (in animals and in human
subjects) that EPCs contribute up to 25% of endothelial
cells in newly formed vessels (20,21). Thus, increasing
numbers of circulating EPCs by transplantation of
haematopoietic stem cells, or by injection of in vitro dif-
ferentiated EPCs, has been shown to improve neovascu-
larization of ischaemic hindlimbs (22), accelerate blood
flow in diabetic mice (23) and improve cardiac function
(24). Moreover, Vasa et al. (8,9) have recently reported
that patients with coronary heart disease (CHD) have
reduced levels and functional impairment of EPCs, which
correlated with risk factors for CHD. Thus, stimulation of
mobilization and ⁄or differentiation of EPCs may provide
a useful novel therapeutic strategy to improve postnatal
neovascularization and re-endothelialization in patients
with CHD. Circulating EPCs are constantly exposed to
inflammatory factors, such as cytokines and oxidized lipo-
proteins. Atherosclerosis, in general, is indicative of low-
grade inflammatory processes, and atherosclerotic plaques
(that are prone to rupture and result in acute coronary syn-
dromes) reveal an intense inflammatory state (25). TNF-a
and endothelial cells modulate Notch signalling in the
bone marrow microenvironment during inflammation (26)
and circulating EPCs are not affected by acute systemic
inflammation (27). Treatment with TNF-alpha or bacterial
lipopolysaccharide attenuates endocardial endothelial cell-
mediated stimulation of cardiac fibroblasts (28).

The present study shows that TNF-a reduced prolifer-
ative, migratory, adhesive and tube formation capacity

of EPCs in time- and concentration-dependent manners.
Our in vitro measurements of apoptotic EPCs cultured in
TNF-a-containing medium demonstrated significantly
increased levels of apoptosis compared to in control med-
ium, and this study shows that TNF-a reduced VEGF-R1
and SDF-1 mRNA expression. Thus, we believe that
TNF-a reduces EPC differentiation into endothelial cells
and angiogenetic capacity. We are of the opinion that this
is an important mechanism of endothelium dysfunction in
acute coronary syndromes. We also found that TNF-a
reduced iNOS and eNOS of EPCs in a concentration-
dependent manner. NO can enhance EPC proliferation
and function through activating the PI3K ⁄Akt signalling
pathway (8,9). Walter et al. (29) have shown that eNOS
mRNA stability and eNOS activity is a common signal
transduction pathway in endothelium and EPCs. There-
fore, we deduce that decreasing iNOS and eNOS is one of
the mechanisms of the inhibitory effect of TNF-a on
EPCs.
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