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Abstract
Objective: This study aimed to investigate the role
of the TGFb signalling pathway in angiogenesis in
a three-dimensional (3D) collagen gel model, with
co-culture between adipose-derived stromal cells
(ASCs) and endothelial cells (ECs).
Materials and methods: A 3D collagen gel,
implanted with green fluorescent protein-labelled
mouse ASCs and red fluorescent protein-labelled
mouse ECs, was established in vitro. Phenomena
of angiogenesis with or without type I TGFb recep-
tor inhibitor (LY2157299) treatment, were observed
7 days post-implantation, using confocal laser scan-
ning microscopy. To detect expression of angiogen-
esis-related genes, semi-quantitative PCR and
quantitative real-time PCR were conducted.
Zymography was performed to explore secretion of
matrix metalloproteinase 2 (MMP-2) and matrix
metalloproteinase 9 (MMP-9) after treatment with
LY2157299 of 5, 10, 20 to 50 lM concentrations,
for 24 h.
Results: Angiogenesis was found to be attenuated
in co-culture gels after ASC and EC treatment with
LY2157299. Genes VEGF-A, VEGF-B, VE-ca,
FGF-1, FGF-2, PDGF, HGF, BMP-4 were signifi-
cantly reduced in the presence of LY2157299 in
both mono-cultured and co-cultured ECs. Further-
more, reduction in co-cultured ECs was prominent
relative to mono-cultured ECs, while the same
results did not occur to ASCs. We further con-
firmed that gelatinases secreted by ECs were

reduced in a dose-dependent manner, after treat-
ment with LY2157299.
Conclusions: These results indicate that in ASC/EC
co-culture, the TGFb signalling pathway regulated
angiogenesis via EC activity. Co-cultured ECs were
regulated more significantly than mono-cultured
ECs suggesting that inhibition of TGFbRI may reg-
ulate paracrine secretion of ASCs to further modu-
late EC angiogenesis.

Introduction

In tissue regeneration and wound repair processes,
angiogenesis plays a pivotal role by allowing blood sup-
ply of oxygen and nutrients and removing metabolic
products. During formation of blood vessels, ECs elon-
gate filopodia and form network structures. Previous
studies have shown that ASCs promote survival, prolif-
eration, endothelial tubulogenesis and vascularization of
ECs and stable vascular assembly (1). Combination of
ASCs and ECs further promote formation of vascular
networks (2). In addition, co-implantation of mesenchy-
mal stromal cells ((MSCs), similar to ASCs) and
endothelial cells, markedly expedite formation of func-
tional microvascular beds and provides possible methods
for cell-based revascularization therapies to treat various
diseases, such as in the peripheral vasculature and
ischaemic heart disease (3,4).

TGFb signal transduction is mediated through a het-
erodimeric receptor complex formed by type I (TGFbRI)
and type II (TGFbRII) (5) receptors. Typically, TGFb
binds to TGFb receptor II, which recruits TGFb receptor I
by phosphorylation (6), with subsequent activation of
Smad transcription factors. Smads then move into the
nucleus and regulate transcription of relevant genes (7,8).

With reference to angiogenesis, TGFb is thought to
modulate EC properties by balancing their pro-prolifera-
tive and pro-differentiational signalling pathways
through TGFb receptor II (TGFbRII) and two distinct
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TGFbRIs, activin receptor-like kinase-1(ALK1) and
ALK5 (9–11).

In this study, we have investigated whether TGFb
signalling modulated angiogenesis of co-implantation
ASCs and ECs, by inhibition of TGFb receptor I, and
we further explored influence of crosstalk between
ASCs and ECs on the angiogenetic process.

Materials and methods

Cell culture

Animal cells and tissues for this study were obtained
according to governing ethical principles, and the expe-
riental protocol was reviewed and approved by the Insti-
tutional Review Board (IRB) of our hospital.

ASCs were isolated from subcutaneous adipose tissue
from groins of 3-week female mice. Collected tissues
were cut into small pieces and digested in 0.075% type I
collagenase solution in a shaking incubator for 60 min.
This was then neutralized 1:1 (v/v) with 10% heat-acti-
vated foetal bovine serum (FBS) a-MEM (0.1 mM

non-essential amino acids, 4 mM L-glutamine, 1%
penicillin–streptomycin solution) and suspensions were
centrifuged at 1000 rpm for 5 min. After removal of
supernatants, remaining ASCs were resuspended in 10%
FBS a-MEM and seeded into plates or T25 flasks, then
incubated at 37 °C in a 5% CO2 incubator. Cells were
subcultured to passage 2 for further experimentation (12).

Brain microvascular tissue was collected from neona-
tal mice to obtain ECs. This was cut into small pieces and
digested in 0.25% trypsin solution for 30 min. Super-
natant was then removed and replaced with 0.5% type II
collagenase for 3 h. Type II collagenase was neutralized
1:1 (v/v) with fresh 10% heat-activated foetal bovine
serum (FBS) DMEM (high-glucose DMEM, 0.1 mM non-
essential amino acids, 4 mM L-glutamine, 1% penicillin–
streptomycin solution) and suspensions were centrifuged
at 1000 rpm for 5 min. After removal of supernatants,
remaining ECs were resuspended with 10% FBS DMEM,
seeded into plates or T25 flasks, then incubated at 37 °C
in a 5% CO2 incubator.

To obtain green fluorescent protein (GFP)-positive
ASCs and DsRed-Express-positive ECs, subcutaneous
adipose tissue and brain microvascular tissues were col-
lected from enhanced GFP transgenic mice (The Centre
of Genetically Engineered Mice, West China Hospital,
Sichuan University, Chengdu, China), and DsRed-
Express transgenic mice (The Genetic Centre of Institute
of Laboratory Animal Sciences, Chinese Academy of
Medical Sciences and Centre of Comparative Medicine,
Peking Union Medical College, Beijing, China) respec-
tively. Cell isolation was the same as described above.

Co-culture

GFP-positive ASCs from fat tissues and DsRed-Express-
positive BMECs from brain microvascular tissues, from
transgenic mice, were used to establish a 3D collagen gel
model. ASCs and ECs were mixed at 1:1 ratio and sus-
pended in DMEM-HG (Hyclone, Logan, UT, USA), and
rat tail tendon type I collagen (Shengyou Biotechnology,
Hangzhou, China) with 10 lM LY2157299 (Sel-
leckchem, Houston, TX, USA) [concentration was
adopted as described in previous research articles (13,14)]
or PBS (blank group). Seeded cells were transferred to
96-well plates to form gel samples at 37 °C, and cultured
for 7 day. Morphology of multiple vascular-like struc-
tures was captured using 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. Image analysis soft-
ware Imaris 7.0.0 (Bitplane, Zurich, Switzerland) was
used for three-dimensional reconstruction.

To detect gene profiles of growth factors of ASCs
and ECs at different concentrations of TGFbRI inhibitor
LY 2157299, we used transwell co-culture. ECs were
seeded into six-well plates, 2.5 9 106 cells per well
(85–95% confluence) and ASCs were seeded at 2 9 106

cells per well, in transwell chambers. After 24 h equili-
bration, culture media were replaced with 2% FBS
DMEM for 12 h starvation. Then, ECs were split into
two groups. For mono-cultured ECs, media were
replaced with 1% FBS DMEM with concentration gradi-
ents of LY2157299 from 0, 5, 10, 20 to 50 lM;

Table 1. Primer sequences of b-Actin and target genes

Target gene (mouse)k Primer pairs

b-ACTIN (266bp) Forward: GTCCCTCACCCTCCCAAAAG
Reverse: GCTGCCTCAACACCTCAACCC

VEGF-A (106bp) Forward: CTGCTGTGGACTTGTGTTGG
Reverse: AAAGGACTTCGGCCTCTCTC

VEGF-B (128bp) Forward: GCAACACCAAGTCCGAATG
Reverse: CTGGCTTCACAGCACTCTCC

VEGF-C (76bp) Forward: AGGCTCGTACCTGACACCCGG
Reverse: CGGCGGCTCGCAACTTTTGC

VE-ca (102bp) Forward: CATCGCAGAGTCCCTCAGTT
Reverse: TCAGCCAGCATCTTGAACCT

PDGF (107bp) Forward: CCGATAAAGACAGCCAACATC
Reverse: CATTCACAGAGCACATCCTGA

FGF-1(124bp) Forward: CCACAGCCCAGCAGTTATC
Reverse: CTCCTACGCCCACTCTTCAG

FGF-2(138bp) Forward: AGGAAGATGGACGGCTGCT
Reverse: GCCCAGTTCGTTTCAGTGC

BMP-4(103bp) Forward: TCTTCAACCTCAGCAGCATC
Reverse: AAGCCCTGTTCCCAGTCAG

HGF(103bp) Forward: GGTGTTTCACAAGCAATCCA
Reverse: GGACCTCTGTAGCTTTCACCA
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meanwhile, transwell chambers with no ASCs were
filled with 1% FBS a-MEM with concentration
gradients corresponding to mono-cultured ECs of
LY2157299 (culture media control). For co-culture ECs
and ASCs, media were respectively replaced with 1%
FBS DMEM and 1% FBS a-MEM, both with concen-
tration gradients the same as mono-culture groups.

Semi-quantitative polymerase chain reaction (PCR) and
quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from ASCs and ECs using
RNeasy Plus Mini Kit (Qiagen, Shanghai, China) with a

genomic DNA eliminator. Dissolved in RNase-free water,
extracted RNA samples were quantified by measuring
absorbance at 260 nm using a spectrophotometer. Then,
with treatment of DNase I (Mbi, Glen Burnie, MD, USA),
around 0.5 lg of each total RNA was reverse transcribed
using a first-strand cDNA synthesis kit (Mbi).

To evaluate expression levels of growth factors in
different treated groups, semi-quantitative PCR and
quantitative real-time PCR (qPCR) were performed.
Selected sets of primers are listed in Table 1. All pri-
mers were determined through BLAST and amplification
of b-Actin was used as control for assessing PCR effi-
ciency. Semi-quantitative PCR reactions were performed

(a)

(b) (c)

(d)

Figure 1. LY2157299 attenuated angiogen-
esis in co-culture 3D collagen gels. (a)
Angiogenesis in 3D gels after 7 days co-cul-
ture of ASCs and ECs under normal condi-
tions and with LY2157299, in vitro. 3D
construction morphologies and horizontal
views reveal that co-culture with LY2157299
significantly reduced formation of vessel-like
structures (n = 3). (b) Formation of sprouts
and connections in co-culture control groups
and inhibitor-treated groups (n = 3). In con-
trol groups, sprouts and connections existed
and are shown; whereas in LY2157299-trea-
ted groups, few were seen. (c) Different
lengths of vessel-like structures in examples
of co-culture control groups and inhibitor-
treated groups. Vessel-like structure lengths
were analysed using Image-Pro Plus Software
6.0. Data expressed as mean of three different
experiments (n = 3). (d) Different lumen
diameters in co-culture control group and
inhibitor-treated group. Vessel-like structure
widths were analysed using Image-Pro Plus
Software 6.0. Data expressed as mean of
three different experiments (n = 3).
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using a PCR kit (Mbi) plus thermo-cycler (Bio-Rad,
Hercules, CA, USA) in 25 ll volume containing 1 ll
cDNA sample. PCR programme was composed of 30 s
denaturation cycle at 94 °C, 30 s annealing cycle at 55–
65 °C and 72 °C, 30 s elongation cycle and 28–34

amplification cycles. Products were electrophoresed on
2% agarose gels, stained with ethidium bromide and
visualized using Quantity One software (Bio-Rad).

Quantitative real-time PCR (qPCR) amplification of
target message RNA was performed using SYBR Green
I PCR master mix (Takara, Tokyo, Japan). Reactions
were carried out on an ABI 7300 (Applied Biosystems,
Shanghai, China) under the following procedures:
Denaturation 3 min at 94 °C, followed by 40 cycles,
consisting 5 s at 94 °C and 34 s at 60 °C. For each
reaction, a melting curve was generated to test for pri-
mer dimmer formation and false priming.

Zymography

MMP-2 and MMP-9 secreted by ECs were assayed from
culture media samples by zymography. Briefly, protein
concentrations were determined using the BCA kit
(Beyotime, Nanjing, China). Samples were prepared in
standard, non-reducing loading buffer (62.5 mM Tris-
HCl, pH6.8, 25% glycerol, 2% sodium dodecyl sulphate
(SDS), 0.01% bromophenol blue, no b-mercaptoethanol)
for SDS-PAGE (in 10% SDS-polyacrylamide gel
electrophoresis (PAGE) gel copolymerized with 0.05%
gelatin). Following electrophoresis, SDS was removed
from gels by incubation in 2.5% Triton X-100, three
times, for 1.5 h, followed by incubation in proteolysis
buffer (50 mM CaCl2, 0.5 M NaCl, 50 mM Tris, pH 7.8),
incubation at 37 °C for 12–16 h. Zymograms were sub-
sequently stained with Coomassie brilliant blue for 1 h
on a rotator, and areas of digestion appeared as clear
bands against Coomassie blue background, where
substrate had been degraded by the enzyme.

Statistical analysis

All experiments in vitro involving gene profiling analyses
and zymography, from collected cell samples, were all
obtained from at least three different female mice and
experiments were performed in triplicate and reproduced at
least three separate times. Statistical analysis of data was

Figure 2. Examples of gene profiles of VEGF-A/B and VE-ca after
24 h in mono-culture control groups, co-culture control groups
and LY2157299-treated groups by semi-quantitative PCR and
qPCR. (a) Gene variations of VEGF-A, VEGF-B and VE-ca in ECs
and ASCs in mono-culture control group, co-culture control group and
treated group with LY2157299 from 0, 5, 10, 20 to 50 lM, by semi-
quantitative PCR. Gels shown are representative of three different
experiments (n = 3). (b–d) Gene variations of VEGF-A (b), VEGF-B
(c) and VE-ca (d) in ECs in mono-culture control group, co-culture
control group and treated group with LY2157299 (10 lM) by qPCR.
b-Actin levels set as internal normalized control. Results shown are
representative of three different experiments (n = 3). Data presented as
means � SD, *P < 0.05.
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performed using SPSS 19.0 (IBM, Silicon Valley, CA,
USA) and one-way ANOVA, to compare means of all
groups. Student–Newman–Keuls (SNK-q) testing was used
to compare means of each two groups. Data were consid-
ered significantly different if two-tailed P value was <0.05.

Results

LY2157299 attenuated formation of vessel-like
structures in the co-culture 3D collagen gel model

To explore whether the TGFb signalling pathway plays
an important role in angiogenesis, we used 3D collagen
gel moulds with co-culture of RFP-mECs and
GFP-mASCs, in vitro. By 7 days post-implantation,
co-culture with normal conditions significantly expedited
formation of extended capillary branches and vessel-like
structures (Fig. 1a, control). However, formation of
these structures was suppressed by treatment of
LY2157299 (10 lM), and most ECs remained as single
cells (Fig. 1a, LY2157299 (10 lM)). Furthermore, after
treatment with LY2157299 (10 lM), average length and
width of vessel-like structures was shorter (Fig. 1c,d),
and sprout- like structures and connections were fewer
(Fig. 1b).

VEGF and VE-ca were down-regulated in ECs after
treatment with LY2157299

To explore expressions of angiogenesis-related genes in
the co-culture 3D gels, transwell chambers were used to
achieve gene detection both in ECs and ASCs after
treatments of concentration gradients of LY2157299
from 0 (normal), 5, 10, 20 to 50 lM for 24 h. Results of
semi-quantitative PCR (Fig. 2a) indicate that expressions

of VEGF-A, VEGF-B and VE-ca in ECs were down-
regulated after transwell co-culture with LY2157299
from 5, 10, 20 to 50 lM for 24 h (Fig. 2a EC group),
compared to corresponding mono-cultured ECs. Consid-
ering the possibility that high concentrations such as 20
and 50 lM LY2157599 might affect survival and adhe-
sion of cells, 10 lM was chosen as moderated concentra-
tion for explorations such as 3D co-culture and
quantitative real-time PCR (qRT-PCR). QRT-PCR was
performed to further investigate expression of VEGF-A,
VEGF-B and VE-ca in ECs. As for VEGF-A (Fig. 2b),
in the normal group, co-cultured ECs expressed more
VEGF-A compared to mono-cultured ECs. In ECs trea-
ted with LY2157299 (10 lM) (Fig. 2b), down-regulated
expression of VEGF-A was found in mono-cultured ECs
and co-cultured ECs after treatment with LY2157299
(10 lM). Furthermore, expressions of VEGF-A in the
co-culture group were lower than in the corresponding
mono-culture group. The same tendency was also dis-

Figure 3. Different gene variations of growth factor profiles
induced by LY2157299 in ECs and ASCs using semi-quantitative
PCR. After screening by semi-quantitative PCR, the variety of genes,
including VEGF-C, PDGF, HGF, FGF-1, FGF-2 and BMP-4 in ECs
and ASCs are shown. Gels shown are representative of three different
experiments (n = 3).

Table 2. Gene changes of angiogenesis-related growth factors in mono-cultured and co-cultured ECs

Mono-cultured ECs Co-cultured ECs

0 5 lM 10 lM 20 lM 50 lM 0 5 lM 10 lM 20 lM 50 lM

VEGF-C 100% 84.94% 79.51% 59.40% 54.58% 100% 66.25% 33.59% 30.31% 26.67%
P 0.04726 0.0291 0.00206 0.00175 P 0.00094 0.00068 0.00027 0.00012

PDGF 100% 96.69% 61.41% 52.35% 49.01% 100% 31.24% 21.21% 14.79% 13.95%
P 0.00137 0.00116 0.00009 0.00064 P 0.00007 0.00009 0.00006 0.00008

HGF 100% 95.93% 91.81% 84.05% 75.37% 100% 48.16% 29.68% 28.12% 26.54%
P 0.00363 0.0168 0.01275 0.00705 P 0.00493 0.00168 0.00128 0.00163

BMP4 100% 96.83% 91.71% 80.98% 46.89% 100% 39.29% 33.38% 23.93% 23.18%
P 0.00791 0.00746 0.00512 0.00065 P 0.00043 0.00004 0.00073 0.00003

FGF1 100% 94.25% 69.85% 60.08% 58.57% 100% 35.58% 33.33% 15.27% 12.57%
P 0.00217 0.00044 0.00085 0.00038 P 0.00182 0.00209 0.00055 0.00087

FGF2 100% 91.14% 82.63% 62.98% 60.48% 100% 47.60% 36.92% 34.07% 33.40%
P 0.02356 0.00549 0.00178 0.00167 P 0.00011 0.00039 0.00003 0.00001
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covered in expressions of VEGF-B (Fig. 2c) and VE-ca
(Fig. 2d). Concerning ASCs, quantification of semi-
quantitative PCR results by the OD method showed that
there were no significant differences in expressions of
VEGF-A and VEGF-B (see Table 4 for mono-cultured
ASCs and co-cultured ASCs). VE-ca was not expressed
in ASCs.

Relevant growth factors down-regulated in ECs after
treatment with LY 2157299

Gene expressions of growth factors related to angio-
genesis in both ECs and ASCs after transwell co-
culture were further investigated by semi-quantitative
PCR (Fig. 3). These results (Fig. 3) show that expres-
sions of PDGF, HGF, FGF-1, FGF-2 and BMP-4
were down-regulated in both mono-cultured ECs and
co-cultured ECs after treatment with LY2157299 from
5, 10, 20 to 50 lM for 24 h (see Table 2 for mono-
cultured ECs and co-cultured ECs); moreover, expres-
sions of PDGF, HGF, FGF-1, FGF-2 and BMP-4 in
ECs reduced in a dose-dependent manner (see Table 2
for mono-cultured ECs and co-cultured ECs). Further-
more, expressions of these gene products in co-culture
groups were lower than corresponding mono-culture
groups (see Table 3 for comparison between treated
mono-cultured ECs and co-cultured ECs). Regarding
ASCs, after treatment with LY2157299, there were no
significant differences in expression of VEGF-C, HGF
and FGF-2 either in mono-cultured ASCs or in
co-cultured ASCs (see Table 4 for mono-cultured
ASCs and co-cultured ASCs). BMP-4 and FGF-1

were not expressed in ASCs (Fig. 3). PDGF in ASCs
was not expressed when treated with LY2157299.

Activation of MMP-2 and MMP-9 with and without
inhibition of TGFbRI

After quantification using the OD method (with Quantity
One 4.6.3 software (Bio-Rad)), we found that secretions
of MMP-2 and MMP-9 were attenuated both in mono-
cultured (Fig. 4b) and co-cultured ECs (Fig. 4c) after
treatment of LY2157299.

Table 3. Gene changes in ECs after co-culture

5 lM 10 lM 20 lM 50 lM

VEGF-C
Down to 87.29% 47.28% 57.10% 54.68%
P 0.03651 0.00204 0.00024 0.00637

PDGF
Down to 41.27% 44.13% 36.08% 36.36%
P 0.00004 0.00092 0.00002 0.0046

HGF
Down to 74.26% 47.82% 49.49% 52.09%
P 0.02073 0.00006 0.00154 0.00335

BMP4
Down to 44.21% 39.65% 32.19% 53.85%
P 0.00098 0.00214 0.00013 0.00099

FGF1
Down to 42.96% 54.30% 28.93% 24.43%
P 0.00011 0.00195 0.00114 0.00071

FGF2
Down to 55.94% 47.87% 57.94% 59.16%
P 0.00007 0.00063 0.00002 0.00049

Table 4. OD values of angiogenesis-related growth factor in mono-cultured and co-cultured ASCs

Mono-cultured ASCs Co-cultured ASCs

0 5 lM 10 lM 20 lM 50 lM 0 5 lM 10 lM 20 lM 50 lM

VEGF-A
OD 442 � 44 466 � 33 461 � 35 501 � 17 523 � 17 671 � 27 561 � 48 563 � 67 480 � 55 528 � 48
P 0.1053 0.3703 0.0973 0.1466 P 0.1374 0.1196 0.0523 0.0816

VEGF-B
OD 1058 � 24 1033 � 26 1042 � 13 1035 � 22 1049 � 30 1291 � 66 1242 � 54 1332 � 53 1244 � 18 1262 � 55
P 0.4724 0.0836 0.4644 0.5405 P 0.286 0.1888 0.2688 0.5607

VEGF-C
OD 459 � 25 451 � 38 432 � 14 455 � 24 429 � 23 682 � 21 656 � 16 655 � 18 652 � 27 633 � 36
P 0.8297 0.7359 0.8593 0.3761 P 0.3385 0.1144 0.1746 0.2693

HGF
OD 1173 � 86 1149 � 55 1250 � 51 1218 � 22 1222 � 85 1104 � 48 1063 � 48 1161 � 55 1080 � 67 1075 � 44
P 0.7762 0.1281 0.5314 0.6584 P 0.4096 0.2901 0.7343 0.631

FGF2
OD 554 � 44 560 � 33 578 � 34 603 � 23 633 � 13 593 � 18 559 � 16 605 � 8 615 � 15 v572 � 11
P 0.798 0.3691 0.1931 0.1359 P 0.0931 0.1717 0.1739 0.3035
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Discussion

ASCs, one of the important post-natal types of adult
stem cell, are thought to be one of the most promising
stem cell populations for therapeutic use, as human adi-
pose tissue is ubiquitous and easily obtained in large
quantities, with little donor site morbidity or patient dis-
comfort. Thus, use of autologous ASCs as both research
tools and as cellular therapeutics is feasible, and has

been shown to be both safe and efficacious in pre-clini-
cal and clinical studies of injury and disease (15,16).

In the process of angiogenesis by ECs, expressions
of angiogenesis-related genes such as VEGF-A, VEGF-
B, FGF-1 and FGF-2 are essential (17). After inhibition
of TGFbRI by LY2157299 (LY2157299 dissolved in
DMSO then diluted to 5, 10, 20 and 50 lM by culture
medium, LY2157299 inhibiting TGFb signal pathway
by inhibiting the TGFb receptor I) for 24 h, marked
attenuation of related genes such as VEGF-A, VEGF-B,
VE-ca, PDGF, HGF, FGF-1 and FGF-2. VEGF-A and
VEGF-B was found in ECs; these are critical mediators
of angiogenesis and vasculogenesis. VEGF-A has two
major biological activities, the capacity to stimulate vas-
cular endothelial cell proliferation (18), and the ability
to increase vascular permeability (19). VEGF-A also pro-
motes survival and migration of ECs (20). VE-cadherin
(VE-ca) regulates activity of high affinity receptors for
vascular endothelial growth factor (VEGF), transforming
growth factor (TGF)-b and fibroblast growth factor
(FGF) (21). PDGF family members have been reported
to play key pro-angiogenic roles in model studies
in vivo (22); PDGFB from endothelial cells and its
receptor (PDGFRb) from pericytes, play important roles
in pericyte recruitment to blood vessels (23,24). HGF
promotes angiogenesis through up-regulation of VEGF
and also via down-regulating thrombospondin-1
(a potent angiogenic inhibitor) expression (25,26). FGF2
has been attributed to be a key player in inducing differ-
ent angiogenic and lymphangiogenic pathways. FGFs
induce angiogenesis by promoting endothelial cell pro-
liferation (27,28), extracellular matrix degradation, alter-
ing intercellular adhesion and communication by
affecting cadherins, gap junctions and by modulating
integrin expression (29). BMP-4 has been shown to
stimulate angiogenesis by production of VEGF-A in
osteoblasts (30). Suppression of angiogenesis-related
genes suppresses survival, migration and proliferation of
ECs.

When non-activated vascular endothelial cells are
activated, they have higher vessel permeability and inte-
grin on cell surfaces and secrete proteolytic enzymes
such as MMPs for remodelling extracellular matrix
(31,32). By degrading surrounding proteins, MMPs
assist movement of vascular endothelial cells into sur-
rounding sites for formation of micro-vessels. Most of
them, MMP-2 and MMP-9, play key roles in extracellu-
lar matrix remodelling (33,34) and providing new space
for vascular endothelial cells to form new micro-vessels.

From zymography results that secretions of MMP-2
and MMP-9 wereattenuated after treatment with
LY2157299, we drew the conclusion that inhibition of
the TGFb signalling pathway attenuated secretion of

Figure 4. LY2157299 reduced MMP-2 and MMP-9 secretions by
ECs. (a) Zymography showed MMP-2 and MMP-9 secreted in mono-
cultured ECs and co-cultured ECs induced by LY2157299 from 0, 5,
10, 20 to 50 lM. Gels shown are representative of three different
experiments (n = 3). (b) Quantification of MMP-2 and MMP-9
secreted in mono-cultured ECs was performed using the OD method.
Secretions of MMP-2 and MMP-9 were lower after treatment with
LY2157299. *Significant difference with respect to normal controls
(P < 0.05). (c) Quantification of MMP-2 and MMP-9 secreted in co-
cultured ECs was performed using the OD method. Secretions of
MMP-2 and MMP-9 were lower after treatment with LY2157299.
*Significant difference with respect to normal controls (P < 0.05).
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MMPs, limited remodelling of extracellular matrix,
reduced space for formation of new micro-vessels and
finally inhibited angiogenesis.

Based on indistinctive expressions of angiogenic
genes other than PDGF in ASCs after inhibition of
TGFbRI, we suppose that in co-culture of ASCs and
ECs, the TGFb signalling pathway regulated angiogene-
sis via ECs. The result that inhibition affected angiogen-
esis in co-cultured ECs, regulated more significantly
than mono-cultured ECs, suggests that inhibition of
TGFbRI regulated paracrine secretion of ASCs, to fur-
ther modulate angiogenesis of ECs.

We recognise that there are some limitations to the
study. First, angiogenesis in 3D gel requires cell–cell
contact crosstalk. To isolate gene expressions in the
ASCs and ECs, non-contact transwell co-culture was
used. This may be somewhat inaccurate due to gaps
between contact and non-contact co-cultures. Secondly,
we screened the growth factor profile, based on a com-
mon genebank; other unscreened growth factors may
also play a vital role in angiogenesis. Thirdly, exact
mechanisms of ASC factor secretion to further suppress
EC angiogenesis, needs to be further explored.
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