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Introduction
Calcification that occurs in nonosseous tissue is called ectopic 
calcification.  Calcification in vessel walls is primarily thought 
of as a process of degeneration that follows atherosclerosis.  
Matrix vesicles containing phosphorites and some bone-
associated genes and proteins are found in atherosclerotic 
areas, which indicates that vascular calcification is a proactive-
regulated phenomenon similar to bone formation[1].  Oxidative 
stress and inflammation are considered the main stimuli of 
vascular calcification, but the mechanism remains unclear[2].

Smooth muscle cells have been used as an effective model 

for studying vascular calcification in vitro[3].  However, 
there are other kinds of cells that also contribute to vascular 
pathology.  Stem cells from bone marrow, such as marrow 
stromal cells (MSCs), endothelial progenitor cells (EPCs) and 
hematopoietic stem cells (HSCs), have many similar functions 
and potentials of transdifferentiation.  Recent research has 
shown that EPCs participate in vascular pathology through a 
diphasic action.  On one hand, EPCs homing into lesions and 
contribute to neovascularization and re-endothelialization 
after vessel injury.  On the other hand, because of their stem 
cell characteristics, EPCs express phenotypes of fibration or 
ossification rather than differentiating into functional cells 
in certain abnormal microenvironments, which could aggra-
vate vascular injury.  It has been reported that EPCs express 
osteocalcin (OCN) in patients with coronary atherosclerosis or 
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severe aortic valve stenosis[4, 5].  Furthermore, EPCs were found 
in the areas of calcium deposition[6].  Local calcium deposi-
tion and microcalcification in the vessel wall could play a role 
in the adherence of circulating EPC populations and perhaps 
their differentiation towards an osteogenic phenotype.  The 
phenotypes expressed by EPCs are determined by the local 
microenvironment.  All of these studies implied a close cor-
relation between endothelial differentiation and calcification.  
Unfortunately, research has focused only on transdifferentia-
tion of EPCs in vivo.  Whether EPCs can be induced to ossify in 
vitro and what factors might contribute to the transdifferentia-
tion remains unknown.

Oxidized low-density lipoprotein (ox-LDL) has a dramatic 
effect on atherosclerosis[7].  Ox-LDL stimuli can cause endothe-
lial cells to lose their vaso-protective effect and damage EPCs 
by triggering apoptosis, accelerating senescence and inhibiting 
endothelialization[8-10].  Ox-LDL also induces vascular smooth 
muscle cells to express genes associated with bone formation 
by up-regulating osterix[11], which is considered a risk factor 
for calcification.

In this study, we examined in detail the ability of ox-LDL to 
induce ossification of EPCs in vitro and explored whether oxi-
dative stress, especially hypoxia inducible factor-1α (HIF-1α) 
and reactive oxygen species (ROS), participate in the ossific 
process.  The results may provide a new understanding of the 
role of stem cells in vascular calcification.

Materials and methods
Reagents
The materials used in the experiments were from the fol-
lowing sources: Endothelial growth medium was purchased 
from Cambrex Corporation (Charles, IA, USA).  VEGF and 
bFGF were purchased from PeproTech Asia (Rehovot, Israel).  
Fluorescein isothiocyanate-labeled lectin from ulex europaeus 
agglutinin (FITC-UEA-1), 2’,7’-dichlorofluorescin diacetate 
(DCHF-DA), β-glycerophosphate (β-GP) and fibronectin were 
all obtained from Sigma-Aldrich (USA).  The Reverse Tran-
scription System kit and the GoTaq qPCR Master Mix kit were 
obtained from Promega (Madison, WI, USA).  The Sensolyte 
pNPP Alkaline Phosphatase ELISA Assay kit was purchased 
from AnaSpec Company (Fremont, CA, USA).  The primary 
antibodies CD34-PerCP Cy5.5 and KDR-Alexa Fluor 647 were 
obtained from Becton Dickinson (San Jose, CA, USA).  CD133-
PE antibody was from eBioscience (San Diego, CA, USA).  
1,1’-dioctadecyl-3,3,3’,3’-tetramethyl-indocarbocyanine-
labeled acetylated low-density lipoprotein (DiI-ac-LDL) and 
ox-LDL (MDA=50 nmol/mL) were purchased from XieSheng 
Biotechnology Limited-liability Company (Beijing, China).  
Sprague-Dawley rats (SPF/VAF) were purchased from Vital 
River Laboratories (Beijing, China); the certificate number was 
SCXX2006-0009.  

Ethics 
Animal experiments were approved by the Institutional Ethics 
Committee of Beijing Tiantan Hospital, China.  The experi-
ments were performed according to the National Research 

Council’s guidelines.  

Cell culture
Bone marrow-derived endothelial progenitor cells (BMEPCs) 
were cultured as previously described[12].  In brief, bone mar-
row was aspirated from tibias and femurs of Sprague-Dawley 
rats (100 g in weight) and washed with Dulbecco’s modified 
Eagle medium (DMEM) containing 5% fetal bull serum.  Bone 
marrow-derived mononuclear cells (BMMNCs) were isolated 
with Ficoll-Paque (GE Healthcare, Sweden) density-gradient 
centrifugation.  After being washed twice with PBS, BMMNCs 
(1×106/mL) were plated into six-well plates coated with 
fibronectin and cultured with endothelial growth medium 
(EGM) supplemented with 40 ng/mL VEGF and 10 ng/mL 
bFGF.  Culture medium was renewed every three days.  

Identification of EPCs
To identify their characteristics, the attached cells were 
trypsinized and labeled directly with three fluorescent anti-
bodies: CD34-PerCP Cy5.5, CD133-PE, and KDR-Alexa Fluor 
647.  Cell fluorescence was measured by the FACSCalibur flow 
cytometer (Becton Dickinson).  Cellquest software was used to 
analyze the ratios of positive cells.  Additional cells were incu-
bated with 2.4 µg/mL DiI-ac-LDL for 1 h at 37 °C, fixed in 2% 
paraformaldehyde and stained with 10 µg/mL FITC-UEA-1 
for 40 min.  The nuclei were stained with Hoechst 33342.  Flu-
orescence microscopy (Olympus, DP71) was used to identify 
the percentage of dual-positive cells.

Treatment with ox-LDL
The results of preliminary experiments showed that 5 µg/mL 
ox-LDL had no significant impact on cell survival after 14 d of 
incubation.  This concentration could be used for ossific induc-
tion.  After attachment, the primary passages were exposed to 
5 µg/mL ox-LDL, 10 mmol/L β-GP, or 5 µg/mL ox-LDL plus 
10 mmol/L β-GP.  Historically, β-GP has been thought to act 
solely as a phosphate donor and as such was required for the 
mineralization of primary cell cultures in vitro[11].  Cells were 
maintained in normal growth medium as a control.  Osteo-
genic differentiation was evaluated as explained below.  

Calcium staining and quantification
Mineralization in induced cells were investigated using Von 
Kossa staining as previously described[13].  Briefly, fixed cells 
were incubated in 5% silver nitrate solution for 30 min in the 
dark.  The cells were then washed with distilled water and 
exposed to light for 45 min.  Calcium particles were observed 
in visual fields at a magnification of ×40.  

The treated cells were washed twice with PBS and rinsed 
in 0.6 mol/L HCl.  Intracellular calcium was extracted after 
incubating the cells for 24 h at 37 °C with continuous shaking.  
The supernatant was collected by centrifugation (1000×g for 
5 min).  Calcium concentration was determined by the auto-
biochemistry analyzer (Roche P800, Switzerland).  The calcium 
content was normalized to total protein content as determined 
by the Bradford method.
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Expression of osteogenic genes
Total RNA isolation and reverse transcription polymerase 
chain reaction (RT-PCR) were performed.  Briefly, the cells of 
interest were lysed with TRIzol reagent (Invitrogen, CA, USA).  
The target genes were amplified using the Reverse Transcrip-
tion System kit and the GoTaq qPCR Master Mix kit.  The 
genes of interest included the following: core-binding factor 
a-1 (cbfa-1), which serves as the transcription factor trigger-
ing the expression of major osteoblast-specific lineage genes; 
osteoprotegerin (OPG), which acts as a suppressive signal of 
vascular calcification in normal cells; and OCN, which is the 
classic and mature marker for bone formation.  The primers 
(Invitrogen, Shanghai, China) are shown in Table 1.  The ratios 
of associated genes to beta-actin were analyzed semiquantita-
tively with Quantity One software (Bio-Rad, USA).  

ALP activity
Alkaline phosphatase (ALP) activity of the induced cells was 
quantified using the Sensolyte pNPP Alkaline Phosphatase 
ELISA Assay Kit according to the manufacturer’s instruc-
tions.  The yellow product, p-nitrophenol, was measured by 
the microplate reader (Thermo, MK3) at a wavelength of 405 
nm.  ALP activity was standardized according to total protein 
content.

Immunofluorescence for osteocalcin
Immunofluorescent staining was used to detect osteocalcin.  
BMEPCs were fixed in 4% paraformaldehyde for 20 min and 
blocked with anti-serum containing 0.5% Triton for 40 min 
at room temperature.  The cells were then incubated with a 
primary monoclonal antibody targeted to osteocalcin (Santa 
Cruz, CA, USA) at 4 °C overnight.  The cell were incubated 
with a secondary antibody, labeled with FITC (Jackson Immu-
noResearch, PA, USA), at 37 °C for 40 min.  Hoechst 33342 was 
used to stain cell nuclei.  Cells were washed with PBS between 
each step.

Oxidative stress
Intracellular ROS was detected to evaluate oxidative status.  
Cells were loaded with 10 µmol/L DCHF-DA at 37 °C for 

1 h, washed with PBS and harvested gently.  DCHF-DA is a 
stable fluorescent ROS-sensitive compound, which is oxidized 
by hydrogen peroxide or low-molecular-weight peroxides 
to produce the green fluorescence of 2′,7′-dihydrogendichlo-
rofluorescein (DCF).  DCF in cells was measured using flow 
cytometry. Fluorescence intensity represented the level of 
ROS.  The mean fluorescence for each sample was analyzed by 
Cellquest software.

Statistical analysis
All data were presented as the mean±standard deviation (SD).  
The differences between groups were analyzed by Student’s t 
test.  A value of P<0.05 was considered statistically significant.  

Results
Characteristics of EPCs derived from bone marrow
BMMNCs were cultured in endothelial growth medium for 
7 d and exhibited the typical spindle-like shapes of endothe-
lial progenitor cells (Figure 1A).  Endothelial characteristics 
were assessed by the uptake of DiI-ac-LDL and the binding 
of FITC-UEA-1.  Approximately 78.3%±4.2% of total adherent 
cells were dual-positive (Figure 1B–1D), indicating that they 
expressed the scavenger receptor for ac-LDL and the ligand 
for UEA-1.  Furthermore, the cell markers of EPCs were dis-
played.  (Figure 1E–1G).  The percentages of CD34, CD133, 
and KDR were 46.2%±5.8%, 23.5%±4.0%, and 74.3%±8.8%, 
respectively.  On the basis of these characteristics, the cells 
could be considered as BMEPCs[12].  

Increased calcium deposition in BMEPCs
Calcium deposition is an early event of ossification.  BMEPCs 
were cultured in 5 µg/mL ox-LDL in the absence or presence 
of β-GP for 14 d.  The concentration of intracellular calcium 
in control cells was 4.4±0.95 µg/mg protein.  Both ox-LDL 
and β-GP significantly increased intracellular calcium deposi-
tion.  The values were 12.3±3.2 µg/mg protein (P<0.05) and 
17.2±2.0 µg/mg protein (P<0.01), respectively.  When ox-LDL 
and β-GP were combined, calcium deposition increased 6.1-
fold (28.0±2.4 µg/mg protein, P<0.01) compared with the con-
trol and 2.3-fold compared with ox-LDL alone (P<0.01).  The 

Table 1.  Primers for target genes. 

         Name              Size (bp)                                         Primers                                                                                    Locus number   
 
 Cbfa-1 200 Forward: 5′-GCAAGGTTCAACGATCTGAG-3′ NM_001024630.3
   Reverse: 5′-GAGGCGGTCAGAGAACAAAC-3′ 
 OCN 335 Forward: 5′-CAGCCACCGAGACACCAT-3′ NM_199173.3
   Reverse: 5′-CCAGCAGAGCGACACCCTA-3′ 
 OPG 207 Forward: 5′-CCTTGCCCTGACCACTAC-3′ NM_002546.3
   Reverse: 5′-TTGCACCACTCCAAATCC-3′ 
 HIF-1α 408 Forward: 5′-AAACCACCTATGACCTGC-3′ NM-001530.3
   Reverse: 5′-GTCGTGCTGAATAATACCACTC-3′ 
 Beta-actin 302 Forward: 5′-TCAGGAGGAGCAATGATCTTG-3′ NM_031144.2
   Reverse: 5′-TCCTCCCTGGAGA AGAGCTA-3′

Cbfa-1, core-binding factor a 1; HIF-1α, hypoxia inducible factor 1α, OPG: osteoprotegerin; OCN, osteocalcin.
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results were consistent with the Von Kossa staining (Figure 2).  
Ox-LDL not only increased intracellular calcium when used 
alone but also enhanced the effect of β-GP.

Changes in bone-associated genes in BMEPCs
For the gene expression analyses, BMEPCs were cultured for 
7 d in the presence of ox-LDL and/or β-GP.  Ox-LDL alone 
slightly increased cbfa-1, but the increase was not significant 
compared with the control.  Ox-LDL plus β-GP increased the 
expression of cbfa-1 by 2.2-fold relative to the control.  The 
expression of OPG decreased by approximately 50%–60% in 
groups treated with ox-LDL (Figure 3A).  OCN expression 
did not change in any of the groups after 7 d of induction.  
We extended the time of treatment to 10 d and the level of 
OCN increased approximately 1.6-fold in both ox-LDL and 
β-GP groups; moreover, there was a 2.8-fold increase in ox-
LDL plus β-GP group relative to the control (Figure 3B).  The 
results showed that the expression of certain bone-associated 
genes in BMEPCs could be changed by treatment with ox-LDL 
and β-GP.  Furthermore, ox-LDL had a synergistic effect with 
β-GP.

Increased ALP activity in BMEPCs 
ALP activity was determined after ox-LDL/β-GP incubation 
for 11 d by a colorimetric assay.  Control cells showed low 
ALP activity, but treatment with ox-LDL increased ALP activ-
ity 1.2-fold, which was similar to β-GP treatment.  There was 
a 1.5-fold increase in cells treated with both ox-LDL and β-GP 
(Figure 4).  ALP is a representative marker of bone formation; 
therefore, the data suggest that BMEPCs responded to the 
increased activity of bone-associated proteins.

No difference of OCN+ BMEPCs
Immunofluorescence detection of OCN was performed after 

Figure 2.  Calcium deposition of BMEPCs.  BMEPCs were incubated for 
14 d with 5 µg/mL ox-LDL and/or 10 mmol/L β-GP.  The effects of ox-LDL 
on calcification were assessed by the content of calcium and Von Kossa 
staining.  Calcium nodule displayed black or deep-brown granules and 
local cord-like shapes (×40, pointed out with arrows).  (A) Control; (B) Ox-
LDL; (C) β-GP; (D) Ox-LDL plus β-GP.  Results were displayed as mean±SD 
(n=3).  bP<0.05 vs ox-LDL plus β-GP group.  fP<0.01 vs control.

Figure 1.  Characterization of EPCs.  
Mononuclear cells from bone marrow 
were cultured in endothelial growth 
medium for 7 d.  (A) BMEPCs displayed 
spindle-like shapes under bright field 
(100×); (B) Adherent cells with green 
FITC-UEA-1; (C) Adherent cells with red 
DiI-ac-LDL; (D) Dual-positive cells with 
orange were identified as differentiating 
BMEPCs (200×); (E, F, G) The M2 gate in 
histograms from flow cytometer showed 
the percentages of CD34, CD133 and 
KDR stained with fluoresceins-labeled 
antibodies. Results were displayed as 
mean±SD (n=4).
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14 d of treatment with ox-LDL and β-GP.  OCN+ cells were 
counted under the microscope in ten random visual fields at a 
magnification of 200×.  The immunopositive cells were easily 
identified (Figure 5), but there was no difference among the 
groups.

Contribution of oxidative stress to ossification 
To assess the mechanism of ossification induced by ox-LDL, 
intracellular ROS was determined.  Fluorescence intensity data 
are shown as a percentage of the control.  During the induc-
ible process, ROS increased persistently, yet it improved at 5 d 
than at 1 d.  In the ox-LDL-treated group, ROS increased 3.8-
fold, 2.7-fold and 2.4-fold at 1 d, 3 d, and 5 d, respectively.  A 
similar change occurred in the ox-LDL plus β-GP group.  The 
results showed that the early phase of transdifferentiation 
induced by ox-LDL was accompanied by high levels of ROS.  
After 3 d, a relatively stable level of ROS was maintained 
(Figure 6).  Moreover, HIF-1α, which acts as a regulatory 
factor for differentiation under hypoxia, also increased more 
than 5-fold in the ox-LDL treated groups after treatment for 
7 d (Figure 3A).  We also assessed HIF-1α at 1 d and 3 d, but 
no apparent expression was detected.  The results indicate that 

Figure 4.  ALP activity.  BMEPCs were incubated for 11 d with 5 µg/mL 
ox-LDL and 10 mmol/L β-GP.  ALP activity was determined by colorimetric.  
Results were displayed as mean±SD (n=3).  The activity displayed as the 
percentage of control.  cP<0.01 vs control.  fP<0.01 vs ox-LDL plus β-GP 
group.

Figure 5.  Immunofluorescence for OCN.  BMEPCs were incubated for 14 
d with 5 µg/mL ox-LDL and/or 10 mmol/L β-GP.  Monoclonal antibody and 
FITC labeled second antibody were used.  The positive cells (pointed out 
with arrows) showed fusiform-like appearance. ×200.

Figure 6.  Effects of ox-LDL on ROS production in BMEPCs.  BMEPCs were 
treated for 1 d, 3 d, and 5 d with 5 µg/mL ox-LDL and/or 10 mmol/L β-GP 
and were stained with DCHF-DA.  Flow cytometric analysis was performed 
to determine the mean fluorescence intensity of DCF-positive cells.  Data 
were shown as the percentage of control.  Results were displayed as 
mean±SD (n=3).  cP<0.01 vs control at 1 d.  eP<0.05 vs the same group at 
5 d.  iP<0.01, lP<0.01 vs control at 3 d and 5 d, respectively.

Figure 3.  Expression of osteogenic genes.  BMEPCs were incubated with 
5 µg/mL ox-LDL and/or 10 mmol/L β-GP.  The levels of osteogenic genes 
were assessed by RT-PCR.  The ratios were normalized to beta-actin.  (A) 
Genes of 7 d; (B) Genes of 10 d. Results were displayed as mean±SD 
(n=3–5).  bP<0.05 vs cbfa-1 of control.  eP<0.05 vs OPG of control.  
iP<0.01 vs HIF-1α of control.  lP<0.01 vs OCN of control.
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ROS and HIF-1α were activated successively during the ossifi-
cation process.

Discussion
EPCs can be isolated from peripheral blood, spleen, bone mar-
row and adipose tissue.  They express cell markers of both 
stem cells and endothelial cells.  Because of different culture 
conditions, the percentage of cell markers identified was nei-
ther exact nor unified.  In our study, the medium, which was 
supplied with a high concentration of VEGF and bFGF, could 
be used to selectively culture EPCs with spindle morphology 
and the phagotrophic function of the endothelium.  In combi-
nation with a special set of cell markers (CD34, CD133, KDR), 
the cells isolated from bone marrow were mostly identified as 
a mixture of EPCs and immature endothelial cells.  Because 
endothelial cells do not differentiate, the ossific effects iden-
tified in our study came from BMEPCs.  Thus, this method 
could provide another stem cell model for vascular ossification 
in addition to monocytic progenitor cells and MSCs[14, 15].  

Ox-LDL contributes to vascular calcification by inducing 
smooth muscle cells and foam cells to initiate fibrosis and 
form atheromas, which is followed by an increase in calcium 
deposition[16].  There is a positive correlation between coronary 
calcium or instability of coronary plaques and plasma ox-LDL 
level[17].  In vitro ox-LDL increased ALP activity, induced tran-
sient and strong expression of bone morphogenetic protein 2 
(BMP2) and matrix gla-protein (MGP) and accelerated miner-
alization[18].  However, ox-LDL treatment at specified concen-
trations inhibited Pi-induced UMR106 rat osteoblast mineral-
ization and bone associated proteins, suggesting that ox-LDL 
would simply be a risk factor for the presence of atherosclero-
sis, rather than pathological in atherosclerosis complications[19].  
Therefore, the effect of ox-LDL on vascular calcification is con-
troversial[20].  In our study, ox-LDL and/or β-GP increased cal-
cium deposition and ALP activity.  The results were consistent 
with other reports[21].  Genes promoting calcification (cbfa-1, 
OCN) increased and genes inhibiting calcification (OPG) 
decreased, indicating the ossific process induced by ox-LDL 
was dual-regulatory.  However, the effect on changes in bone 
gene expression was not strong.  One potential explanation is 
that the culture conditions might require a more complicated 
microenvironment such as the addition of calcium ions.  It 
was reported that CD34+ cells, pretreated with 5 mmol/L Ca2+, 
had more changes in bone gene expression than those without 
Ca2+[4].  In addition, ox-LDL had no apparent effect on increas-
ing the number of OCN+ cells.  There were several possible 
reasons as for these findings.  The complicated process from 
gene transcription to protein expression may require more 
regulatory elements.  Furthermore, the OCN protein was pres-
ent in low abundance in BMPECs, meaning that identification 
of the different concentrations of OCN in the treated groups 
was challenging.  

Vascular calcification and oxidative stress occur in parallel.  
Low concentrations of H2O2 increase ALP activity and potenti-
ate the progression of aortic valve calcification[22, 23].  The levels 
of expression of mRNAs for OPN and OCN were significantly 

greater in ROS-treated human dental pulp cells[24].  Thus, 
rather than simply causing oxidative damage, ROS played a 
more complex role in cell physiology.  HIF-1α is a transcrip-
tion factor that regulates stem cell differentiation during 
hypoxia[25].  Overexpression of HIF-1α in mature osteoblasts 
profoundly increases angiogenesis and osteogenesis[26].  Both 
of these processes are activated concomitantly to promote 
intra-plaque angiogenesis and foam cell development[27].  Our 
results displayed higher levels of early-phase ROS generation 
followed by a significant increase in the expression of HIF-1α.  
Thus, it could be speculated that ox-LDL induces ossification 
of BMEPCs through ROS mediation of an increase in HIF-1α 
nucleotide level.  

The effect of ox-LDL on cell differentiation has been fully 
explained to different degrees[11, 28].  Our study presents, for 
the first time, the effects of ox-LDL on transdifferentiation 
of BMEPCs.  BMEPCs might be considered a new member 
involved in vascular calcification; however, because ox-LDL-
induced vascular calcification is a complex process, the cell 
system in vitro is perhaps too simple to represent the actual 
microenvironment in vivo.  Oxidative stress alone cannot 
explain the mechanism clearly, which means that there must 
be other signaling pathways that participate in the process.  

In conclusion, we have shown that BMEPCs can be induced 
to ossific differentiation.  Ox-LDL acts synergistically with 
β-GP and contributes to calcification to some extent, with an 
oxidative stress mechanism underlying the phenomenon.  Our 
results offer another target for vascular calcification therapy.
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