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Abstract
Objectives: Vascularization is a major obstacle to
clinical application of regenerative medicine. Engi-
neered tissues must be able to generate an early
vascular network that can quickly connect with the
host vasculature. Recent research demonstrates that
natural adipose tissues contain abundant stromal
cells, which can give rise to pericytes. In this
study, we aimed to investigate the application of
human adipose stromal cells (ASCs) to vasculariza-
tion, and the function of BMP4 protein during vas-
cularization.
Materials and methods: Immunofluorescence stain-
ing for a-SMA and PDGFR-b were utilized to
identify characteristics of ASCs/pericytes. They
were then loaded into a collagen-fibronectin gel
with endothelial cells to assess their vascularization
ability, both in vitro and in vivo.
Results: We showed that the ASCs expressed some
of the essential markers of pericytes and they were
able to promote vascularization with endothelial
cells in 3D culture, both in vitro and in vivo.
BMP4 protein further promoted this vasculariza-
tion.
Conclusion: Adipose stromal cells promoted vascu-
larization by endothelial cells and BMP4 protein
further enhanced this effect.

Introduction

Tissue engineering and regenerative medicine have pro-
gressed rapidly in recent years (1); their goal being to
reconstruct and restore function of damaged or diseased
tissues (2). Two necessary conditions for success include
appropriate cells for seeding plus a biodegradable scaf-
fold, to produce an artificial environment that mimics in
vivo conditions (3). At present, vascularization is one of
the most formidable clinical obstacles to application of
tissue-engineered constructs. The central portion of a
construct is remote from obtaining sufficient nutrition in
the early stages of a procedure, which results in necro-
sis, inflammation and ultimate failure of the implant (4).
Engineered tissues must have be able to generate early
vascular networks that can quickly anastomose with the
host circulatory system (5).

Simplistically, blood vessels consist of endothelial
cells and surrounding supporting cells, the latter ulti-
mately forming the external wall of the blood vessel
(6). Several studies have demonstrated that formation
of robust and functional engineered vascular networks
requires co-implantation of endothelial cells and mesen-
chymal stem cells (7–9). Human adipose tissue stem
cells (ASCs) have proven ability to be induced to dif-
ferentiate into chondrocytes, adipocytes, osteoblasts,
endothelial cells or myocytes. Adipose tissue is derived
from the embryonic mesenchyme and has a stromal
structure, similar to that of bone marrow stem cells
(BMSCs) (8,10). Compared to BMSCs, ASCs are much
more abundant and easier to obtain, involving relatively
lower donor site morbidity. There is almost no cell het-
erogeneity between ASCs, but obvious heterogeneity
between BMSCs, resulting from the mixture of haemat-
opoietic and mesenchymal stem cells. It is believed
ASCs represent an ideal substitute for BMSCs to be
used in tissue engineering and regenerative medicine
(11).
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BMP4 is necessary for mesodermal formation and
vascular/haematopoietic specification in several species
(12); effects of BMP4 on development have been well
documented in many. Recent work has demonstrated
that BMP4 enhances formation and outgrowth of the
immature vascular system (13,14). During embryonic
development, up-regulation of BMP4 leads to increase
in numbers of blood vessels, whereas inhibition of
BMP4 by noggin results in reduction in number of
blood vessels (15,16). In the field of tissue engineering,
most previous work with BMP4 has been in bone and
cartilage formation; there are few reports regarding the
role of BMP4 in vascularization (17).

In this study, we have attempted to use human adi-
pose tissue stem cells (hASCs) and human umbilicus
vein endothelial cells (HUVECs) to form vascular net-
works in vitro and in vivo. We then studied function of
BMP4 protein in the process of vascularization.

Material and methods

Isolation and culture of human adipose stromal cells

hASCs were obtained from clinically discarded human
adipose tissues with IRB approval. First, the adipose
tissues were washed extensively in saline and then
were digested in 0.075% type I collagenase (Sigma-
Aldrich, St. Louis, MO, USA) for 45 min at 37 °C.

Cells released were filtered and collected by centrifu-
gation at 1200 g for 5 min. Cell pellets were then
washed 3 times in culture medium and seeded into
flasks, in control medium containing a-MEM, 10%
foetal bovine serum (FBS), 100 units/ml penicillin,
and 100 lg/ml streptomycin. The cells were main-
tained in a humidified atmosphere of 5% CO2 at
37 °C and were used at passage 2 for the following
experiments.

Morphological evaluation and labelling of hASCs

The hASCs were labelled with eGFP by lentivirus vec-
tor. Immunofluorescence staining for a-SMA and
PDGF-Rb was carried out to distinguish the type of
hASCs. a-SMA and PDGF-Rb are markers of pericytes;
if the hASCs expressed both a-SMA and PDGF-Rb, it
would indicate that they shared lineage derivation with
pericytes.

For immunostaining, cells were blocked in 1%
bovine serum albumin and 0.1% Triton at room tem-
perature for 30 min. Specimens were then incubated
for 1 h at 4 °C with mouse anti-human monoclonal
antibodies against a-SMA (Dako, Glostrup, Denmark)
and PDGF-Rb (Sigma, St. Louis, MO, USA). They
were then incubated in secondary goat anti-mouse IgG
Alexa Fluor 594 (Invitrogen, Eugene, OR, USA) for
30 min.

(a) (b) (c)

(d) (e) (f)

Figure 1. Human adipose stromal cells are fibroblast-like and GFP-positive (a–c). Human umbilical vein endothelial cells (HUVECs) demon-
strated red fluorescence positivity (d–f) (9200).
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Human umbilical vein endothelial cell preparation and
labelling

HUVECs were labelled with DsRed by lentivirus vector.
They were then maintained in 0.1% gelatin-coated plates
in endothelial cell growth medium (EGM-2; Lonza,
Hopkinton, MA, USA).

3D collagen/fibronectin gel preparation and formation
of vascular network in vitro

Collagen/fibronectin gels were prepared as previously
described with minor modification. HUVECs and hAS-
Cs were mixed 4:1 ratio and suspended in gel (ml),
which included 1.5 mg/ml collagen gel PureCol® EZ
Gel (Advanced BioMatrix, San Diego, CA, USA),
90 lg/ml human plasma fibronectin (Gibco, Bedford,
MA, USA), 25 mM HEPES (Gibco, Grand Island, NY,
USA), 38.5% complete EGM-2 (Lonza), with final cell
concentration 2 9 106 cells/ml. Experimental group A

was HUVECs and hASCs, group B was group A with
addition of 2 ng/ml BMP4 protein, group C was group
A with 10 ng/ml BMP4 protein. The control group had
HUVECs alone. Cell suspensions were polymerized in a
48-well plate (100 ll/well) for 30 min at 37 °C and gels
were then covered with 250 ll complete EGM-2 med-
ium. To quantify formation of vascular networks, an
overview of the whole gel was observed under a DMi
6000-B microscope (Leica, Wetzlar, Germany), then
three representative fields were selected in each group.
One image was captured for each field and average area
of vascular network was analysed by ImagePro (Media
Cybernetics, Rockville, MD, USA), as described in our
previous studies (18,19).

Formation of vascular networks in vivo

Two month old female nude mice were anesthetized
with 0.4 mg/g avertin. In experimental group 1, 250 ll

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 2. hASCs were a-SMA-positive (a–c) and PDGF-Rb-positive (d–f) with red fluorescence. HUVECs were vWF-positive (g) as shown by
green fluorescence. HUVECs were labelled with dsRED lentivirus (i). Merged picture shows overlay of green staining and red labelling (h).
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mixture of collagen/fibronectin gel was loaded with HU-
VECs and hASCs. Experimental group 2 consisted of
the 250 ll mixture of collagen/fibronectin gel loaded
with HUVECs and hASCs plus 10 ng/ml BMP4 protein.
In the control group, 250 ll mixture of collagen/fibro-

nectin gel was loaded with HUVECs only; the blank
group represented an injection of pure collagen/fibronec-
tin gel without cells. Gels were injected subcutaneously
to the dorsum of each mouse. At 1 week and 2 weeks
after implantation, mice were euthanized (n = 3 for each

(a) (b) (c)

Figure 3. In the control group, HUVEC cultures without hASCs proliferated slowly and did not form vascular networks at days 1, 2 or day 7
(a–c).

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 4. Formation of 3D vascular network in vitro by day 1. In experimental group A, ASCs are labeled with GFP (a). HUVECs were cul-
tured with hASCs. HUVECs began to proliferate and contact each other to form short tubule-like structures (a, b). hASCs were found distributed
around the HUVECs (c). In group B, more tubule-like structures were observed (d–f). Group C was similar to group B (g–i).
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time point). Implanted constructs were then carefully
separated from surrounding fibrous capsules, washed in
PBS and immediately observed under a laser scanning
confocal microscope (Nikon A1, Kyoto, Japan). Three
representative fields were selected in each group and
one image was captured for each field. All images were
analysed by ImagePro software to evaluate formation of
new blood vessels, as described in our previous studies
(18,19).

Data analysis

Each experiment was repeated a minimum of three times
and representative data are presented as means � SD.
ANOVA was used to analyse differences within groups
in all assays above. To specify significant differences
between experimental groups and controls, Dunnett t-
testing was conducted. P < 0.05 indicates significant
differences in all t-tests.

Results

Morphological and immunolabel identification of hASCs
and HUVECs

The labelled human adipose stromal cells were polygo-
nal in shape and GFP-positive (Fig. 1a–c). The labelled
human umbilical vein endothelial cells had cobblestone
appearance and were red fluorescence-positive (Fig. 1d–
f).

a-SMA and PDGF-Rb immunostaining of hASCs
indicated that most of them were a-SMA (Fig. 2a–c)
and PDGF-Rb-positive (Fig. 2d–f). vWF staining of
HUVECs was positive (Fig. 2g–i).

Formation of vascular networks within 3D collagen/
fibronectin gels in vitro

The ability of hASCs to assist HUVECs in forming and
maintaining a vascular network was evaluated by

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 5. Formation of 3D vascular networks in vitro by day 2. At day 4, more ASCs labeled with GFP can be found on the gel (a). HUVECs
formed tube-like structures that connected to one another (a, b), while hASCs were distributed around the tubules (c). In group B, tubule-like struc-
tures were more complex and more dense than those of group A (d–f). In group C, numbers of tubule like structures fell between groups A and B
(g–i).
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loading them into 3D collagen-fibronectin gels in vitro.
Gels were cultured and observed using fluorescence
microscopy; they demonstrated the presence of an exten-
sive vascular network.

In the control group, HUVECs cultured without
hASCs proliferated slowly and did not form vascular
networks by days 1, 2, or day 7 (Fig. 3a–d).

At day 1 in experimental group A, in which HU-
VECs were cultured with hASCs, the HUVECs began
to proliferate and form contacts with other cells; also
they created some short tubule-like structures (Fig. 4a).
hASCs were distributed around the HUVECs (Fig. 4b,
c). In group B, more tubule-like structures were
observed (Fig. 4d–f); group C was similar to group B
(Fig. 4g–i).

By day 4, the HUVECs formed tube-like structures
and connected to each other (Fig. 5a), while the hASCs
were distributed around the tubules (Fig. 5b,c). In group
B, tubule-like structures were more complex and more
dense than those of group A (Fig. 5d–f). In group C,

the tubule-like structures were denser than in groups A
and B (Fig. 5g–i).

By day 7, networks were primarily formed by
HUVECs (Fig. 6a) and hASCs grew denser around
the networks (Fig. 6b,c). Networks of group B were
more complex and denser than group A networks
(Fig. 6d–f), while in group C, density of networks
was higher compared to either group A or group B
(Fig. 6g–i).

Formation of vascular structures was analysed by
software in each group at varying time points. The con-
trol group (HUVECs only) at day 1 was set to be the
standard. At day 1 in experimental group A (HU-
VECs + hASCs), formation of vascular structures
increased by a factor of 2.394 � 0.089, group B (HU-
VECs + ASCs + 2 ng/ml BMP4 protein) increased by
2.791 � 0.870 and group C (HUVECs + ASCs+10 ng/
ml BMP4 protein) increased by 3.199 � 0.591. This
represented a significant increase for each experimental
group compared to controls (P < 0.05), but there was

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 6. Formation of 3D vascular network in vitro by day 7. At day 7, ASCs proliferate with their GFP labeling (a). vascular networks were
primarily formed by HUVECs (a, b), with hASCs coalesced around them (b, c). Group B network was more complex and more dense than that of
group A (d–f). In group C, density of the network was higher than either group A or B (g–i).
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no significant difference between experimental groups
(Fig. 7). At day 4 in the control group (HUVECS
alone), formation of vascular structures was
0.697 � 0.082 compared to baseline, while group A
(HUVECS + hASCs) increased 2.538 � 0.421-fold,
group B (HUVECs + ASCs + 2 ng/ml BMP4 protein)
increased 3.760 � 0.369-fold and group C (HU-
VECs + ASCs + 10 ng/ml BMP4 protein) increased
4.138 � 0.757-fold. There were significant differences
between experimental groups and the control group.
Groups B and C were significantly higher than group A
(P < 0.05) (Fig. 7). At day 7, formation of vascular
structures in the control group (HUVECS alone) mea-
sured 0.429 � 0.047, while experimental group A (HU-
VECs + hASCs) increased 2.267 � 0.193-fold, group B
(HUVECs + ASCs + 2 ng/ml BMP4 protein) increased
2.858 � 0.634-fold, and group C (HUVECs + ASCs +
10 ng/ml BMP4 protein) increased 3.840 � 1.301-fold
over baseline. There were significant differences
between the experimental groups and the control group.
Group C was significantly higher than groups A and B
(P < 0.05) (Fig. 7).

Formation of vascular networks within 3D collagen/
fibronectin gels in vivo

To evaluate blood vessel formation of hASCs, cells
seeded in the collagen/fibronectin gels were subcutane-
ously implanted into nude mice. Size of in vivo implants
became smaller over time reducing to around 20% of
their original size, after 2 weeks.

In the control group (HUVECs alone), some discon-
tinuous blood vessels formed by red HUVECs were
observed by 1 week after implantation (Fig. 8a). These
vessels became continuous and more complex by
2 weeks (Fig. 8d). In experimental group 1 (HU-
VECs + ASCs), continuous red vessel networks of red
labelled HUVECs were observed at 1 week and
2 weeks. These networks were surrounded by green
ACSs (Fig. 8b,e). At both week 1 and 2, more networks
containing continuous red vessels were observed in
experimental group 2 (HUVECs + ASCs + 10 ng/ml
BMP4) than in group 1 and the control group. Red ves-
sels were surrounded by green ASCs (Fig. 8c,f). Two
weeks after implantation, many more robust networks
were observed in group 1 than in the control group.
Again, these networks were surrounded by abundant
green ASCs (Fig. 8f). Blank control injections of pure
collagen/fibronectin gel disappeared and nothing was
retrieved after 1 week.

Formation of vascular structures was analysed by
ImagePro in each group at specified intervals, the con-
trol group at 1 week being set as standard. Formation of
vascular structures in experimental group 1 increased to
1.958 � 0.450 times the control, while group 2
increased to 2.683 � 0.524 over control values. Signifi-
cant differences existed between experimental groups
and the control group with group 2 being significantly
higher than group A (P < 0.05) (Fig. 9).

By 2 weeks, formation of vascular structures in the
control group increased to 1.266 � 0.173, while forma-
tion of vascular structures in experimental group 1
increased to 2.058 � 0.432, and in group 2 to
2.998 � 0.379. Again, there were significant differences
between experimental groups and the control group with
group 2 significantly higher than group 1 (P < 0.05)
(Fig. 9).

Discussion

Rapid vascularization is crucial for success of clinical
application of tissue engineered constructs, as diffusion
cannot provide sufficient oxygen and nutrients to cells
in the centre of an implant (20,21). Lack of vasculariza-
tion results in necrosis or inflammation and subsequent
failure of the tissue implantation or transplantation (22).

Figure 7. Formation of vascular structures was analysed by the
appropriate software at different groups and time points. The con-
trol group (HUVECs only) at day 1 was set as being the standard. At
day 1 (1 d), conditions in all experimental groups had significant dif-
ferences from the control group (P < 0.05), but there were no signifi-
cant differences between experimental groups. At day 4 (4 d), there
were significant differences between experimental groups and control
groups; experimental groups B and C were significantly higher than
group A (P < 0.05). At day 7 (7 d), there were significant differences
between experimental groups and the control group with group C
being significantly higher than groups A and B (P < 0.05). Asterisk
stands for P < 0.05; ns, non-significance.
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In this study, we used ASCs as a supportive population
for vascularized tissue engineering constructs, and
BMP4 as accelerator, to initiate rapid vascularization of
tissue engineering prostheses. Our data indicate that
ASCs not only demonstrated multilineage differentiation
ability but also had supportive effects on vascular for-
mation by endothelial cells, which could be further
enhanced by BMP4.

Vascularization is a process of blood vessel forma-
tion occurring by endothelial progenitor cell differentia-
tion, migration and interconnection in response to
stimulators (such as growth factors and cell-cell contact)
to form new blood vessels (23). During vascularization,
pericytes are recruited to surround the endothelial cells
as supporting cells, to stimulate their proliferation and
connection with each other (24). Then pericytes continue
to assist endothelial cells in forming networks and to
guide their maturation through direct contact mediated
cell-cell interactions (25). Pericytes are also a type of
smooth muscle cell - they express a-smooth muscle

actin and form the external wall of blood vessels (26).
Platelet-derived growth factor receptor (PDGFR)-b is a
further marker that is commonly used to identify peri-
cytes (27). Pericytes fulfil at least two important roles in
assisting vascularization: (i) synthesis of growth factors
and (ii) formation of the mural wall of new blood ves-
sels. Control of both these mechanisms remain unclear
at present (28), although a number of studies has proved
that direct contact and communication between ECs and
pericytes/smooth muscle cells are essential to vasculari-
zation (29).

The majority of ASCs used in this study expressed
considerable amounts of the two important markers of
pericytes. Even though we could not claim all these
ASCs to be pericytes, it is not surprising that some of
them could function as pericytes to support vasculariza-
tion by endothelial cells. This is in agreement with our
previous work, in which we showed that a-SMA-posi-
tive ASCs could promote vascularization by endothelial
cells in 3D collagen gels (19). Supportive effects of

(a) (b) (c)

(d) (e) (f)

Figure 8. Formation of 3D vascular networks in vivo. In the control group (HUVECs only), some discontinuous blood vessels formed by red
HUVECs were observed by 1 week after implantation (a). These vessels became continuous and more complex by 2 weeks (d). In experimental
group 1 (HUVECs + ASCs), continuous red networks were observed at 1 week. This network was surrounded by green ASCs (b). Two weeks after
implantation, many more robust networks were observed, and these were surrounded by an abundance of green ASCs (e). In experimental group 2
(HUVECs + ASCs + 10 ng/ml BMP4), many more continuous red networks were observed than in group 1 and the control group, at 1 week. This
network was surrounded by green ASCs (c). Two weeks after implantation, more vascular networks were observed than in group 1 and the control
group, and these networks were supported by an abundance of green ASCs (f).
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ASCs as pericytes were proposed to explain the impor-
tant roles ASCs play in tissue repair (30). In avascular
tissue, ASCs can increase matrix deposition of native
cells by secreting growth factors (31). In highly vascular
tissues, ASCs can initiate rapid vascularization by endo-
thelial cells in injured sites by morphogen secretion or
cell–cell contact (32). These two mechanisms could
explain why ASCs promote tissue regeneration without
differentiating into tissue-specific cells. In line with our
data presented in this paper, similar results have been
reported by others, showing that both BMSCs and ASCs
help endothelial cells to organize into pre-vascular-like
structures, with mechanisms involving cell–cell contacts
and reciprocal signalling (33). In this study, we have
provided more quantitative data on supportive effects of
ASCs during vascularization.

A further point we would like to make here, is that
viability of ASCs in vivo was very high even two weeks
after implantation. It has been reported that allogenic
transplantation of ASCs in rats has resulted in rapid cell
replacement in vivo, indicated by quick disappearance of

ASCs after implantation (34). In this study, we used
nude mice as recipients for ASCs and achieved high lev-
els of viability. As nude mice mainly have deficiency in
the T cell-mediated immune response, our data suggest
that the T cell-mediated immune response might play an
important role in rapid turnover of tissue engineering
constructs consisting of ASCs. However, more studies
regarding immune responses to transplanted ASCs in
recipients needs to be carried out to clarify this mecha-
nism after transplantation.

Taken together in this study, we can once more con-
firm that co-culture or co-implantation of ASCs and HU-
VECs can benefit vascularization by endothelial cells. In
addition to this, our data also indicate that beneficial
effects of ASCs for vascularization can be further
enhanced by stimulation with BMP4.
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