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Hypoxic Conditioning Enhances the Angiogenic
Paracrine Activity of Human Adipose-Derived Stem Cells

Sarah T. Hsiao,1,2 Zerina Lokmic,1,2 Hitesh Peshavariya,1–3 Keren M. Abberton,1,2,4

Gregory J. Dusting,1–3 Shiang Y. Lim,1,2,* and Rodney J. Dilley1,2,5,*

Human adipose-derived stem cells (ASCs) secrete cytokines and growth factors that can be harnessed in a
paracrine fashion for promotion of angiogenesis, cell survival, and activation of endogenous stem cells. We
recently showed that hypoxia is a powerful stimulus for an angiogenic activity from ASCs in vitro and here we
investigate the biological significance of this paracrine activity in an in vivo angiogenesis model. A single in vitro
exposure of ASCs to severe hypoxia ( < 0.1% O2) significantly increased both the transcriptional and translational
level of the vascular endothelial growth factor-A (VEGF-A) and angiogenin (ANG). The angiogenicity of the
ASC-conditioned medium (ASCCM) was assessed by implanting ASCCM-treated polyvinyl alcohol sponges
subcutaneously for 2 weeks in mice. The morphometric analysis of anti-CD31-immunolabeled sponge sections
demonstrated an increased angiogenesis with hypoxic ASCCM treatment compared to normoxic control ASCCM

treatment (percentage vascular volume; 6.0% – 0.5% in the hypoxic ASCCM vs. 4.1% – 0.7% in the normoxic
ASCCM, P < 0.05). Reduction of VEGF-A and ANG levels in the ASCCM with respective neutralizing antibodies
before sponge implantation showed a significantly diminished angiogenic response (3.5% – 0.5% in anti-VEGF-A
treated, 3.2% – 0.7% in anti-ANG treated, and 3.5% – 0.6% in anti-VEGF-A/ANG treated). Further, both the
normoxic and hypoxic ASCCM were able to sustain in vivo lymphangiogenesis in sponges. Collectively, the
model demonstrated that the increased paracrine production of the VEGF-A and ANG in hypoxic-conditioned
ASCs in vitro translated to an in vivo effect with a favorable biological significance. These results further
illustrate the potential for utilization of an in vitro optimized ASCCM for in vivo angiogenesis-related applica-
tions as an effective cell-free technology.

Introduction

The regenerative potential of mesenchymal stem cells
(MSCs) has been studied extensively in animal models of

cardiovascular disease since their discovery [1,2]. With their
well-known paracrine activity that promotes angiogenesis,
enhances cell survival, and activates endogenous stem cells
[3,4], methods that augment such paracrine activity with an
aim to further the therapeutic potential of MSCs have also
been investigated. For example, transplantation of MSCs
overexpressing different angiogenic and cytoprotective fac-
tors, such as the stromal-derived factor-1 (SDF-1) [5], vascular
endothelial growth factor-A (VEGF-A), hepatocyte growth
factor (HGF) [6], angiopoietin-1 [7], and angiogenin (ANG) [8]
significantly improve cardiac function through increased
myocardial vascular density in animal models of myocardial
infarction. In addition, targeting transcription factors, such as

Akt-1 [9] and GATA-4 [10] that regulate the expression of
multiple paracrine factors in MSCs, have also resulted in a
significant increase in the in vitro production of various an-
giogenic and cytoprotective factors, and cardioprotection of
the infarcted heart when the cells are implanted into the
myocardium.

Genetic modification of MSCs has been used to enhance
their paracrine activity; however, this technique increases the
risk of insertion mutation and reduces their clinical potential
on safety grounds. Subsequently, nongenetic approaches
that enhance the MSC paracrine activity have emerged as
safer and clinically suitable alternative strategies. The idea of
conditioning stem cells by subjecting them to hypoxia orig-
inated from observations in an ischemic myocardium, where
a brief episode of sublethal ischemia can render the heart
more resistant to subsequent lethal ischemic insults [11]. This
method has since been adopted in various cell therapies in an
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attempt to increase the survival of cells through transplan-
tation into a hostile ischemic environment [12]. Studies have
shown that MSCs subjected to hypoxic preconditioning lead
to increased expression of prosurvival and proangiogenic
factors, including the hypoxia-inducible factor-1 (HIF-1),
angiopoietin-1, VEGF, Bcl-2, and Bcl-xL in vitro, and trans-
plantation of these preconditioned MSCs improved cardiac
function, most likely due to increased angiogenesis post-
myocardial infarction (MI) [3,12–14].

Human adipose-derived stem cells (ASCs) are a suitable
stem cell population for angiogenesis-dependent applica-
tions as compared to MSCs isolated from bone marrow or
dermal tissue because of their relatively more proangiogenic
paracrine effect and accessibility [15]. We have previously
shown that hypoxic preconditioning of ASCs enhanced their
paracrine effects on endothelial cell survival and endothelial
tube formation in vitro [16], but the effects of hypoxic pre-
conditioning on angiogenic paracrine action of ASCs is yet to
be examined in vivo. Therefore, the present study aimed to
determine whether hypoxia-enhanced ASCs have a greater
angiogenic paracrine activity by using an in vivo murine
subcutaneous sponge model and to investigate the under-
lying mechanisms.

Materials and Methods

Collection of human tissue for isolation
and primary culture of ASCs

Tissues were collected with informed consent according to
the National Health and Medical Research Council guide-
lines and performed with approval from the St. Vincent’s
Health Human Research Ethics Committee. Normal human
abdominal subcutaneous adipose tissues discarded during
surgical procedures were collected for isolation of primary
ASCs as previously described [15,17]. Briefly, minced adi-
pose tissues were digested with 0.075% type I collagenase
(Worthington Biochemical) in phosphate-buffered saline.
Following centrifugation at 300g, cell pellets were re-
suspended in a complete medium [Dulbecco’s modified
Eagle’s medium (DMEM)]-low glucose containing 10% fetal
calf serum and a 1% antibiotic–antimycotic solution; In-
vitrogen), filtered through a 100-mm nylon mesh, and
centrifuged at 700g for 5 min, after which, red blood cells
were lysed by resuspending the cell pellet in a 0.16 M am-
monium chloride lysis buffer. The cells centrifuged at 700g
for 5 min were resuspended in the complete DMEM and
placed into tissue culture flasks for overnight incubation at
37�C in a humidified atmosphere containing 5% CO2. Media
were changed every 2–3 days and passaged when cells reach
90% confluent. ASCs between passages 3 and 6 were used in
these experiments.

Hypoxic conditioning

ASCs seeded at the density of 5 · 103 cells per cm2 were
cultured in the complete DMEM until the cells were 80% con-
fluent for all experiments unless otherwise stated. Two different
methods were employed for inducing hypoxia to levels of 1%
O2 and < 0.1% O2 content, respectively. For the 1% O2 content,
ASCs were cultured in the serum-free DMEM in the Heraeus�

HERAcell� 150 tri-gas humidified incubator set at 37�C, 1% O2,
and 5% CO2 for 24 h. To create a hypoxia level of < 0.1%, the

commercially available hypoxia system, GENbox Jar (BioMer-
ieux), was used as previously described [16]. ASCs cultured in
the serum-free DMEM were placed inside the GENbox Jar,
which was hermetically sealed and placed in a humidified in-
cubator set at a temperature of 37�C for 12, 24, or 72 h.

Collection and concentration of ASC-conditioned
medium

The ASC-conditioned medium (ASCCM) was prepared by
culturing ASCs in the serum-free DMEM and incubated
under normoxic (20% O2) or hypoxic ( < 0.1% O2) conditions
for 24 h. Media were then collected, centrifuged at 875g for
10 min to remove cell debris, and filtered through a 0.2-mm
filter. Media were then concentrated by a factor of 50 times
using Amicon� Ultra-15 centrifugal filter columns with 3-
kDa molecular weight cutoff (Millipore).

Real-time reverse-transcription polymerase
chain reaction

At the end of hypoxic/normoxic incubation period of 12, 24,
or 72 h, total mRNA was extracted from cells using the TriR-
eagent (Invitrogen) followed by standard RNA precipitation
with chloroform (Sigma-Aldrich) and isopropanol (Sigma).
cDNA was synthesized using the high-capacity cDNA reverse
transcription kit (Applied Biosystems). Real-time reverse-
transcription polymerase chain reaction was then conducted
with the TaqMan� technology using the following primers:
SDF-1 (Hs00930455_m1), VEGF-A (Hs00900054_m1), VEGF-C
(Hs00153458_m1), VEGF-D (Hs01128659_m1), basic fibroblast
growth factor (bFGF; Hs00266645_m1), HGF (Hs00300159_m1),
insulin-like growth factor-1 (IGF-1; Hs01547656_m1), nerve
growth factor (NGF; Hs00171458_m1), ANG (Hs02379000_s1),
and interleukin-8 (IL-8; Hs00174103_m1). Endogenous eu-
karyotic 18S ribosomal mRNA (18S, Hs99999901_s1) was
amplified as the house-keeping control gene. All primers were
purchased from Applied Biosystems; Assay-On-Demand
primers, Australia. Reactions were carried out in duplicates in
96-well plates with the 7900HT Fast Real-Time PCR system
(Applied Biosystems). The real-time polymerase chain reac-
tion was performed at 95�C for 20 s to activate the AmpliTaq
Gold polymerase and continued with 50 cycles of 1 s at 95�C
and 20 s at 60�C for primer dissociation and annealing/
elongation, respectively. Relative fold changes were com-
pared to the normoxia group, which were normalized to 1,
and all results were expressed as relative fold changes in
candidate gene expression for each treatment group.

Enzyme-linked immunosorbent assay
for quantification of VEGF protein level

Secreted VEGF-A, VEGF-C, and VEGF-D proteins in the
ASCCM was quantified using the Quantikine� kit (R&D
Systems) according to the manufacturer’s protocol. A re-
constituted standard stock solution was used to prepare
protein standards by serial dilution. The optical density was
measured at 450 nm with l correction at 550 nm using a
VMax Kinetic Microplate Reader with the SoftMax Pro 5
Software (Molecular Devices). A standard curve was ex-
trapolated using Prism v4.0b Software (GraphPad Software
Inc.) by generating a fourth-order polynomial curve fit. The

HYPOXIC CONDITIONING ENHANCES ASC ANGIOGENICITY 1615



secreted protein concentration was then determined by in-
terpolating and expressed as pg/mL.

Western blotting analysis for relative quantification
of ANG protein level

The level of the ANG protein in the ASCCM was analyzed
with immunoblotting. The protein concentration was quanti-
fied using the bicinchoninic acid protein assay reagent (Thermo
Fisher Scientific) according to the manufacturer’s instruction.
Protein samples were mixed with the Laemmli buffer and
boiled for 10 min. Equal amounts of protein (20mg) were frac-
tionated using the NuPAGE Novex 4%–12% Bis-Tris gel sys-
tem (Invitrogen) by electrophoresis and transferred onto a
nitrocellulose membrane (Immobilon P; Millipore) using a wet
transfer method (Xcell II Blot Module; Invitrogen). The transfer
of the protein was completed with a current of 250 mA for 2 h at
4�C. The membrane was blocked in 5% skim milk in Tris-
buffered saline with Tween-20 for 1 h at room temperature
before overnight incubation with a goat anti-human ANG
antibody (1:250; R&D Systems) at 4�C followed by Alexa
Fluor�680 donkey anti-goat (1:5000; Invitrogen) for 1 h at room
temperature. The membrane was scanned using an Odyssey�

system at 700-nm wavelength and the relative protein level
was quantified with densitometry using National Institutes of
Health ImageJ software.

Growth factor pull-down assay of hypoxic ASCCM

To determine the contribution of VEGF-A and ANG in
ASCCM-induced angiogenesis in vivo, neutralizing antibodies
against the VEGF-A (30mg/mL; Santa Cruz) and/or ANG
(10mg/mL; R&D Systems) were incubated with the hypoxic
ASCCM for 2 h at 4�C with constant agitation. The protein G
Sepharose (0.25mL protein G per mL VEGF-A antibody or 0.5mL
protein G per mL ANG antibody; Sigma-Aldrich) was then in-
cubated with the hypoxic ASCCM containing the antibody-
bound VEGF-A and ANG for another 2 h at 4�C, allowing the
resin to bind to the Fc portion of the neutralizing antibodies
(immunoglobulin G). At the end of the incubation period, the
protein G Sepharose-conjugated neutralizing antibody-bound
VEGF-A and ANG in the hypoxic ASCCM were pelleted by
centrifugation at 500 g for 5 min. The supernatant was used
immediately for in vivo experiments.

Murine subcutaneous sponge implantation

Experimental procedures performed were approved by the
St. Vincent’s Hospital Animal Ethics Committee (Melbourne,
VIC, Australia) and were conducted in accordance with the
Australian National Health and Medical Research Council
guidelines for the care and maintenance of animals. Male
C57BL/6 mice (8–10 weeks old; Animal Resources Centre,
Perth, Western Australia) were maintained in-house with a 12-h
dark/12-h light cycle and given water and chow ad libitum.

An established murine subcutaneous sponge model [18] was
used with a slight modification to examine the in vivo angiogenic
response induced by the ASCCM. Briefly, mice were anesthetized
with 2% isoflurane (Baxter Healthcare Ltd.) and a midline inci-
sion (*5 mm) made on the dorsal skin. Two subcutaneous
pockets were created with blunt dissection on either side of the
front limbs. A pretreated polyvinyl alcohol (PVA) sponge
(10 mm in diameter and 1.5 mm thick; PVA Unlimited) was

inserted into each pocket. Skin wounds were closed with sterile
clips and the animals were allowed to recover. Two weeks
postimplantation, the animals were euthanized with cervical
dislocation and the sponges rapidly excised. Harvested sponges
were then fixed in 4% paraformaldehyde, cut into two halves
through the center (Supplementary Fig. S1; Supplementary Data
are available online at www.liebertpub.com/scd), and paraffin
embedded for routine histology and immunohistochemistry.
Experimental groups include (1) the serum-free DMEM (nega-
tive control), (2) the serum-free DMEM + 10 ng/mL recombinant
human transforming growth factor-b1 (TGF-b1) (PeproTech)
(positive control), (3) the normoxic ASCCM, (4) the hypoxic
ASCCM, (5) the hypoxic ASCCM + anti-VEGF-A antibody, (6) the
hypoxic ASCCM + anti-ANG antibody, and (7) the hypoxic
ASCCM + anti-VEGF-A antibody + anti-ANG antibody. In-
vestigator performing the subcutaneous implantation was blin-
ded to the experimental groups during surgical implantation.

Histology and morphometric analysis of angiogenesis
and lymphangiogenesis in sponges

Five-micrometer-thick transverse sections were stained
with hematoxylin and eosin (H&E) for examination of tissue
morphology. To determine the percentage volume of blood
and lymphatic vessels within the sponges, sections were
stained immunohistochemically for CD31 (BD Pharmingen)
and LYVE-1 (Abcam) to identify blood and lymphatic ves-
sels, respectively. In brief, sections were dewaxed and re-
hydrated through a graded series of ethanol washes before
antigen retrieval with Proteinase K (Dako) at room temper-
ature (CD31) or a 10 mM citric acid buffer at 95�C (LYVE-1).
Sections were then blocked with a serum-free protein block
(Dako) and incubated with the rat anti-mouse CD31 anti-
body (1:100 dilution; BD Pharmingen�) or rabbit anti-mouse
LYVE-1 antibody at (1:300 dilution; Abcam) overnight at
4�C. Biotinylated secondary antibodies (rabbit anti-rat IgG
for CD31 and swine anti-rabbit IgG for LYVE-1) used at
1:200 dilution for 1 h at room temperature were used to de-
tect a bound primary antibody, followed by the avidin-
biotinylated-peroxidase complex (Vectastain Elite ABC
Standard, PK6100; Vector) for CD31 or HRP-conjugated
Streptavidin (Dako) for LYVE-1 and detection by diamino-
benzidine (Thermo Scientific). The sections were counter-
stained with hematoxylin, dehydrated, and mounted in DPX
(VWR International). Sections with CD31 staining were an-
alyzed by video microscopy under · 20 magnification with a
computer-generated 25-point square grid (CAST system;
Olympus). Fields were sampled systematically and ran-
domly such that 50% (CD31) of the specimen was assessed.
Two independent observers were blinded to the identity of
the tissues. These proportional counts of tissue components
were expressed as a percentage of the total points counted.

Statistical analysis

Statistics were performed using GraphPad Prism v4.0b Soft-
ware. Data are expressed as mean – standard error of the mean
from at least 3 independent experiments. Statistical comparisons
were made using an unpaired t-test or one-way analysis of
variance followed by a Bonferroni multiple comparison post hoc
test where appropriate. The results were considered statistically
significant when P < 0.05.
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Results

Hypoxia-regulated ASC paracrine factor profile
is dependent on O2 concentration

To determine whether different degrees of hypoxia influ-
ence expression of angiogenic paracrine factors in ASCs, cells
were incubated in hypoxic environments of 1% or < 0.1% O2

for 24 h. mRNA expression for the VEGF-A (Fig. 1A), VEGF-
C (Fig. 1B), ANG (Fig. 1D), and IL-8 (Fig. 1E) increased with
< 0.1% O2, but not 1% O2. In contrast, the expression levels of
the VEGF-D (Fig. 1C) and bFGF (Fig. 1F) were significantly
reduced in ASCs subjected to < 0.1% O2. Expression levels of
the IGF-1 (Fig. 1G), NGF (Fig. 1H), HGF (Fig. 1I), and SDF-1
(Fig. 1J) mRNA were unaffected by either level of hypoxia.

FIG. 1. Degree of hypoxia differentially regulated the adipose derived stem cell (ASC) paracrine factor profile. Expression
levels of the vascular endothelial growth factor-A (VEGF-A) (A), VEGF-C (B), angiogenin (ANG) (D), and interleukin-8 (IL-8)
(E) were upregulated when ASCs were subjected to hypoxia for 24 h, while mRNA levels of the VEGF-D (C) and basic
fibroblast growth factor (bFGF) (F) mRNA were significantly downregulated with decreasing O2 content. mRNA expression
levels of the insulin-like growth factor-1 (IGF-1) (G), nerve growth factor (NGF) (H), hepatocyte growth factor (HGF) (I), and
stromal-derived factor-1 (SDF-1) ( J) were not affected by hypoxia. Results were expressed as relative fold change compared
to the normoxia group. n = 4. *, **, *** indicate P < 0.05, 0.01, 0.001 versus normoxia, respectively; #, ##, ### indicate P < 0.05,
0.01, 0.001 versus 1% O2 group, respectively.
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Hypoxia regulation of ASC paracrine factor profile
is dependent on hypoxia duration

Hypoxia with < 0.1% O2 was used in subsequent experi-
ments as it significantly increased expression of several ASC
paracrine factors. ASCs were exposed to hypoxic periods of 12,
24, or 72 h to examine whether the hypoxia duration influenced
mRNA expression of candidate paracrine factors. Expression of
the VEGF-A was significantly upregulated after 12 h of hypoxia

(7.9 – 0.4-fold change) and was further increased as the hypoxia
period extended to 24 (11.1 – 2.0-fold change) and 72 h
(19.8 – 2.4-fold change) (Fig. 2A). A similar trend was also ob-
served for IL-8, where the mRNA level gradually increased and
was significantly upregulated at 72 h (73.1 – 17.6-fold change;
Fig. 2E). VEGF-C expression was only significantly upregulated
at 24 h (Fig. 2B), whereas the increased ANG mRNA level was
apparent at 12 h (6.3 – 0.7-fold) and sustained for both 24 and
72 h (Fig. 2D). Hypoxia downregulated VEGF-D mRNA at 24

FIG. 2. Effect of hypoxic period on expression of ASC paracrine factor profile. At < 0.1% O2, expression of VEGF-A (A) and
ANG (D) mRNA levels was significantly increased at all 3 time points, while expression of IL-8 (E) was only significantly
increased at 72 h and the VEGF-C (B) was only moderately upregulated at 24 h. Conversely, VEGF-D (C), bFGF (F), and IGF-1
(G) mRNA expressions were reduced by hypoxia. Expression of the NGF (H), HGF (I), and SDF-1 ( J) was not affected by
hypoxia at the time points examined. Results were expressed as relative fold change compared to the normoxia group. n = 4.
**, *** indicate P < 0.01, 0.001 versus normoxia, respectively.
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(0.2 – 0.02-fold change) and 72 h (0.1 – 0.02-fold change) (Fig.
2C). Expression of the bFGF was downregulated at all 3 time
points (Fig. 2F). IGF-1 expression was significantly reduced
only after 72 h of hypoxia (0.1 – 0.03-fold change; Fig. 2G). Ex-
pression of the NGF (Fig. 2H), HGF (Fig. 2I), and SDF-1 (Fig. 2J)
was not influenced at any time point when exposed to hypoxia.

Hypoxia increases VEGF-A and ANG secretion

To confirm that increased VEGF-A, VEGF-C, and ANG
mRNA levels were translated into a corresponding increase in
protein secretion, the ASCCM collected from cells subjected to
24 h of normoxia or hypoxia ( < 0.1% O2) were analyzed by an
enzyme-linked immunosorbent assay (ELISA) for the VEGF
and by western blotting for ANG. The VEGF-A secretion was
increased nearly 3-fold in the hypoxic ASCCM as compared to
the normoxic ASCCM (28.0 – 4.7 vs. 10.6 – 1.8 ng per mg protein,
P < 0.05; Fig. 3A). The VEGF-C protein secretion by ASCs was
also increased in the hypoxic ASCCM as compared to the nor-
moxic ASCCM (6.0 – 1.3 vs. 3.7 – 0.7 ng per mg protein, P < 0.05;
Fig. 3B). The VEGF-D protein level was undetectable by ELISA
in all conditioned media (data not shown). A densitometry
analysis revealed a 3.5-fold increase in the ANG protein in the
hypoxic ASCCM as compared to the normoxic ASCCM

(3.50 – 0.53-fold, P < 0.05; Fig. 3C).

Sponge histology

Explanted sponges were intact and showed no sign of
degradation at 2 weeks after implantation (Supplementary
Fig. S1). H&E-stained sections showed cellular infiltration

was generally most prominent at the outer edges of the
sponge (Supplementary Fig. S1). Compared to the negative
control, TGF-b1 treatment promoted cell infiltration further
into the sponge with a denser cell population and a less fibrin
matrix apparent (Supplementary Fig. S2). Patent vessels with
erythrocyte-filled lumens could be identified easily in the
sponge postimplantation (Supplementary Fig. S2). A quan-
titative analysis of sections immunostained for CD31 showed
increased vascularization in TGF-b1-treated sponges at 2
weeks postimplantation (5.9% – 1.1% vs. 3.3% – 1.5% in the
negative control, P < 0.05; Supplementary Fig. S2).

Hypoxic ASCCM promotes angiogenesis in vivo

Treatment of sponges with the hypoxic ASCCM increased
CD31-positive vessels by nearly 50% when compared to
normoxic ASCCM treatment at 2 weeks postimplantation
(6.0% – 0.5% vs. 4.1% – 0.7% in the normoxic ASCCM, P < 0.05;
Fig. 4A). Relatively few LYVE-1 positive vessels were present
( < 1% of the sponge volume; Supplementary Fig. S2) at the
periphery of some sponges. Only 42% (5 of 12 sponges) of the
sponges treated with the normoxic ASCCM had LYVE-1-
positive vessels and this level was not increased in those
treated with the hypoxic ASCCM (54%; 7 of 13; P > 0.05, the
Fisher’s exact test).

Enhanced angiogenic effect of hypoxia on ASCCM

is dependent on VEGF-A and ANG

The hypoxic ASCCM incubated with the VEGF-A neu-
tralizing antibody, which was subsequently bound to the

FIG. 3. Hypoxia increased
VEGF-A, VEGF-C, and ANG
secretion from ASCs. Treat-
ment of ASCs with < 0.1% O2

for 24 h led to an increase in
secretion of the VEGF-A (A),
VEGF-C (B), and ANG (C)
compared to the protein level
secreted by the normoxic ASC-
conditioned medium (ASCCM).
*, **, *** indicate P < 0.05, 0.01,
0.001 versus the normoxic
ASCCM, respectively.
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protein G, resulting in a reduced level of the VEGF-A protein
in the conditioned media to a similar level as in the normoxic
ASCCM (9.08 – 2.91 ng VEGF-A per mg protein in the nor-
moxic ASCCM vs. 5.56 – 4.58 ng VEGF-A per mg protein in
the hypoxic ASCCM with VEGF-A neutralizing antibody
treated) (Supplementary Fig. S3). Incubation with an ANG
neutralizing antibody in the pull-down assay similarly re-
duced the level of ANG to a comparable level as in the
normoxic ASCCM (0.94 – 0.08-fold change in the hypoxic

ASCCM with the ANG neutralizing antibody treated vs. the
normoxic ASCCM) (Supplementary Fig. S3). Incubation with
an IgG antibody did not affect the VEGF-A and ANG levels
in the hypoxic ASCCM, confirming the specificity of the an-
tibodies used in the assay.

The percentage of anti-CD31-labeled profiles in the tissue
section was reduced by removal of either the VEGF-A
(3.5% – 0.5%) or ANG (3.2% – 0.7%) compared to the hypoxic
ASCCM (6.0% – 0.5%, P < 0.05; Fig. 4B). However, removal of

FIG. 4. The hypoxic ASCCM pro-
moted angiogenesis in vivo in a
VEGF-A- and ANG-dependent
manner. (A) The hypoxic ASCCM

increased CD31-positive vessels
grown into the sponges at 2 weeks
postimplantation. Removal of the
VEGF-A and/or ANG from the
hypoxic ASCCM significantly re-
duced the percentage of CD31-
positive vessels (B). * indicates
P < 0.05 versus the hypoxic ASCCM.
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both the VEGF-A and ANG (3.5% – 0.6%; Fig. 4B) did not
further reduce angiogenesis as compared to either VEGF-A
or ANG neutralizing antibodies alone.

Discussion

We found that hypoxic preconditioning enhanced the ASC
paracrine angiogenic activity in vivo, an effect that was de-
pendent on the VEGF-A and ANG. The murine subcutane-
ous sponge model employed in the present study excludes
the potential cellular contribution of ASCs to angiogenesis
through vascular differentiation and integration, or to
changes in their paracrine factor profile when challenged
with the implantation microenvironment. Instead, the ob-
served local vessel formation in the sponges was due to
paracrine factor-induced angiogenesis in vivo. Many of the
published studies examining the paracrine activity of MSCs
choose direct injection or transfusion of the conditioned
medium, such as in the case of ischemia-induced brain
damage in neonatal rats [19], porcine acute MI from surgical
left circumflex coronary artery ligation [20], or the isopro-
terenol-induced global heart failure in rats [21]. However,
methods like these largely examine the systemic delivery of
the conditioned medium and effects of the paracrine activity
are rapidly diluted out, especially in the case of intravenous
infusion of the conditioned medium.

In the present study, ASCs subjected acutely to < 0.1%, but
not 1%, of O2 tension showed significantly upregulated gene
expression for the VEGF-A, VEGF-C, ANG, and IL-8 and
decreased gene expression for the bFGF and VEGF-D. This
supports our previous data showing regulation of the HIF-1
and its downstream target VEGF-A [16], and suggests a
potential involvement of O2-sensing mechanisms in acute
regulation of a range of ASC paracrine factors. While tissue
hypoxia may be caused by a number of conditions in vivo,
such as low partial pressure of O2 in arterial blood; reduced
delivery of O2 due to anemia; decreased tissue perfusion of
O2; and altered microvessel geometry [22], mammalian cells
have developed an intricate mechanism to detect O2 levels
and initiate compensatory mechanisms when under hypoxic
conditions. Several proteins and enzymes have been recog-
nized as O2 sensors in various cell types, including potas-
sium channels, mitochondrial complex III/IV, NADPH
oxidase, and heme oxygenases [23]. Further, generation of
intracellular reactive oxygen species (ROS) has also been
considered as a part of the O2-sensing mechanisms for po-
tassium channels and other O2-sensitive pathways [24,25].
Recent studies have reported a pivotal role for generation of
ROS in ASCs through NADPH oxidase 4 when stimulated
with 2% O2 tension hypoxia, leading to phosphorylation of
the platelet-derived growth factor receptor-b and activation
of ERK and Akt signaling pathways [26,27]. Hypoxia-sensi-
tive channels have been identified in cardiomyocytes and
depending on the level of O2 as well as the duration of
hypoxia, some of these cardiac ion channels may be activated
[25]. Further studies to define these O2 sensors in ASCs are
warranted, and methods that directly activate the subse-
quent downstream signaling could potentially be utilized for
hypoxia-independent regulation.

Production of the VEGF-A and ANG was significantly
increased when the ASCs were subjected to < 0.1% O2 ten-
sion. This observation was in agreement with previous

findings, where hypoxia has been shown to activate the HIF-
1a in various cell types that resulted in upregulation of the
VEGF-A [16,28] and ANG [29,30] or both factors [31,32].
Since its discovery, the VEGF-A has been incorporated into
various treatments that promote vascularization in the
myocardium. While some have chosen gene transfer to
promote angiogenesis post-MI [33], it has been shown that
the uncontrolled expression of the VEGF can lead to vascular
tumor formation, increased vessel permeability, loss of vessel
stability, and vessel hyperplasia [34]. Meanwhile, treatment
of post-MI cardiac failure using VEGF-A overexpressing
MSCs as a carrier for persistent secretion of the angiogenic
factor resulted in a reduced infarct size and an increase in
angiogenesis in the myocardium [6]. ANG is an angiogenic
protein with amino acid sequence resembling bovine pan-
creatic ribonuclease A [35], which binds to actin on the sur-
face of endothelial cells [36] and becomes endocytosed, and
then translocated to the nucleus to promote blood vessel
formation [37]. Like the VEGF-A, transplantation of MSCs
that overexpress ANG resulted in improvement of myocar-
dial perfusion and cardiac function through increased vas-
culogenesis [8,38]. However, while the overexpression of the
VEGF-A and/or ANG successfully increases the angiogenic
paracrine activity of MSCs, the risks associated with use of
genetically modified cells are considered to be significant
limitations to clinical application. The use of hypoxia to ef-
ficiently increase the production of VEGF-A and ANG from
ASCs in vitro may therefore represent an easy and clinically
adaptable approach.

The increased secretion of angiogenic paracrine factors by
hypoxic ASCs observed in vitro and the associated increase in
angiogenesis in vivo in the implanted subcutaneous sponges
loaded with the hypoxic ASCCM have confirmed the biologi-
cal significance for the in vitro hypoxic regulation method.
While previous studies have reported that transplantation of
hypoxic preconditioned stem cells improved functional re-
covery of ischemic tissues in vivo [12,13,18], the improved
angiogenesis in these studies was partly attributed to the
enhanced survival of transplanted MSCs. Therefore, the use of
the conditioned medium in the current study provides a direct
evidence for the enhanced angiogenic paracrine activity of
hypoxic ASCs. It remains to be seen whether the hypoxia-
stimulated ASCCM provides a better wound-healing treat-
ment than that reported for the normoxic ASCCM [39,40].
Further, we have identified the VEGF-A and ANG as major
active paracrine factors that mediate the enhanced angiogenic
effect of the hypoxic ASCCM. The lack of synergistic reduction
in angiogenesis in vivo when both the VEGF-A and ANG
were removed from the hypoxic ASCCM may suggest that the
VEGF-A and ANG act on similar downstream pathways to
regulate angiogenesis in vivo.

Lymphangiogenesis has been relatively less studied than
angiogenesis; however, it has an important role in the
physiological regulation of tissue homeostasis and metabo-
lism. Dysregulated lymphangiogenesis may lead to edema
[41], inflammatory disorders [42], and impaired wound
healing [43]. Analysis of ASCs showed expression and reg-
ulation of VEGF-C and VEGF-D mRNA [15], and hypoxia
increased the VEGF-C and decreased the VEGF-D in the
current study. While the hypoxic ASCCM did not appear to
regulate lymphangiogenesis in this subcutaneous sponge
model in vivo, it is important to note that lymphangiogenesis
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was both limited in extent and inconsistent in sponges.
Further study is warranted in alternative lymphangiogenesis
models where it has been shown that local application of
MSCs could promote lymphatic regeneration in a mouse tail
lymphedema model [44] and in combination with the VEGF-
C produced a synergistic effect on limb lymphedema [45]. It
would be important to determine whether MSCs may exert
this effect by inducing lymphangiogenesis either directly
through differentiation into lymphatic vessel wall cells [44],
or indirectly through secretion of lymphangiogenic factors.

In conclusion, hypoxic conditioning of ASCs for a period
of 24 h, significantly increased secretion of angiogenic factors
VEGF-A and ANG in vitro. Using a murine subcutaneous
sponge implantation model, this study provides a direct
evidence for paracrine angiogenic action of ASCs and dem-
onstrated that the hypoxic ASCCM promoted a robust in-
crease in cell infiltration and vessel formation in vivo. This
enhanced angiogenesis was attributed to the increase in
VEGF-A and ANG secretion by ASCs, as depletion of these
angiogenic factors using specific neutralizing antibodies re-
sulted in reduced angiogenesis in vivo. Further, the subcu-
taneous sponge implantation model was found to also
support lymphangiogenesis in vivo. Collectively, these re-
sults support use of the in vitro-enhanced ASCCM as an al-
ternative to cell-based therapies, where a medium
conditioned by ASCs may serve as an off-the-shelf thera-
peutic option for acute treatment of pathological conditions
that require rapid and localized vessel growth.
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