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Abstract
Objectives: This study aimed to investigate the
influence of hypoxia on angiogenesis in a 3D gel,
with co-culturing adipose-derived stromal cells
(ASCs) and endothelial cells (ECs).
Materials and methods: ASCs from green fluores-
cent protein-labeled mice and ECs from red fluores-
cent protein-labeled mice were co-cultured in 3D
collagen gels at 1:1 ratio, in normal and hypoxic
oxygen conditions, and morphology of angiogene-
sis was observed using confocal laser scanning
microscopy. To discover changes in growth factors
between monoculture ASCs and ECs, transwell
co-cultures of ASCs and ECs were applied. Semi-
quantitative PCR was performed to explore mRNA
expression of growth factors.
Results: Enhanced angiogenesis was observed in
3D gels implanted with 1:1 mixture of ASCs and
ECs after 7 days hypoxia. Genes including
VEGFA/B, EGF-1, HIF-1a, IGF-1, PDGF, TGF-b1
and BMP-2/4 in ECs, both monoculture and co-cul-
ture, were significantly enhanced after being
cultured under hypoxia. In comparison, genes
VEGFA/B, EGF-1, HIF-1a, TGF-b1 and BMP-2 in
ASCs increased. In all, factors VEGFA/B, EGF-1,
HIF-1a, TGF-b1 and BMP-2 increased in both
ASCs and ECs after being cultured in hypoxia no
matter whether as monoculture or co-culture.
Conclusions: Co-culture of ASCs and ECs at 1:1
ratio in a 3D gel under hypoxia promoted angio-
genesis. Those growth factors which were increased
in both ASCs and ECs, indicate that VEGFA/B,

EGF-1, HIF-1a, TGF-b1 and BMP-2 might be
responsible for enhancement in angiogenesis trig-
gered by hypoxia.

Introduction

The application of adult’s own stem cells can not only
solve the problem of cell source, but also avoid the
immune rejection concerns, moral and ethical contro-
versy and other irreducible aspects (1). ASCs which are
isolated from subcutaneous fat have successfully caught
researchers’ attention since 2001, Zuk (2). ASCs like
other stem cells can obtain stable and high proliferation
ability in vitro under certain conditions (3). Many
researches on ASCs indicate that ASCs could be differ-
entiated into adipose (4), bone (5), cartilage (5), muscle
(6), epithelial cells (7), myocardial cells (8), nerve cells
(9) and hepatocytes (10) direction when induced in vitro
under specific conditions. It is also acknowledged that
ASCs still maintain the ability of differentiation after
long time being cultured (3). Therefore, ASCs have
been successfully applied into tissue repair and regenera-
tion. Our research group had tested the stem cell proper-
ties of ASC that obtained from adipose tissue. The
method of obtaining ASC is mature in our group.

Moreover, it is well known that the aim of tissue
engineering is to create functional tissues and organs,
vascularization becomes one of the key challenges in tis-
sue engineering (11). In current strategies to create vas-
cularized tissues, one is based on the endothelial cells
for their ability to form new vessels known as neoangio-
genesis. There are many approaches in vascularization
techniques by using various biomolecules, such as
growth factors, cytokines, peptides and proteins as well
as cells (12). We also have acknowledged that co-
implantation of ASCs with ECs can stimulate the forma-
tion of vascular network (8,13,14). Therefore, in this
study we apply the co-culturing ASCs and ECs into 3D
gel to observe the change of vessel network.
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Most cell cultures are maintained in vitro at air like
condition which is almost 20% oxygen. However, cells
in natural microenvironment are maintained much lower
oxygen tensions: the mean oxygen concentration of arte-
rial blood almost 12%, and that of tissue is approxi-
mates 3%, with variation depended on different
locations (15). It is illustrated that oxygen status is criti-
cal determinant of tumor angiogenesis and also influ-
enced cellular functions, including metabolism, survival
rate, proliferation, migration and angiogenesis (16). It is
also known that the cells in hypoxia (2% oxygen) shows
improved proliferation, migration, and secretion of
growth factors, moreover, it has been found that
hypoxia is a strong stimulus to promote angiogenesis
in vitro (17). And all of these cellular functions are
directly or indirectly controlled by a master transcription
factor called hypoxia-inducible factor-1a (HIF-1a) (18).
As culturing ASCs in hypoxia is rarely reported espe-
cially co-culture with ECs, in this study we first estab-
lish an angiogenesis model by 3D collagen gel with
co-culturing ASCs and ECs at 1:1 ratio at normal and
hypoxia conditions. We then detect the gene expressions
of vascular endothelial growth factor A and B (VEGFA
and B), and investigate the gene profile of relevant
growth factors (epidermal growth factor-1 (EGF-1),
fibroblast growth factor-1/-2 (FGF-1/-2), hypoxia indu-
cible factor-1a (HIF-1a), insulin-like growth factor-1
(IGF-1), platelet-derived growth factor (PDGF), trans-
forming growth factor-beta1 (TGF-b1), VE-cadherin
(VE-ca), Vinculin (Vcl), and bone morphogenetic pro-
teins-2/-4/-5/-6/-7BMPs (BMP-2, -4, -5, -6, -7)) in both
ASCs and ECs. By confirming the key growth factors
induced by hypoxia participated in promoting angiogen-
esis, we hope to detect those relevant growth factor
changes under hypoxia in the formation of the vascular
system.

Methods and materials

Cell culture

The animal materials used in this study were obeyed
according to ethical principles and the protocol was
reviewed and permitted by our Institutional Review
Board (IRB). The methods to obtain ASCs and ECs
were mature and formed as a standard way in our study
group.

The ASCs that we used were obtained from subcuta-
neous adipose tissue of 4-week female mouses. Then,
the collected subcutaneous adipose tissue was cut into
small pieces and trypsinised (0.25%) for 30 min at
37 °C. The trypsin-contained supernatant was then
removed and replaced with 0.5% collagenase type I for

3 h at 37 °C. The collagenase type I-treated solution
(ASCs suspension) was collected and mixed at 1:1 (v/v)
with fresh 10% heat-activated foetal bovine serum
(FBS) a-MEM (0.1 mM nonessential amino acids, 4 mM

L-glutamine, 1% penicillin-streptomycin solution). The
mixed suspension was centrifuged at 1,000 rpm for
5 min. After removing the supernatant, the 10% FBS
a-MEM was added into centrifuge tube to resuspend the
ASCs. Then, the suspended ASCs were seeded into
flasks at 37 °C in a humidified atmosphere of 5% CO2

till usage no matter used under normal and hypoxia con-
dition or mono-culture and co-culture. The purified
ASCs could be obtained the same nature after two pas-
sages as previously described (19).

In order to obtain purified ECs in a high density,
brain microvascular tissue was collected from neonatal
mouses. The microvascular tissue was cut into small
pieces and trypsinised (0.25%) for 30 min at 37 °C. The
trypsin-contained supernatant was then removed and
replaced with 0.5% collagenase type II for 3 h at 37 °C.
The collagenase type II-treated solution (ASCs suspen-
sion) was collected and mixed 1:1 (v/v) with fresh 10%
heat-activated foetal bovine serum (FBS) DMEM (high-
glucose DMEM, 0.1 mM nonessential amino acids,
4 mM L-glutamine, 1% penicillin-streptomycin solution).
The mixed suspension was centrifuged at 1000 rpm for
5 min. After removing the supernatant, the 10% FBS
DMEM was added into centrifuge tube to resuspend the
ECs. The suspended ECs were seeded into plates at
37 °C in a humidified atmosphere of 5% CO2 till usage
no matter used under normal and hypoxia condition or
mono-culture and co-culture.

To acquire green fluorescent protein (GFP)-positive
ASCs and DsRed-Express-positive ECs, the subcuta-
neous adipose tissue and brain microvascular tissue were
collected from enhanced GFP transgenic mice (The Cen-
tre of Genetically Engineered Mice, West China Hospi-
tal, Sichuan University, Chengdu, China) and the
DsRed-Express transgenic mice (The Genetic Centre of
Institute of Laboratory Animal Sciences, Chinese Acad-
emy of Medical Sciences and Centre of Comparative
Medicine, Peking Union Medical College, Beijing,
China), separately. The cell isolation and culture were
the same as described above.

Mono-culture and Co-culture at normal oxygen and
hypoxia

The cell-cell co-culture between GFP-ASCs and RFP-
ECs was carried out in a 3D collagen gel model. ASCs
and ECs were mixed at a 1:1 ratio and suspended in
DMEM-HG (Hyclone, Logan, UT, USA) and rat tail ten-
don collagen type I (Shengyou Biotechnology, Hangzhou,
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China). The seeded cells were divided into two groups,
one is placed under normal oxygen condition while the
other is placed under hypoxia condition (the oxygen con-
centrations is 2%). The two groups seeded cells were
transferred into
96-well plates to form 3D gel samples in 37 °C and
cultured for 1 week.

To detect the gene profile of growth factors in ASCs
and ECs both under normal and hypoxia condition, so the
transwell co-culture system is applied into this study.
Firstly, ECs were allowed to equilibrate for 24 h. The cul-
ture media were then replaced with 2% FBS DMEM for a
12 h starvation. The ECs which were seeded onto six-
well plates were about 1–5 9 106 cells per well (85–95%
confluence). The seeded ECs were split into four groups
namely, the normal mono-culture group, the normal co-
culture group, the hypoxia mono-culture group, the
hypoxia co-culture group. The media of the mono-culture
ECs were replaced with fresh 1% FBS DMEM both in
the normal condition and hypoxia condition; meanwhile,
the transwell chamber with no ASCs was filled with 1%
FBS a-MEM for culture media control. As counterpart,
the media of the co-culture ECs were replaced with fresh
1% FBS DMEM and the transwell chamber was also
filled with 1% FBS a-MEM but ASCs were syn-
chronously seeded on to the chamber at the beginning of
ECs seeding. As for ASCs, there still contain two mono-
culture groups which is mono-culture under normal con-
dition and hypoxia condition. Similarly, ASCs were
allowed to equilibrate for 24 h. The culture media were
then replaced with 2% FBS a-MEM for a 12 h starvation.
The ASCs seeded onto six-well plates were also about 1–
5 9 106 cells per well (85–95% confluence). The media
of the two groups of mono-culture ASCs were replaced
with fresh 1% FBS a-MEM and the transwell chamber
was also filled with 1% FBS DMEM. The cell lysate sam-
ples (1000 ll) of ASCs and ECs were collected at 7 days
and repeated 4 times after mono-culture and co-culture
under normal and hypoxia condition.

Confocal laser scanning microscopy (CLSM) for images
of co-cultured 3D model

The morphologies of normal and fluorescent ASCs and
ECs were observed and captured by using IX71 inverted
microscope (Olympus, Tokyo, Japan).

The morphologies of 3D vascular like structures in
collagen gel were inspected and scanned by a Leica
DMIRE2 confocal laser scanning microscope (TCS SP2,
Leica Microsystems, Wetzlar, Germany, parameter:
209, Leica Microsystems original image: 1024 9 1024,
100 lm) equipped with a 609 oil immersion objective
lens. The 3D images were analysed by software-Imaris

7.0.0 (Bitplane, Zurich, Switzerland). The main data was
got by three-dimensional reconstruction.

Semi-quantitative polymerase chain reaction (PCR)

The RNA samples of ASCs and ECs from the four
groups were isolated using the RNeasy Plus Mini Kit
(Qiagen, Shanghai, China) with a genomic DNA elimi-
nator. The isolated RNA was then dissolved in RNase-
free water and quantified according the absorbance at
260 nm with a spectrophotometer. The RNA samples
from the four groups were then disposed with DNase I
(Mbi, Glen Burnie, MD, USA) and cDNA was set up
from each sample, using 0.5 lg of total RNA and
cDNA synthesis kit (Mbi) in a final volume of 20 ll.

To estimate the expression levels of growth factors
and BMPs family in different treated groups as nor-
malised to the glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) and beta-actin (b-actin), semi-quantitative
PCR was performed with a PCR kit (Mbi) by a thermo-
cycler (Bio-Rad, Hercules, CA, USA). The selected sets
of primers are exhibited in table 1. BLAST was used to
search for all primer sequences to ensure gene speci-
ficity. Semi-quantitative PCR reactions were carried out
in a 25 ll volume comprising a 1 ll cDNA sample. The
PCR program including a 30 s denaturisation cycle at
94 °C, a 30 s annealing cycle at 55–65 °C and 72 °C, a
30 s elongation cycle, 28–32 amplification cycles. The
final products were then resolved by 2% agarose gel
electrophoresis in trisborate/ethylenediaminetetraacetic
acid (EDTA) buffer and visualised by staining with
ethidium bromide.

Statistical analysis

All experiments were executed at 4 separate times. Statis-
tical analysis of data was performed with SPSS 16.0
(IBM, Silicon Valley, CA, USA) using one-way ANOVA
to compare the means of all groups, and Student–New-
man–Keuls (SNK-q) test to compare the means of each
two groups. If the two-tailed P value was <0.05, it can be
considered that data were significantly different.

Results

Hypoxia promotes the formation of vessel-like structure
in 3D collagen gel

We first established a 3D collagen gel model with
co-culturing green fluorescent protein-labeled ASCs and
red fluorescent protein-labeled ECs in both normal and
hypoxia condition. We then found hypoxia could signifi-
cantly induced the formation of vessel-like structures
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more than that in normal condition in 3D gel (Fig. 1a)
by 3D construction post 20-layer CLSM scaning. After
quantification analysis, we found hypoxia could induced
longer (up to 4.68-fold) and wider (up to 2.13-fold)
(Fig. 1b) vessel-like structure compared to that of
normal conditions, respectively. Further, after 7 days
co-culture, we found more network connection formation
in the hypoxia conditioned group (Fig. 1a, right lane).

Hypoxia up-regulated the expressions of VEGF genes in
both ASCs and ECs in co-culture system

In order to explore the variation of angiogenesis-related
genes in each 3D gel, we compared VEGFA and B
between the normal and hypoxia condition. The tran-
swell chambers were used to achieve non-contact co-cul-
ture between ASCs and ECs. After 7 days’ co-culture

by using semi-quantitative PCR, we found that VEGFA
and B in ASCs and ECs were all up-regulated in
hypoxia condition both in the mono-culture and co-cul-
ture groups (Fig. 2a). After quantification by OD
method with Quantity One 4.6.3 software, we found that
in the hypoxia mono-cultured ECs group VEGFA and B
were up to 1.60-fold and 1.88-fold relative to the normal
mono-cultured group, respectively. Meanwhile, in the
co-cultured group, VEGFA and B were up to 2.32-fold
and 2.33-fold in hypoxia condition and up to 2.01-fold
and 1.48-fold in normal condition relative to the normal
mono-cultured group. As for the ASCs groups, we
found that in the hypoxia mono-cultured ASCs group
VEGFA and B were up to 1.63-fold and 1.34-fold rela-
tive to the normal mono-cultured group, respectively.
Moreover, in the co-cultured group, VEGFA and B were
up to 2.30-fold and 1.77-fold in hypoxia condition and
up to 1.37-fold and 1.36-fold in normal condition rela-
tive to the normal mono-cultured group (Fig. 2b).

Hypoxia induced gene expression of relevant growth
factors in both ASCs and ECs in co-culture system

In order to screen growth factors which might function
as angiogenesis-related genes, we detected the expres-
sion of EGF, FGF-1/-2, HIF-1a, IGF-1, PDGF, TGF-
b1, VE-ca and Vcl between the normal and hypoxia con-
dition. After 7 days’ co-culture by using semi-quantita-
tive PCR, we found that EGF and HIF-1a in ASCs and
ECs were all up-regulated in hypoxia condition in both
the mono-culture and co-culture groups but we did not
detect the expression of FGF-1 in ECs. (Fig. 3a). After
quantification by OD method, we found that in the
hypoxia mono-cultured ECs group EGF-1, TGF-b1
showed a slightly increase (EGF-1 was as high as 1.43-
fold in the hypoxia mono-cultured group relative to the
normal mono-cultured group, TGF-b1 was up to 1.37-
fold in the hypoxia mono-cultured group relative to the
normal mono-cultured group) (Fig. 3b). FGF-2, Vcl and
VE-ca showed no significant variation; HIF-1a, IGF-1
and PDGF all showed significant increases
(HIF-1a was up to 1.72-fold in the hypoxia mono-cul-
ture group relative to the normal mono-culture group,
IGF-1 was up to 2.34-fold, PDGF was up to 3.82-fold
total quantification), Vcl showed a slightly increase (Vcl
was up to 1.21-fold in the hypoxia mono-culture group
relative to the normal mono-culture group). Meanwhile,
in the co-cultured ECs group, EGF-1, FGF-2, HIF-1a,
IGF-1, TGF-b1, PDGF and VE-ca all showed significant
increases (EGF-1 was as high as 1.93-fold in the
hypoxia co-culture group relative to the normal mono-
culture group, FGF-2 was up to 2.34-fold, HIF-1a was
up to 1.56-fold, IGF-1 was up to 2.20-fold, PDGF was

Table 1. Primers of housekeeping genes (GAPDH and b-actin) and
related growth factor genes designed for semi-quantitative PCR

mRNA Primer pairs

GAPDH (233 bp) Forward GGTGAAGGTCGGTGTGAACG
Reverse CTCGCTCCTGGAAGATGGTG

b-ACTIN (266 bp) Forward GTCCCTCACCCTCCCAAAAG
Reverse GCTGCCTCAACACCTCAACCC

VEGFA (106 bp) Forward CTGCTGTGGACTTGTGTTGG
Reverse AAAGGACTTCGGCCTCTCTC

VEGFB (128 bp) Forward GCAACACCAAGTCCGAATG
Reverse CTGGCTTCACAGCACTCTCC

TGF-b1(113 bp) Forward TGGAGCCTGGACACACAGTA
Reverse TAGTAGACGATGGGCAGTGG

IGF-1(171 bp) Forward CTGCTTGCTCACCTTCACC
Reverse TCATCCACAATGCCTGTCTG

HIF-1a (129 bp) Forward TGAACATCAAGTCAGCAACG
Reverse CACAAATCAGCACCAAGCAC

EGF-1(112 bp) Forward GCTCTTCTGGGTTCAGGACA
Reverse AGACAAACTGTGCCGTGCTT

VE-ca (102 bp) Forward CATCGCAGAGTCCCTCAGTT
Reverse TCAGCCAGCATCTTGAACCT

Vcl(122 bp) Forward GTCTGTGAGCGAATCCCAAC
Reverse ATGAACCAGCATCTCTGTGG

PGF(107 bp) Forward CCGATAAAGACAGCCAACATC
Reverse CATTCACAGAGCACATCCTGA

FGF-1(124 bp) Forward CCACAGCCCAGCAGTTATC
Reverse CTCCTACGCCCACTCTTCAG

FGF-2(138 bp) Forward AGGAAGATGGACGGCTGCT
Reverse GCCCAGTTCGTTTCAGTGC

BMP-2(106 bp) Forward TGAGGATTAGCAGGTCTTTGC
Reverse CGTTTGTGGAGCGGATGT

BMP-4(103 bp) Forward TCTTCAACCTCAGCAGCATC
Reverse AAGCCCTGTTCCCAGTCAG

BMP-5(100 bp) Forward CACCAGGGAAACAAGCATCT
Reverse CTCACCAAATACTCCGACTCCT

BMP-6(124 bp) Forward AGGTTCCATTCCCAGCAAG
Reverse TCACACCACCGAGAGTCAAC

BMP-7(101 bp) Forward TCCTGCATCCACACAAAGAA
Reverse TTCCAGGGACACAGACATGA
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up to 3.99-fold, TGF-b1 was up to 1.66-fold total quan-
tification and VE-ca was up to 2.28-fold).

As for ASCs groups, FGF-1 and PDGF were not
detected. In the hypoxia mono-culture ASCs group, we
found that EGF-1, HIF-1a and TGF-b1 showed signifi-
cant increases (EGF-1 was as high as 2.95-fold in the
hypoxia mono-culture group relative to the normal
mono-culture group, HIF-1a was up to 1.86-fold in the
hypoxia mono-culture group, TGF-b1 was up to 4.63-
fold in the hypoxia mono-culture group), but IGF-1 and
VE-ca showed no significant variation. Meanwhile FGF-
2 and Vcl were decreased. In the hypoxia co-culture
ASCs group, we found that EGF-1, HIF-1a, TGF-b1,
Vcl and VE-ca showed significant increases (EGF-1 was
up to 3.20-fold in the hypoxia co-culture group, HIF-1a
was up to 3.27-fold, TGF-b1 was up to 5.36-fold, Vcl

was up to 1.53-fold and VE-ca was up to 2.26-fold), but
FGF-2 showed decreasing, EGF-1 did not expressed.
As for other growth factors, i.e. IGF-1, PDGF and
FGF-1 were all increased at different level.

Hypoxia also induced the changes of BMP genes in
both ASCs and ECs in co-culture system

We also detected the gene variations of BMPs family
(Fig. 4a). In our study we did not detect BMP-5 and
BMP-7 in ASCs and ECs, moreover BMP-4 was also
not detected in ASCs. In ECs the hypoxia mono-culture
group, BMP-2 and BMP-4 showed significant changes
(BMP-2 was as high as 2.49-fold in the hypoxia mono-
culture group relative to the normal mono-culture group,
meanwhile BMP-4 was up to 1.32-fold in the hypoxia

Figure 1. Hypoxia promotes angiogenesis
in ASC-EC co-cultured 3D gel. (a) Mor-
phologies of vessel-like structure in co-cul-
tured fluorescent adipose stromal cells (ASCs)
and endothelial cells (ECs) in 3D gels under
normal and hypoxia condition. The experi-
ments by modified CLSM were repeated at
least three times (n = 3), the 3D images were
constructed by Imaris 7.0.0. (b) Histograms
showing comparsion of the vessel length and
vessel width formed in 3D gel between nor-
mal and hypoxia condition.
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mono-culture group) (Fig. 4b), but BMP-6 was not
increased. In ECs the hypoxia co-cultured group, we
still found that BMP-2 and BMP-4 showed significant
changes (BMP-2 was as high as 4.51-fold in the hypoxia
co-culture group relative to the normal mono-culture
group, meanwhile BMP-2 was up to 3.05-fold in the
normal co-culture group relative to the normal mono-
culture group, BMP-4 was up to 1.93-fold in the
hypoxia co-culture group relative to the normal mono-
culture group and in the normal co-culture group BMP-4
was up to 1.53-fold), but BMP-6 was even decreasing
after under hypoxia condition. In ASCs the mono-cul-
ture and co-culture groups, BMP-2 showed significant
changes (BMP-2 was as high as 1.76-fold in the hypoxia
mono-culture group relative to the normal mono-culture
group, while in the hypoxia co-culture group BMP-2
was up to 2.25-fold relative to the normal mono-culture
group), but BMP-6 was only significantly enhanced in
the ASCs co-cultured group, there was no change in the
mono-culture group.

Discussion

In modern medicine, tissue engineering and regenerative
medicine are too important to emphasize. Obviously, the
application of stem cells is very common since iPS

(induced pluripotent stem cell) appeared (20). ASCs, as
adult stem cells, are one of the most promising stem cells
because they obtain stable and high proliferation ability
under certain conditions (21,22), furthermore human adi-
pose tissue is ubiquitous and easily obtained with little
donor site morbidity and patient discomfort (21). There-
fore, ASCs as research tools are popular and have been
shown to be both safe and effective in preclinical and clin-
ical researches. Angiogenesis plays an important role in
many physiological processes, including tissue growth,
proliferation, and progression (23–25).

In our previous reports (13,14), the mECs and
mASCs were acquired from normal and fluorescent pro-
tein-labeled mice. The isolated ECs were then identified
by factor III (FIII) immunofluorescence and the ASCs
were identified by stromal cell marker CD34, CD146,
Sca-1 and CD44, moreover they showed the abilities of
adipogenic and osteogenic differentiation. Our research
group had confirmed that at normal condition the co-cul-
ture between mECs and mASCs could enhance the for-
mation of vessel-like structures. The phenomenon that
the formation of vascular-like structures increased after
co-culturing ECs with ASCs comparing with monolayer
ECs was observed. The conclusion was in accordance
with other researches’ that ASCs promoted angiogenesis
by interacting with ECs. Knowing that angiogenesis

Figure 2. Hypoxia increases the gene expressions of VEGFA/B in both ASCs and ECs. (a) Semi-quantitative PCR showed increased gene
expressions of VEGFA/B in both ASCs and ECs. Housekeeping genes (GAPDH and b-ACTIN) were set as the inner controls. The samples were
taken at 7 days. Four lanes in each group represent the four repeats in an individual experiment. The gels shown were representative of three exper-
iments (n = 3). (b) The fold changes were calculated by OD method with Quantity One 4.6.3 software (bio-Rad) based on the semi-quantitative
PCR (Fold changes represented the mean average ratio of the other three groups to the normal mono-culture group). #Significant difference with
respect to the normal mono-culture group control (P < 0.05).
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could be triggered by various stresses for instance
hypoxia, moreover hypoxia was considered to be the
strongest inducer both in vitro and in vivo (26,27). Even
a number of papers (28,29) have described ASCs are
able to enhance angiogenesis when injected into ische-
mia tissue. Then in this study, we placed the co-cultur-
ing system in hypoxia condition (2% oxygen), and
finally we found that the formation of vascular like

structures was more than that in normal condition. The
observed phenomenon was in accord with other
researchers’ results that hypoxia is a stimulus to promote
angiogenesis; moreover, we had detected the change of
the relevant growth factors and BMPs.

VEGF which serves as a major angiogenic factor in
normal cardiac development is recognized as the most
important and notable growth factor involved in angio-

Figure 3. Hypoxia induced the different gene expressions of growth factors in both ASCs and ECs in co-culture system. (a) Semi-quantita-
tive PCR showed the increased gene expressions of EGF-1, HIF-1a and TGF-b1 in both ASCs and ECs, while IGF-1 and PDGF in ECs. House-
keeping genes (GAPDH and b-ACTIN) were set as the inner controls. The samples were taken at 7 days. Four lanes in each group represent the
four repeats in an individual experiment. The gels shown were representative of three experiments (n = 3). (b) The fold changes were calculated by
OD method with Quantity One 4.6.3 software (bio-Rad) based on the semi-quantitative PCR (Fold changes represented the mean average ratio of
the other three groups to the normal mono-culture group). #Significant difference with respect to the normal mono-culture group control (P < 0.05).
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genesis (30). VEGF has been mainly associated with ini-
tiating the process of angiogenesis through the recruit-
ment and proliferation of endothelial cells (31). In our
study, the detected VEGFA and B were both increased
in ASCs and ECs. The results agree with the phe-
nomenon that observing enhanced vessel networks and
promoted angiogenesis under hypoxia condition and also
illustrate that VEGF expression can be regulated by
hypoxia.

In response to hypoxia, the HIF-1a which is a het-
erodimeric transcription factor and can be induced by
hypoxia is increased as a symbol (32). In our study, it
was also found that HIF-1a increased in the hypoxia
groups. Some researches illustrated that exposure to
hypoxia significantly accelerated the rate of tubular mor-
phogenesis by HIF-1a regulating VEGF expression at
the transcriptional level. Moreover some researchers
supposed the reason might because there was also a suf-

ficient level of angiogenic factors due to inflammation
stimulated by hypoxia (3,33). In our study, we had
screened some other relevant growth factors and con-
firmed the enhanced ones in both ASCs and ECs after
being cultured under hypoxia condition in angiogenesis.
After analysing the results, we founded that in ECs the
related factors such as VEGFA and B, HIF-1a, EGF-1,
IGF-1, PDGF and TGF-b1 were significantly increasing
under hypoxia condition. While in ASCs the related
factors such as VEGFA and B, HIF-1a, EGF-1 and
TGF-b1 were significantly increasing under hypoxia
condition. It was inferred that in the progress of angio-
genesis stimulated by hypoxia, the factors including
VEGFA and B, HIF-1a, EGF-1 and TGF-b1 all played
important role in ASCs and ECs about vascular forma-
tion, besides IGF-1 and PDGF also promoted angiogen-
esis in ECs under hypoxia condition. Therefore, the
main factors in up-regulating angiogenesis processes

Figure 4. Hypoxia induced the different gene expressions of BMPs in both ASCs and ECs in co-culture system. (a) Semi-quantitative PCR
showed increased gene expressions of BMP-2 in both ASCs and ECs, while BMP-4 was increased only in ECs. Housekeeping genes (GAPDH and
b-ACTIN) were set as the inner controls. The samples were taken at 7 days. Four lanes in each group represent the four repeats in an individual
experiment. The gels shown were representative of three experiments (n = 3). (b) The fold changes were calculated by OD method with Quantity
One 4.6.3 software (bio-Rad) based on the semi-quantitative PCR (Fold changes represented the mean average ratio of the other three groups to the
normal mono-culture group). #Significant difference with respect to the normal mono-culture group control (P < 0.05).
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stimulated by hypoxia were VEGFA and B, HIF-1a,
EGF-1 and TGF-b1 in this study.

As for the growth factors such as EGF-1 and TGF-
b1, they were thought to influence angiogenesis by regu-
lating VEGF (34). Other scholars verified that such
growth factors achieved their effects by binding to their
specific cell-surface receptor, such as EGF receptor
(EGFR), for initiating intracellular signaling cascades
(35). In a study, the researchers found that ascofuranone
inhibited angiogenesis by suppressing EGF-1-induced
HIF-1a and VEGF expression, thus they implied that
the expression of HIF-1a and VEGF could be regulated
by EGF-1 (36). As for TGF-b1, researchers considered
it as a kind of indirect angiogenic factor giving that the
synthesis of VEGF could be stimulated by TGF-b1 (37).
The increased expression of EGF-1 and TGF-b1 in our
study agreed with the other previous studies.

BMPs as osteoinductive growth factors also play an
important role in angiogenesis (38). It has been reported
that application of BMPs in vivo not only increases bone
formation, but also enhances angiogenesis (14). It was
reported that BMP-2 could induce new vessel formation
through stimulation of VEGF, besides VEGF expression
could also be induced by BMP-2/4 (BMP-2 and BMP-4
are highly homologous) (39). In our investigation, ASC
co-culture promoted the gene expressions of BMP-2 and
BMP-4 in ECs.

In all, the factors including growth factors and
BMPs family, means that VEGFA and B, EGF-1, HIF-
1a, TGF-b1 and BMP-2 were increased in both ASCs
and ECs after being cultured in hypoxia condition no
matter mono-culture or co-culture.

It is necessary to mention that there are still some
limitations in this study. Firstly, the hypoxia condition
that the fraction of oxygen was set as 2%, but which
fraction of oxygen is best for promoting angiogenesis is
unknown. This test content will be conducted in our
next in-depth exploration about hypoxia. Secondly, the
screened growth factor profile was based on the com-
mon gene-bank, the other unscreened growth factors
may also play a vital role in angiogenesis under hypoxia
condition. Our study group has studied the research
about IGF-1 and got the results that adding IGF-1
enhanced the angiogenesis compared with the control
group. In our next work we will explore the increased
growth factors and get more detail about hypoxia pro-
moting angiogenesis. Moreover the relationship among
the increased factors will be tested in the further study.
Thirdly, the 3D gel angiogenesis system we made is a
kind of cell–cell contact cross-talk. As for detecting the
gene expressions changes between ASCs and ECs, tran-
swell co-culture system is non-contact. There will some
difference between contact and non-contact co-cultures

system. Fourthly, as we have known that the aim of tis-
sue engineering is to create functional tissues and
organs, vascularization is the key challenges in tissue
engineering. The novelty of this study that enhancing
angiogenesis may own its potential application in pro-
mote tissue regeneration. However, there will be many
explorations need to be done. Based on this study we
only detected the hypoxia-induced angiogenesis on ECs,
the non-vasculature cells types will be considered in our
further study.
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