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Objective. Mesenchymal stem cells (MSCs) can be isolated from umbilical cord Wharton’s
jelly (UC-MSC) and UC can be easily obtained, representing a noncontroversial source of
MSCs. UC-MSCs are more primitive than other tissue sources. Previous studies showed
that UC-MSCs were still viable and were not rejected 4 months after transplantation as xeno-
grafts without the need for immune suppression, indicating that they are favorable cell source
for transplantation. In this study, UC-MSCs were induced to differentiate into endothelial-like
cells and compared with bone marrow (BM)-MSCs for their endothelial differentiation
potential.

Materials and Methods. UC-MSCs and BM-MSCs were characterized for expression of MSC-
specific markers and osteogenic, adipogenic, and chondrogenic differentiation. They were
induced to differentiate into endothelial-like cells and analyzed for expression of the endothe-
lial-specific markers and functions.

Results. UC-MSCs and BM-MSCs showed similarities in expression of the MSC-specific
markers and osteogenic, adipogenic, and chondrogenic differentiation. They showed similar
low-density lipoprotein-uptaking capacity following endothelial differentiation. However,
UC-MSCs had higher proliferative potential than BM-MSCs. Both real-time reverse tran-
scription polymerase chain reaction and immunocytochemical analyses demonstrated that
UC-MSCs had higher expression of the endothelial-specific markers than BM-MSCs following
endothelial differentiation. Both Matrigel and coculture angiogenesis assays showed that UC-
MSCs and BM-MSCs after endothelial differentiation were able to form the capillary network
and differentiated UC-MSCs had significantly higher total tubule length, diameter, and area
than differentiated BM-MSCs.

Conclusion. These results showed that UC-MSCs had higher endothelial differentiation
potential than BM-MSCs. Therefore, UC-MSCs are more favorable choice than BM-MSCs
for neovascularization of engineered tissues. � 2009 ISEH - Society for Hematology and
Stem Cells. Published by Elsevier Inc.
Mesenchymal stem cells (MSCs) can self-renew, have mul-
tipotent differentiation potential and represent an attractive
cell source for regeneration of damaged tissues in tissue
engineering [1]. They can be isolated from different tissue
sources [2–6] and differentiate into different cells under
suitable induction conditions [7–11].

One of the major difficulties in tissue engineering is that it
is necessary to vascularize the complex engineered tissues.
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Previous studies showed that vascularization within engi-
neered tissues in vitro using mature endothelial cells
improved blood perfusion, cell viability, and survival of the
tissues after the transplantation [12]. However, mature endo-
thelial cells have limited proliferation potential, which limits
their use.

Bone marrow is the main source of multipotent MSCs.
Human bone marrow–derived MSCs (BM-MSCs) can
differentiate into endothelial-like cells [13]. However, BM
harvesting is a highly invasive procedure to the donors,
and proliferation efficiency, multipotent differentiation
potential, and maximal lifespan of BM-MSCs decline
ology and Stem Cells. Published by Elsevier Inc.
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with aging [14–17]. Alternative sources for MSC isolation
have been pursued. MSCs can also be isolated from umbil-
ical cord Wharton’s jelly (UC-MSCs) [18,19]. UC-MSCs
are more primitive MSCs than those isolated from other
tissue sources and do not express the major histocompati-
bility complex (MHC) class II (HLA-DR) antigens [20–
22]. Previous studies showed that UC-MSCs were still
viable and were not rejected 4 months after transplantation
as xenografts and without the need for immune suppression,
suggesting that they are a favorable cell source for trans-
plantation [22,23]. Furthermore, UC can be easily obtained
and represents a noncontroversial source of MSCs. There-
fore, UC-MSCs represent a promising alternative cell
source for MSC-based therapies. In this study, UC-MSCs
were induced to differentiate into endothelial-like cells
and their endothelial differentiation potential was compared
to the ‘‘gold standard’’ BM-MSCs. This information can
help to decide which tissue source is more suitable for
vasculogenesis of engineered tissues and help development
of cell-based therapeutics for various vascular diseases.
Materials and methods

Isolation and culture of UC-MSCs
UC was aseptically collected from full-term cesarean-section patients
with their consent at First Affiliated Hospital of Shantou University
Medical College. MSC isolation was performed as described previ-
ously [18,19]. Wharton’s jelly was cut into 2- to 3-mm3 pieces.
They were cultured in a 37�C incubator in a six-well plate (Corning
Inc., Acton, MA, USA) with growth medium containing Dulbecco’s
modified Eagle’s medium-low glucose (DMEM-LG; Invitrogen,
Carlsbad, CA, USA) supplemented with 10% (v/v) fetal bovine serum
(FBS), 2 mM L-glutamine, 5 ng/mL basic fibroblast growth factor (In-
vitrogen), 100 U/mL penicillin, 100 mg/mL streptomycin, and 1 mg/
mL amphoterin B. Cells were harvested with 0.25% trypsin. The
medium was changed every 3 days.

Isolation and culture of BM-MSC
Human BM samples were acquired from donors (5 to 36 years old)
with their consent at First Affiliated Hospital of Shantou University
Medical College. BM-MSCs were isolated as described previously
[14]. Samples were layered over a lymphoprep gradient and centri-
fuged at 2000 rpm for 15 minutes. Mononuclear cells were cultured
in a six-well plate at a density of 1 � 106 cells/cm2 in the same
growth medium as UC-MSCs. Nonadherent cells were removed
by changing the medium after 3 days. Cells were passaged with
trypsin. The growth medium was changed every 3 days.

Proliferative potential of UC-MSCs and BM-MSCs
Cells were harvested with trypsin and counted after staining with
trypan blue. Meanvalue of cell counts was calculated and mean pop-
ulation doubling was obtained for each passage according to the
formula: population doubling 5 (lgNt – lgN0)/lg2, where N0 is
the initial cell number and Nt is the harvested cell number [24].

Flow cytometry analysis
Flow cytometry analysis was performed as described previously
[19]. Cells were harvested by trypsin and incubated at 4�C for
30 minutes with the following mouse anti-human antibodies,
which were conjugated with fluorescein isothiocyanate (FITC)
or phycoerythrin (PE): CD105-PE, CD73-PE, CD90-PE, CD45-
PE, CD34-PE, CD14-FITC, CD19-PE, and HLA-DR-FITC (BD
Pharmingen, San Diego, CA, USA). PE-conjugated IgG1 and
FITC-conjugated IgG1 were used as isotype controls (BD Phar-
mingen). After washing with phosphate-buffered saline (PBS),
1 � 106 cells were analyzed using a FACScan flow cytometer
(Epics XL, Beckman Coulter, FL, USA).

Osteogenic differentiation
Cells were cultured in a 24-well plate at a density of 1 � 104 cells/
cm2. After cells reached 70% confluence, the growth medium was
changed to the osteogenic differentiation medium consisting of
DMEM-LG supplemented with 10% FBS, 2 mM L-glutamine,
100 U/mL penicillin, 100 mg/mL streptomycin, 100 nM dexameth-
asone, 0.2 mM L-ascorbate, and 10 mM b-glycerophosphate
(Sigma-Aldrich, St Louis, MO, USA) [24,25]. Cells were incu-
bated for 28 days and the medium was changed every 3 days.
Osteogenic differentiation was examined by staining for alkaline
phosphatase (ALP) with leukocyte alkaline phosphatase kit (kit
85L-3R, Sigma) following manufacturer’s instructions. Minerali-
zation of osteogenic differentiation was analyzed by von Kossa
staining according to the protocol described previously [24,25].
Cells were fixed with 10% formalin (Sigma) for 15 minutes and
stained with 5% silver nitrate (Sigma) for 15 minutes. Staining
was developed by incubating cells in 1% pyrogallol (Sigma) and
fixed with 5% sodium thiosulfate (Sigma) for 5 minutes.

Adipogenic differentiation
Cells were induced into adipogenic differentiation as described
previously with some modifications [24]. Briefly, cells were
cultured in a 24-well plate at a density of 1 � 104 cells/cm2. After
cells reached 70% confluence, the growth medium was changed to
adipogenic differentiation medium consisting of DMEM-LG sup-
plemented with 10% FBS, 2 mM L-glutamine, 100 U/mL peni-
cillin, 100 mg/mL streptomycin, 60 mM Indomethacin, 1 mM
dexamethasone, 0.5 mM IBMX, and 5 mg/mL insulin solution
(Sigma). Cells were incubated for 22 days and the medium was
changed every 3 days. Generation of neutral lipid vacuoles was
visualized by staining with Oil Red O (Sigma).

Chondrogenic differentiation
Chondrogenic differentiation was done according to the previous
method, with some modifications [3]. Cells were transferred into
a 15-mL polypropylene tube and centrifuged at 1,000 rpm for 5
minutes to form a cell pellet at the bottom of the tube. After cells
were cultured in the growth medium for 1 day, the medium was
changed to chondrogenic differentiation medium containing
DMEM-high glucose supplemented with 1% insulin-transferrin-
selenium, 1.25 mg/mL bovine serum albumin, 0.1 mM dexameth-
asone, 50 mg/mL ascorbate-2-phosphate, 40 mg/mL L-proline, 100
mg/mL sodium pyruvate, 10 ng/mL transforming growth factor b1
(PeproTech, Rocky Hill, NJ, USA), 100 U/mL penicillin, and 100
mg/mL streptomycin. Cells were cultured for 21 days and the
medium was changed every 3 days. For histochemical analysis,
cells were fixed overnight in PBS-buffered 4% paraformaldehyde,
dehydrated through a series of ethanols, infiltrated with isoamyl
acetate and embedded in paraffin. Sections of 7 mm were cut
through the center of the gels and were stained with Alcian blue.
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Endothelial differentiation
Endothelial differentiation was performed as described previously
with some modifications [13]. Cells were incubated in a six-well
plate at 5� 103 cells/cm2 for up to 12 days in the endothelial differ-
entiation medium containing DMEM-LG supplemented with 100
ng/mL vascular endothelial growth factor (VEGF, Invitrogen), 50
ng/mL epidermal growth factor (Invitrogen), 1 ug/mL hydrocorti-
sone (Sigma-Aldrich), 5% FBS, 100 U/mL penicillin, and 100 mg/
mL streptomycin.

Real-time reverse transcription
polymerase chain reaction (RT-PCR)
Total RNAwas isolated with RNeasy mini kit (Qiagen, GmbH, Hil-
den, Germany) following manufacturer’s instructions and treated
with DNase I (Qiagen). Complementary DNA synthesis was per-
formed with 1 mg total RNA using PrimeScript RTase (TaKaRa,
Japan). Real-time RT-PCR was conducted as described previously
[26]. PCR condition included 95�C, 15 seconds; 60�C, 15 seconds;
72�C, 30 seconds for 40 cycles using ABI 7300 Real-Time PCR
System (Applied Biosystems, Foster City, CA, USA). Expression
level of b-actin gene was used as the internal control. The PCR
primers and probes were as follows:

Flk-1 sense: 50-GACTTCCTGACCTTGGAGCATCT-30;
Flk-1 antisense: 50-GATTTTAACCACGTTCTTCTC
CGA-30;
Flk-1 probe: fam-50-ACAGCTTCCAAGTGGCTAAGG
GCAT-30-tamra.
vWF sense: 50-CAAGGAAGAAAATAACACAGG
TGAA-30;
vWF antisense: 50-TCATTGACCTTGCAGAAGTGA
GTAT-30;
Figure 1. Proliferative potential of mesenchymal stem cells (MSCs). Number of

(BMMSCs) were counted after trypan blue staining from passage 1 to 18. The cu

column represents the mean with standard deviation (n 5 3). *p!0.01 relative
vWF probe: fam-50-ATGTTGTGGGAGATGTTTGC
CTACGG-30-tamra.
VE-cadherin sense: 50-CAACTTTACCCTCACGGATA
ATCAC-30;
VE-cadherin antisense: 50-ACTTGGCATCCCATTGTC
TGAG-30;
VE-cadherin probe: fam-50-AACACGGCCAACATC
ACAGTCAAGTAT-30-tamra.
Immunocytochemical analysis
Immunocytochemical analysis was performed according to the pub-
lished protocol [24]. After endothelial differentiation, cells were
harvested by trypsin and cultured overnight at 1 � 104 cells/cm2

in a 24-well plate containing the endothelial differentiation medium.
Cells were fixed with 4% paraformaldehyde for 15 minutes and
incubated for 1 hour with mouse antibodies against Flk-1, vascular
endothelial (VE)-cadherin, and von Willebrand factor (vWF) (Santa
Cruz Biotechnology, Santa Cruz, CA, USA) after blocking with
a blocking solution containing 1% normal goat serum. Cells were
washed with PBS and incubated for 1 hour with PE-conjugated
anti-mouse IgG (Santa Cruz Biotechnology). After washing, cell
nuclei were stained with diamidinophenylindole (DAPI) for 5
minutes. Cells were observed under a fluorescent microscope
(ECLIPSE TE2000-U, Nikon, Tokyo, Japan).

LDL-uptaking assay
Low-density lipoprotein (LDL)-uptaking assay was performed as
described previously [13]. After cells were incubated in the endothe-
lial differentiation medium for 12 days, they were harvested by
trypsin. Cells were incubated in a 96-well plate at 8 � 103 cells/
well for 24 hours at 37�C in the differentiation medium containing
umbilical cord Wharton’s jelly (UCMSC) and bone marrow–derived MSC

mulative population doublings were calculated based on cell counts. Each

to the respective BM-MSCs.



Figure 2. Detection of mesenchymal stem cell (MSC)-specific marker expression by flow cytometry analysis. An open area represents an antibody isotype

control for background fluorescence and a shaded area shows signal from MSC surface marker antibodies. Umbilical cord Wharton’s jelly (UC-MSC) (A) and

bone marrow–derived MSC (BM-MSCs) (B) were stained with phycoerythrin (PE) or isothiocyanate (FITC)-conjugated antibodies against the indicated

markers: CD105-PE, CD73-PE, CD90-PE, CD45-PE, CD34, CD14-FITC, CD19-PE, and HLA-DR-FITC.
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10 mg/mL 1,10-dioctadecyl-1- 3,3,30,30-tetramethyl-indo-carbocya-
nine perchlorate conjugated to acetylated-LDL (DiI-Ac-LDL;
Molecular Probes, Eugene, OR, USA). Cells were fixed with 2%
formaldehyde, stained with DAPI and observed under a fluorescent
microscope.

Matrigel angiogenesis assay
After cells were incubated in a six-well plate containing the endothe-
lial differentiation medium for 12 days at 1� 104 cells/cm2, angio-
genesis assay was performed with In Vitro Angiogenesis Assay Kit
(Chemicon, Temecula, CA, USA) according to manufacturer’s
instruction. Cells were harvested with trypsin and cultured for 24
hours in a 96-well plate precoated with 50 uL ECMatrix gel (Chem-
icon) at 8� 103 cells/well. Cells were examined under a light micro-
scope (ECLIPSE TS100-U, Nikon, Tokyo, Japan).

Coculture angiogenesis assay
Coculture angiogenesis assay was performed as described previ-
ously with some modifications [27,28]. Briefly, human primary fetal
lung fibroblasts HFL-I (Cell Bank, Chinese Academy of Sciences)
were seeded in a 24-well plate at 1� 105 cells/mL. Once confluent,
UC-MSCs or BM-MSCs after endothelial differentiation were
added to the monolayers at 1 � 104 cells/mL. Cocultures were
grown for 3 days in DMEM-LG medium containing 5% FBS, 100



Figure 3. Osteogenic, adipogenic and chondrogenic differentiation of mesenchymal stem cells (MSCs). Umbilical cord Wharton’s jelly (UC-MSC) (A1–8)

and bone marrow–derived MSC (BM-MSCs) (B1–8) were investigated for their osteogenic, adipogenic, and chondrogenic differentiation capacity to show

their multilineage differentiation potential. Osteogenic differentiation was examined by alkaline phosphatase (ALP) staining (A2 and B2) and von Kossa

staining (A4 and B4) after cells were cultured in the osteogenic differentiation medium for 21 days. Adipogenic differentiation was examined by Oil

Red O staining (A6 and B6) and chondrogenic differentiation ability was examined by Alcian blue staining (A8, B8). Cells were cultured in the growth

medium as negative controls for staining for ALP (A1 and B1), von Kossa (A3 and B3), Oil Red O (A5 and B5) and Alcian blue (A7 and B7).
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ng/mL VEGF, 100 U/mL penicillin, and 100 mg/mL streptomycin.
DiI-Ac-LDL (10 ug/mL, Molecular Probes) was added. After 24
hours, cells were washed with PBS three times and fixed with 4%
paraformaldehyde for 15 minutes. Cells were also incubated for 1
hour with 10 ug/mL FITC-conjugated Ulex europaeus agglutinin
lectin (Sigma-Aldrich). After washing, cell nuclei were stained
with DAPI for 5 minutes. Cells were observed under a fluorescent
microscope. Undifferentiated MSCs were added to the fibroblast
monolayers and cultured in the growth medium as a control.
Image analysis
Image analysis was done by following the previous method [28].
Briefly, at least seven random fields of each of triplicate wells
of Matrigel or coculture angiogenesis assay were photographed
and the software Image J downloaded from National Institutes
of Health was used for measurement of total tubule length, diam-
eter, and density. Briefly, color images were converted to eight-bit
grayscale and binarized or thresholded to gain good contrast and
brightness of tubules against the background. The tubule density
was calculated according to the number of pixels in the thresh-
olded images. Total tubule length and tubule diameters were
measured by setting up the scale, drawing a line along each tubule,
and measuring the length or diameter of the line in pixels.

Statistical analysis
Data were expressed as mean 6 standard error of the mean. Statis-
tical comparisons were performed using Student’s t-test. p Values
!0.05 were considered statistically significant.
Results

Proliferative potential of UC-MSCs and BM-MSCs
Cells migrated out from small pieces of umbilical cord Whar-
ton’s jelly during primary culture. Both UC-MSCs and BM-
MSCs showed the similar fibroblast-like morphology (data
not shown). During cell passages, number of UC-MSCs was
increasing until passage 15 and that of BM-MSCs was



Figure 4. Real-time reverse transcription polymerase chain reaction (RT-PCR) analysis of endothelial-specific gene expression. Total RNAwas extracted from

umbilical cord Wharton’s jelly mesenchymal stem cells (UC-MSC) (A) and bone marrow–derived MSC (BM-MSC) (B) on days 0, 6, and 12 of endothelial induc-

tion. Expression of the three endothelial-specific genes Flk-1, von Willebrand factor (vWF), and vascular endothelial (VE)-cadherin was analyzed by real-time

RT-PCR with b-actin gene as an internal control. Each column represents the mean with standard deviation (n 5 3). *p ! 0.05 vs day 0.
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increasing until passage 17 (Fig. 1). UC-MSCs displayed
higher cumulative population doublings with a peak of 21.54
at passage 15 as compared to BM-MSCs with a peak of
16.47 at passage 17, indicating that UC-MSCs had higher
proliferative potential than BM-MSCs (Fig. 1).

Characterization and osteogenic, adipogenic and
chondrogenic differentiation of UC-MSCs and BM-MSCs
Flow cytometry analysis showed that both UC-MSCs and
BM-MSCs were positive for the MSC markers CD105,
CD73, and CD90 and negative for CD45, CD34, CD14,
CD19, and HLA-DR (Fig. 2). Cells were investigated for
their in vitro osteogenic, adipogenic, and chondrogenic
differentiation to show their multipotent differentiation
potential. Both ALP and von Kossa staining showed that
UC-MSCs and BM-MSCs could differentiate into osteoblasts
(Fig. 3A2, A4, B2 and B4). Oil Red O staining showed that
both UC-MSCs and BM-MSCs were positive for staining
of neutral lipid vacuoles (Fig. 3A6 and B6), indicating that
they could differentiate into adipocytes. Positive staining of
Alcian blue indicated that both UC-MSCs and BM-MSCs
could differentiate into chondrocytes (Fig. 3A8 and B8).
Undifferentiated MSCs cultured in the growth medium did
not show staining for ALP and von Kossa (Fig. 3A1, A3,
B1, and B3), Oil Red O (Fig. 3A5 and B5), or Alcian blue
(Fig. 3A7 and B7).

Analysis of endothelial-specific
marker expression by real-time RT-PCR
The messenger RNA expression of the three endothelial-
specific markers Flk-1, vWF, and VE-cadherin was analyzed
by real-time RT-PCR analysis. Before MSCs were incubated
in the endothelial differentiation medium, they did not express
the three markers (day 0, Fig. 4). Expression of the three mole-
cules was detected in both UC-MSCs and BM-MSCs after the
cells were incubated in the endothelial differentiation medium
for 6 and 12 days and was higher after 12 days than after 6
days (Fig. 4). Furthermore, the expression of the three
markers was higher in UC-MSCs than in BM-MSCs after 6
and 12 days of endothelial differentiation (Fig. 4).

Detection of endothelial-specific
marker expression by immunocytochemistry
Cells were also examined for expression of the three endothe-
lial-specific markers by immunocytochemistry. UC-MSCs
showed higher fluorescent signal of the three markers than
BM-MSCs after endothelial differentiation for 12 days
(Fig. 5A2, A4, A6, B2, B4, and B6). MSCs did not show any
positive signal after they were cultured in the growth medium
as negative controls (Fig. 5A1, A3, A5, B1, B3, and B5). These
immunocytochemical data confirmed the real-time RT-PCR
results here, that differentiated UC-MSCs displayed higher
expression of the three markers than differentiated BM-MSCs.

Detection of LDL-uptaking by LDL-uptaking assay
LDL-uptaking assay is for detection of functional endothelial
cells. Both UC-MSCs and BM-MSCs could uptake DiI-Ac-
LDL into the cytoplasm after cells were incubated in the
endothelial differentiation medium containing DiI-Ac-LDL
for 12 days (Fig. 6). However, MSCs were unable to uptake
DiI-Ac-LDL after they were cultured in the growth medium
as negative controls (Fig. 6).

Detection of capillary
formation by Matrigel angiogenesis assay
The ability to form capillary network in semi-solid medium
was tested with an in vitro angiogenesis assay kit. After
cells were incubated in the endothelial differentiation
medium for 12 days, they were harvested with trypsin.
Differentiated cells were seeded on the top of semi-solid
ECMatrix gel and cultured for 24 hours with or without



Figure 5. Detection of endothelial-specific marker expression by immunocytochemical analysis. Umbilical cord Wharton’s jelly mesenchymal stem cells

(UC-MSC) (A2, A4, and A6) and bone marrow–derived MSC (BM-MSC) (B2, B4, and B6) were incubated in endothelial differentiation medium for 12

days and stained with mouse monoclonal antibodies against Flk-1, von Willebrand factor (vWF), or vascular endothelial (VE)-cadherin. Cells were stained

with phycoerythrin (PE)-conjugated anti-mouse IgG. Cell nuclei were stained with diamidinophenylindole (DAPI) (magnification �100). Umbilical cord

Wharton’s jelly mesenchymal stem cells (UC-MSC) (A1, A3, and A5) and bone marrow–derived MSC (BM-MSC) (B1, B3, and B5) were cultured in

the growth medium as negative controls.
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100 ng/mL VEGF. Cells were cultured in the growth
medium as a negative control. Differentiated cells cultured
with or without VEGF showed the capillary network forma-
tion (Fig. 7A2, A4, B2, and B4). Undifferentiated cells
cultured with or without VEGF showed little or no capillary
network formation (Fig. 7A1, A3, B1, and B3). Total tubule
length (Fig. 7C), tubule diameter (Fig. 7D), tubule area
(Fig. 7E) of Matrigel angiogenesis assay were measured
and undifferentiated cells were cultured with VEGF as
controls. Differentiated UC-MSCs showed significantly
higher total tubule length, diameter, and area than differen-
tiated BM-MSCs, indicating that UC-MSCs had higher
endothelial differentiation potential than BM-MSCs.

Detection of tubule formation
by coculture angiogenesis assay
Coculture angiogenesis assay was performed to further prove
that the differentiated cells were functional endothelial cells.
MSCs after endothelial differentiation were cultured on
fibroblast monolayers. Both differentiated UC-MSCs and
BM-MSCs showed the formation of tubule-like structures
(Fig. 8A2 and B2). Undifferentiated MSCs cultured on fibro-
blast monolayers as a control did not show tubule formation
(Fig. 8A1 and B1). Both UC-MSCs and BM-MSCs after
endothelial differentiation were able to bind to FITC-conju-
gated Ulex europaeus lectin and uptake DiI-Ac-LDL
(Fig. 8A3-6 and B3-6). Total tubule length (Fig. 8C), tubule
diameter (Fig. 8D), tubule area (Fig. 8E) of coculture angio-
genesis assay were measured. Differentiated UC-MSCs
showed significantly higher total tubule length, diameter,
and area than differentiated BM-MSCs. These results are
similar to Matrigel angiogenesis assay.
Discussion
Regeneration of blood vessels for the treatment of vascular-
related diseases is one of the most important research areas
in tissue engineering based on endothelial cells [29–31]. It
was reported that endothelial cells derived from adult blood
vessels could proliferate in vitro but gradually lost their



Figure 6. LDL-uptaking assay. After cells were incubated in the endothelial differentiation medium for 12 days, they were harvested by trypsin. The differ-

entiated umbilical cord Wharton’s jelly mesenchymal stem cells (UC-MSC) (A) and bone marrow–derived MSC (BM-MSC) (B) were incubated in the differ-

entiation medium containing 20 mg/mL DiI-Ac-LDL for 24 hours. After nuclei were stained with diamidinophenylindole (DAPI), cellular incorporation of

DiI-Ac-LDL was detected by fluorescence microscopy (magnification �200). The undifferentiated UC-MSCs (A) and BM-MSCs (B) were also incubated

with DiI-Ac-LDL for 24 hours as negative controls.
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proliferative potential and specific functions, which limited
their clinical applications [32].

Previous studies demonstrated that MSCs isolated from
adult tissues, under certain induction conditions, were
capable of differentiating into multilineage cell types,
including endothelial cells [7–11]. The endothelial differen-
tiation potential of BM-MSCs, UCB (umbilical cord blood)-
MSCs, and MSCs derived from placenta were reported
[13,33–35]. Recent studies indicated that human UC
emerged as a new alternative source of multipotent stem cells
[18,19]. In this study, endothelial differentiation potential of
UC-MSCs was investigated and also compared with BM-
MSCs. Both UC-MSCs and BM-MSCs showed the similar
typical fibroblast-like morphology. The International Society
for Cellular Therapy published a position paper on minimal
criteria needed to define MSCs [36]. We followed this article
to characterize MSCs. Fluorescein-activated cell sorting
analysis showed that UC-MSCs and BM-MSCs were positive
for CD105, CD73, and CD90 and negative for CD45, CD34,
CD19, CD14 and HLA-DR (Fig. 2). Both UC-MSCs and
BM-MSCs differentiated into osteoblasts, adipocytes, and
chondroblasts (Fig. 3). These data revealed that UC-MSCs
and BM-MSCS used in this study showed the typical MSC
characteristics.

UC-MSCs showed higher proliferation with a peak of
21.54 cumulative population doublings at passage 15 than
BM-MSCs with a peak of 16.47 cumulative population
doublings at passage 17 (Fig. 1). Both real-time PCR and
immunocytochemical analyses demonstrated that UC-
MSCs had higher expression of the endothelial-specific
markers Flk-1, vWF, and VE-cadherin (Fig. 4A and 5A2,
A4, and A6) after the endothelial induction as compared
with BM-MSCs (Fig. 4B and 5B2, B4, and B6). Angiogen-
esis is deemed as one of the characteristics of functional
endothelial cells. Matrigel angiogenesis assay showed that
differentiated UC-MSCs and BM-MSCs cultured with or
without VEGF formed a capillary network (Fig. 7A2, A4,
B2, and B4). Undifferentiated cells cultured with or without
VEGF formed little or no capillary network (Fig. 7A1, A3,
B1, and B3). Coculture angiogenesis assay was performed
to further prove that UC-MSCs and BM-MSCs were able
to differentiate into functional endothelial-like cells. Differ-
entiated UC-MSCs and BM-MSCs were cultured on fibro-
blast monolayers and were able to form tubule-like



Figure 7. Matrigel angiogenesis assay. Umbilical cord Wharton’s jelly mesenchymal stem cells (UC-MSC) (A) and bone marrow–derived MSC (BM-MSC)

(B) were incubated in the endothelial differentiation medium for 12 days and harvested by trypsin. Cells were cultured for 24 hours in 96-well plates coated

with semi-solid ECMatrix gel in absence (A2 and B2) or presence of 100 ng/mL vascular endothelial growth factor (VEGF) (A4 and B4). Cells were cultured

in the growth medium without VEGF (A1 and B1) or with VEGF (A3 and B3) as negative controls. Capillary network formation was detected by in vitro

angiogenesis assay kit. Cells were visualized under a phase-contrast microscope (magnification �100). 1: undifferentiated MSCs cultured without VEGF; 2:

differentiated MSCs cultured without VEGF; 3: undifferentiated MSCs cultured with VEGF; 4: differentiated MSCs cultured with VEGF. Total tubule length

(C), tubule diameter (D), tubule area (E) of Matrigel angiogenesis assay were measured and undifferentiated cells were cultured with VEGF as controls.

*p!0.05 relative to the respective BM-MSCs. **p!0.01 relative to the respective BM-MSCs.
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Figure 8. Coculture angiogenesis assay. Umbilical cord Wharton’s jelly mesenchymal stem cells (UC-MSC) (A) and bone marrow–derived MSC (BM-MSC)

(B) after endothelial differentiation were cultured on fibroblast monolayers and capillary-like structures were formed (A2 and B2). The capillary-like struc-

tures were stained with Ulex europaeus agglutinin lectin (UEA-1) (A3 and B3) or Dil-AcLDL (A4 and B4). Nuclei were stained with diamidinophenylindole

(DAPI) (A5 and B5). These images were merged (A6 and B6). Undifferentiated MSCs were cultured on fibroblast monolayers as controls (A1 and B1). Total

tubule length (C), tubule diameter (D), and tubule area (E) of coculture angiogenesis assay were measured. *p!0.01 relative to the respective BM-MSCs.
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structures (Fig. 8A2 and B2), bind FITC-conjugated Ulex
europaeus lectin (Fig. 8A3 and B3), and uptake DiI-Ac-
LDL (Fig. 8A4 and B4). Both Matrigel and coculture
angiogenesis assays showed similar results, demonstrating
that differentiated UC-MSCs had significantly higher total
tubule length, diameter, and area than differentiated BM-
MSCs. These data showed that UC-MSCs had higher
angiogenesis potential than BM-MSCs.
A number of studies proved that the three endothelial-
specific molecules Flk-1, vWF, and VE-cadherin played an
important role in the endothelium maturation during angio-
genesis process. Flk-1 is one of the two major VEGF recep-
tors (VEGFR2), although the precise downstream molecular
mechanisms of how Flk-1 works with VEGF are not
completely understood at present [37,38]. VEGF is an impor-
tant growth factor for the endothelial differentiation. vWF is
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a high molecular weight glycoprotein, which is synthesized
and secreted by vascular endothelial cells and is considered
one of the endothelial-specific markers [39]. vWF is ex-
pressed in normal endothelial cells while its expression is
reduced significantly in damaged vascular endothelial cells,
and this implied that vWF could be used for the repair of
damaged ischemic vascular diseases [39]. VE-cadherin was
proved to be necessary for vascular genesis and the repair
of damaged vascular diseases [40]. Higher expression of
these three markers in differentiated UC-MSCs (Figs. 4A
and 5A2, A4 and A6) could contribute to more endothelial
differentiation as compared with differentiated BM-MSCs
(Figs. 4B and 5B2, B4 and B6).

Previous report showed that UCB-MSCs were able to
differentiate into endothelial-like cells [33], but MSCs were
not checked for their multilineage differentiation potential
and were not induced into any of osteogenic, adipogenic, or
chondrogenic differentiation. The success rate of isolating
UCB-MSCs was only 63% and UCB-MSCs did not show adi-
pogenic differentiation [24]. Other studies also demonstrated
that BM-MSCs differentiated into endothelial-like cells
[13,34]. However, bone marrow harvesting is a highly invasive
procedure to the donors, and proliferation efficiency, multipo-
tent differentiation potential, and maximal lifespan of BM-
MSCs decline with aging [14–17]. Another report showed
that MSCs derived from placenta were able to differentiate
into endothelial-like cells [35], but the study was very prelim-
inary, placenta-derived MSCs were not tested for any of oste-
ogenic, adipogenic, or chondrogenic differentiation, and
differentiated endothelial-like cells were examined only for
vWF expression by immunofluorescent staining. Alternative
sources for MSC isolation for endothelial differentiation
have been pursued. In this study, UC-MSCs were induced to
differentiate into endothelial-like cells, their endothelial differ-
entiation potential was compared to BM-MSCs, and both
Matrigel and coculture angiogenesis assays were performed
to prove that UC-MSCs and BM-MSCs were able to differen-
tiate into functional endothelial-like cells (Figs. 7 and 8).

In conclusion, this study showed that UC-MSCs had
higher endothelial differentiation potential than BM-MSCs.
They are the more favorable choice than BM-MSCs for
vascularization of engineered tissues and treatment of
vascular-related diseases.
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