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Abstract— Adipose-derived stem cells (ADSCs) are a promising mesenchymal stem cell source with therapeutic
applications. Recent studies have shown that ADSCs could be expanded in vitro without phenotype changes. This study
aimed to evaluate the effect of hypoxia on ADSC proliferation in vitro and to determine the role of vascular endotheli-
al growth factor (VEGF) in ADSC proliferation. ADSCs were selectively cultured from the stromal vascular fraction
obtained from adipose tissue in DMEM/F12 medium supplemented with 10% fetal bovine serum and 1% antibiotic-
antimycotic. ADSCs were cultured under two conditions: hypoxia (5% O,) and normal oxygen (21% O,). The effects
of the oxygen concentration on cell proliferation were examined by cell cycle and doubling time. The expression of
VEGF was evaluated by the ELISA assay. The role of VEGF in ADSC proliferation was studied by neutralizing VEGF
with anti-VEGF monoclonal antibodies. We found that the ADSC proliferation rate was significantly higher under hy-
poxia compared with normoxia. In hypoxia, ADSCs also triggered VEGF expression. However, neutralizing VEGF
with anti-VEGF monoclonal antibodies significantly reduced the proliferation rate. These results suggest that hypoxia
stimulated ADSC proliferation in association with VEGF production.
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INTRODUCTION

Adipose-derived stem cells (ADSCs) have been widely
used in many clinical fields. ADSCs exhibit the me-
senchymal stem cell (MSC) phenotype (Bourin et al.,
2013; Zimmerlin et al., 2013), as evidenced by the ex-
pression of MSC markers such as CD44, CD73, CD90
and CD105. They can successfully differentiate into
adipocytes, osteoblasts and chondrocytes, and have
been trans-differentiated into other mesoderm cell
types such as insulin producing cells (Karaoz et al.,
2013; Moshtagh et al., 2013), hepatocytes (Aurich et al.,
2009; Okura et al., 2010) and neuronal-like cells
(Cardozo et al., 2010; Rezanejad et al., 2014). ADSC
transplantation ameliorated some diseases such as
cranio-maxillofacial hard-tissue defects (Sandor et al.,
2014), non-revascularizable critical limb ischemia
(Bura et al., 2014), acute myocardial infarction and
heart failure (Panfilov et al., 2013), complex perianal
fistula in Crohn’s disease (de la Portilla et al., 2013;

Garcia-Olmo et al., 2009), and chronic myocardial
ischemia (Qayyum et al., 2012).

In recent years, hypoxia has been applied to cultured
ADSCs in vitro. In fact, hypoxia was demonstrated as a
stimulator of ADSC proliferation, but its effects did
not change the ADSC phenotype (Fotia et al., 2015;
Wan Safwani et al., 2016). Hypoxia has also been
demonstrated as a protector from senescence (Lee et
al.,, 2015), genomic stability inducer (Bigot et al., 2015),
maintainer of stemness (Fotia et al., 2015; Petrangeli et
al., 2016; Wan Safwani et al., 2016), and enhancer of
viability, motility and tropism (Feng et al., 2015).
These hypoxia effects have been demonstrated
through stimulation of hypoxia-inducible factor 1-o
(HIF-1a)) expression (Kakudo et al., 2015), generation
of reactive oxygen species (ROS) and downstream
phosphorylation of platelet-derived growth factor re-
ceptor B (PDGFRB), extracellular signal-regulated ki-
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nases 1/2 (ERK1/2) and Akt (Kang et al., 2014; Kim et
al., 2011).

This study aimed to identify another mechanism of
hypoxia that stimulates ADSC proliferation. Our find-
ings provide new insight into controlling ADSCs in
research and medical applications.

MATERIALS AND METHODS

Isolation of stromal vascular fractions (SVFs)

Adipose tissues were collected from the abdomen by
aspiration with a suitable needle from donors who
signed a consent form. Approximately 50-100 mL of
lipoaspirate were collected in two 50 mL sterile sy-
ringes. The syringes were stored in a sterile box at 2—
8°C and were immediately transferred to the laborato-
ry.

The SVF was isolated from adipose tissues using a
Cell Extraction Kit (BioMedFactory, Ho Chi Minh,
Vietnam) according to the manufacturer’s instruc-
tions. Briefly, adipose tissue was mixed with an en-
zyme solution containing collagenase at 37°C for 15
min. Then, the cell suspension obtained was centri-
fuged at 3000 xg for 10 min, and the SVF was obtained
as the pellet. The pellet was washed with PBS to re-
move any residual enzymes, and resuspended in PBS
to determine cell quantity and viability using an au-
tomatic cell counter (NucleoCounter, Chemometec,
Denmark).

SVF culture

SVF samples were cultured in MSCCult medium
(BioMedFactory) containing DMEM/F12 supple-
mented with antibiotic-antimycotic and 10% fetal bo-
vine serum (FBS). The cells were plated at 5 x 10*
cells/mL in T-75 flasks (Corning) and incubated at
37°C with 5% CO:z. After 3 days of incubation, 6 mL of
fresh medium was added to each flask. After 7 days,
the medium was replaced with 12 mL of fresh media.
The medium was subsequently replaced every 3 days
until the cells reached 70-80% confluence, and then
they were subcultured.

ADSC phenotyping and characterization

Cell markers were analyzed following a previously
published protocol. Briefly, cells were washed twice
with PBS containing 1% bovine serum albumin (BSA).
The cells were then stained with anti-CD14-FITC, anti-
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CD44-PE, anti-CD45-FITC, anti-CD105-FITC, anti-
CD90-PE and anti-HLA-DR-FITC antibodies (all pur-
chased from BD Biosciences, San Jose, CA, USA).
Stained cells were analyzed by a FACSCalibur flow
cytometer (BD Biosciences). Isotype controls were
used in all analyses.

For differentiation into adipogenic cells, ADSCs were
treated as described previously. Briefly, cells were
plated at 1 x 10* cells/well in 24-well plates. At 70%
confluence, the cells were cultured for 21 days in
DMEM/F12  containing 0.5 mM 3-isobutyl-1-
methylxanthine, 1 nM dexamethasone, 0.1 mM indo-
methacin and 10% FBS (all purchased from Sigma-
Aldrich, St Louis, MO, USA). Adipogenic differentia-
tion was evaluated by observing lipid droplets in cells
under a microscope. For differentiation into osteogen-
ic cells, ADSCs were plated at 1 x 10* cells/well in 24-
well plates. At 70% confluence, the cells were cultured
for 21 days in DMEM/F12 containing 10% FBS, 1 x 107
M dexamethasone, 50 puM ascorbic acid-2 phosphate
and 10 mM f-glycerol phosphate (all purchased from
Sigma-Aldrich). Osteogenic differentiation was con-
firmed by Alizarin red staining.

Normoxia and hypoxia culture

To determine the effect of hypoxia on cell proliferation,
the ADSC were seeded at a density of 1000 cells/wellin
96-well plates (Costar, Acton, MA, USA) and culturedat
5% or 20% oxygen. On days 2, 4, 6, 8, 10, 12, 14 and 16,
the cells were lysed in200 uL 0.02% sodium dodecyl sul-
phate (SDS) inDNase-free water, after which the cell
number in thesamples was determined using a Pico-
GreendsDNAquantitation kit (Invitrogen). The number
of cells was calculatedusing a theoretical value of 6.6 pg
DNA/cell. The experiment was performed three times,
each in quadruplicate.

Similarly, this procedure was repeated in a tri-gas in-
cubator in which the oxygen concentration was con-
trolled to 5%.

Cell cycle

Cell cycle analysis was carried out according to the
following protocols. Cells from each group were
washed twice with PBS and fixed in cold 70% ethanol
for at least 3 h at 4°C. Cells were then washed twice
with PBS and stained with 1 mL of propidium iodide
(PL 20 pg/mL). RNase A (10 ug/mL) was added to the
samples and incubated for 3 h at 4°C. Stained cells
were analyzed by flow cytometry using CellQuest Pro
software (BD Biosciences, Franklin Lakes, NJ, USA).

Effects of neutralizing VEGF
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ADSCs were cultured in E-plates and the eXCELLI-
gence system was used to evaluate cell proliferation.
The culture medium was replaced with culture me-
dium supplemented with mAbs against VEGF (clone
4.6.1), VEGFR-1 (clone 6.12) or VEGFR-2 (clone
IMCI1C11). These mAbs were freshly added to the
medium at 1 ug per 1 mL of medium. The cell prolife-
ration, doubling time and cell cycle were evaluated
similar to in the normal condition (without mAbs).

Expression of VEGFR-1, VEGFR-2 and PDGFRp

The expression of VEGFR-1, VEGFR-2 and PDGFRf
was analyzed following protocol. Briefly, cells were
washed twice with PBS containing 1% BSA. The cells
were then stained with anti-VEGFR-1-FITC, anti-
VEGFR-2-FITC or anti-PDGFRB-PE (all purchased
from Abcam). Stained cells were analyzed by a FACS-
Calibur flow cytometer (BD Biosciences). Isotype con-
trols were used in all analyses.

Statistical analysis

Significant differences between mean values were as-
sessed by t-tests and analysis of variance (ANOVA). P
< 0.05 was considered statistically significant. All data
were analyzed by Prism 6 software.

RESULTS
ADSC isolation and culture

Similar to previous studies, SVFs from adipose tissue
easily attached to the flask surface. After 24 h of incu-
bation at 37°C, some cells attached and exhibited
spindle shapes (Fig. 1). These cells continuously proli-
ferated and appeared as fibroblast-like cells after 72 h
of incubation. After 7 days, the primary culture
reached about 70% confluence. The cells were subcul-
tured to a third passage and used in further experi-
ments.

Figure 1. ADSCs cultured as an adherent culture in plastic
flasks. SVFs were cultured and after 24 h some adherent cells exhibited a

spindle shape (A); fibroblast-like cells appeared after 72 h of culture (B);

cells were subcultured three times (C). All images were captured at 10X.
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ADSC characterization and in vitro differentiation

To examine whether these ADSC cells show MSC
phenotypes, the MSC marker profile of these cells was
assayed. The ADSC candidates strongly expressed
markers such as CD44, CD90 and CD105 (Fig. 2),
while they did not express CD14, CD45 and HLA-DR.
Moreover, they successfully differentiated into three
kinds of mesoderm cells including adipocytes, which
showed positive Red Oil staining, osteoblasts, which
showed positive Alizarin Red staining, and chondrob-
lasts, which showed positive Safranin O (Fig 2).
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Figure 2. ADSCs exhibit the MSC phenotype. ADSCs expressed
several MSC markers (A), and successfully differentiated into adipocytes
(C), osteoblasts (D) compared to before differentiation (B). The figures B-
D were captured at 10X.

ADSC proliferation is different in hypoxia and nor-
moxia

Based on the proliferation curve, we found that after 6
days, the proliferation of ADSCs was different be-
tween hypoxia and normoxia. The doubling time sig-
nificantly decreased in hypoxia-cultured ADSCs com-
pared with normoxia-cultured ADSCs at the 6t day
and 10 day. At the 1% day the doubling time of
ADSCs in the two groups was not different (43.5 h vs.
40.11 h in hypoxia and normoxia, respectively), how-
ever, after 6 days of culture the doubling time under
hypoxia decreased to 40.11 h at 1¢t dayto30.0 h at 6"
day, respectively. These values were significantly dif-
ferent from those under normoxia (43.5 h at 1+ day
and 40.5 at the 6t day). These results were confirmed
by a cell cycle assay. After 1stday in culture, the
ADSC’s cell cycle hardly changed under the two con-
ditions. However, the differences became clear after 6t
day. The proportion of cells in S phase significantly
decreased in hypoxia-cultured ADSCs at 6" day com-
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pared to 1st day (29.33+3.06% at 6t day compared to
39.01+2.52% at the 1¢t day), while the change was not
significant in normoxia-cultured ADSCs (40.50+0.29%
in 6t day compared to 38.88+1.21% in the 1t day).
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Figure 3.The differences in ADSC proliferation between hypox-
ia and normoxia. The proliferation curve was different between the
two groups hypoxia and normoxia (A). The doubling time also decreased
in the hypoxia group compared with the normoxia group (B). Cell cycle
analysis showed that the hypoxia-treated group had significantly less S
phase cells compared with the normoxia group (C).

ADSCs strongly express VEGF under hypoxia com-
pared with normoxia

The concentration of VEGF in conditioned medium
under hypoxia was significantly higher than that un-
der normoxia. The results showed that the VEGF con-
centration in conditioned medium under hypoxia in-
creased at 6t day compared with 1st day(Fig. 4)(from
671+ 43.14 pg/mL at 1st day to 1223+ 50.44 pg/mL at 6t
day).While this concentration was non-significantly
increased in the normoxia group (from 624+42.44
pg/mL at 1st day to at 724.3+33.94pg/mL 6t day).

15004
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Figure 4. The expression of VEGF and VEGFRs in ADSCs under
hypoxia and normoxia at the 6 day.VEGF concentration was meas-
ured in the conditioned medium of the two groups.
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The expression of VEGFR-1, VEGFR-2 and PDGFR}

Using flow cytometry, VEGFR-1 and VEGFR-2 expres-
sion was evaluated at 48 h and 72 h in the hypoxia-
treated culture. The results showed that some ADSCs
expressed VEGFR-1 and VEGFR-2 at a low level (less
than 1%), while more than 95% of ADSCs expressed
PDGFRp (Fig. 5).
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Figure 5. Expression of VEGFR-1, VEGFR-2 and PDGFR on the
ADSC surface. Some cells expressed VEGFR-1 and VEGFR-2 (less than

1%) (A, B), while almost all ADSCs expressed PDGFRP (96.67%) (C).

ADSC proliferation decreases in culture medium
supplemented with anti-VEGF or anti-VEGFR mAbs

ADSC proliferation under hypoxia decreased in cul-
ture medium supplemented with anti-VEGF or anti-
VEGFR mAbs compared with under hypoxia without
mAbs. Both doubling time and cell cycle supported
this observation. The proliferation rate of ADSCs in
culture medium supplemented with anti-VEGF or
anti-VEGFR mAbs was significantly decreased com-
pared with that in normal culture medium (without
anti-VEGF or anti-VEGFR mAbs) under hypoxia.
However, ADSCs in culture medium supplemented
with anti-VEGF or anti-VEGFR mAbs still proliferated
more rapidly than under normoxia.

As shown in Fig. 6, anti-VEGF or anti-VEGFR mAbs-
supplemented medium decreased the growth of
ADSCs compared with normal medium (without anti-
VEGF or anti-VEGFR mAbs). The doubling time of
these ADSCs was non-significantly between hypoxia
and normoxia at 6 day (35.67+0.67hrs in hypoxia and
40.50 + 0.29hrs in normoxia). The proportion of cells in
S phase under these conditions also was non-
significantly at 6™ day (37.33+2.51% in hypoxia, and
41.33+2.08% in normoxia, espectively).
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Figure 6. ADSC proliferation under hypoxia or normoxia with
anti-VEGF mAbs.The cell proliferation (A), doubling time (B) and cell
cycle (C) were non-significantly different between these groups.

DISCUSSION

ADSCs are a promising candidate for clinical applica-
tions. They are easily derived from adipose tissue,
with strong proliferation potential. Compared with
other sources of MSCs such as bone marrow, umbilical
cord and umbilical cord blood, ADSCs have a shorter
doubling time. Therefore, numerous studies on
ADSCs, especially on ADSC in vitro proliferation, have
been performed to date. To date, hypoxia has been
applied on stem cell cultures including ADSC culture.
This study aimed to evaluate the effects of hypoxia on
ADSC proliferation.

First, ADSCs were successfully isolated and confirmed
by usual methods and assays. Similarly to previous
studies, the obtained ADSCs fully exhibited several
MSCs characteristics, including adherence to the sur-
face of plastic flasks with a fibroblast-like shape; they
also successfully differentiated into three kinds of me-
soderm cells including adipocytes, osteoblasts and
chondroblasts. Flow cytometry analysis with surface
markers revealed that they expressed particular mark-
ers of MSCs, such as CD44, CD90 and CD105, while
hematopoietic markers such as CD14, CD45 and
HLADR were not detected.
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These MSCs were used in the following experiments.
These cells demonstrated higher proliferation under
hypoxia compared with normoxia. Further assays of
doubling time and cell cycle supported this finding. In
fact, the doubling time significantly decreased under
hypoxia compared with normoxia. Cell cycle analysis
also showed that hypoxia significantly decreased the
percentage of ADSCs in phase S. These findings
showed that hypoxia stimulated the cells to transition
into the phase S, reduced the proportion of cells in S
phase, and therefore stimulated cell proliferation.

To determine why ADSCs proliferated rapidly under
hypoxia compared with normoxia, the supernatants of
the cell cultures under hypoxia and normoxia were
collected and the concentration of VEGF was ana-
lyzed. The results showed that there was a significant
increase in VEGF expression in the supernatant of hy-
poxia-cultured cells compared with normoxia-
cultured cells, suggesting that the strong proliferation
of ADSCs is relate to the VEGF concentration. Thus,
we think that hypoxia stimulates ADSCs to produce
and secret VEGF into the supernatant, and that VEGF
acts as an autocrine factor that stimulates ADSC proli-
feration.

Previous studies have also shown that under hypoxia,
ADSCs produced more VEGF (He et al,, 2015; Liu et
al., 2013; Rinkinen et al., 2015). In fact, with a high
concentration of VEGF, the ADSC-conditioned me-
dium exhibited positive effects on some degenerative
diseases such as myocardial infarction in rats (He et
al., 2015) and diabetic erectile dysfunction (Wang et
al., 2015). Particularly, these studies have shown that
the main effect of hypoxia-pretreated ADSCs is aug-
mentation of angiogenesis (He et al., 2015; Hsiao et al.,
2013; Liu et al., 2013; Wang et al., 2015).

However, we hypothesized that the effects of ADSC
proliferation are associated with autocrine effects of
VEGF on ADSCs. Therefore, we evaluated the expres-
sion of VEGF receptors in hypoxia-treated ADSCs.
However, both flow cytometry and real-time RT PCR
of VEGFR-1 and VEGFR-2 showed that these cells
hardly expressed these receptors. But, in another assay
the proliferation of the hypoxia-treated ADSCs de-
creased after adding anti-VEGF mAbs to neutralize
the VEGF effects, although, the hypoxia-treated
ADSCs with anti-VEGF mAb still proliferated more
rapidly than ADSCs under normoxia.

Taken together, we hypothesized that there are at least
two pathways involved in ADSC proliferation under
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hypoxia: the first one is VEGF-dependent, and the
second is VEGF-independent. In fact, the effects of
hypoxia on ADSC proliferation have been demon-
strated to involve activation of the HIF-la pathway
(Kakudo et al., 2015). Using ERK and Akt inhibitors,
Kakudoet al. (2015) have determined that the effects of
hypoxia on ADSC proliferation could be blocked, and
that HIF-1a knockdown by siRNA partially inhibited
the hypoxia-induced FGF-2 expression in ADSCs
(Kakudo et al., 2015). In the second pathway, we spe-
culated that VEGF affects ADSCs via receptors other
than VEGFR-1 and VEGR-2. Thus, we evaluated
PDGFRp expression in hypoxic ADSCs and showed
that ADSCs highly expressed this receptor. In pre-
vious reports, PDGFRf3 has been demonstrated as a
facultative receptor for VEGF (Ball et al., 2007, Mabry
et al.,, 2010; Pfister et al., 2012). Ball et al. (2007) have
shown that VEGF-A could bind to both PDGFRa and
PDGFR, inducing tyrosine phosphorylation. When
inhibited, VEGF-A-induced MSC migration and proli-
feration were suppressed (Ball et al., 2007).

In combination with previous studies, we propose that
hypoxia can stimulate ADSC proliferation via two me-
chanisms: hypoxia-stimulated expression of HIF-la
activates this signaling pathway, which induces VEGF
secretion into the conditioned medium. The autocrine
VEGF effect on ADSCs significantly triggers ADSC
proliferation by efficiently reducing the proportion of
S phase cells and reducing the doubling time.

CONCLUSION

ADSCs are promising stem cells for clinical applica-
tions. Hypoxia treatment was used to trigger ADSC
proliferation. This study showed that hypoxia strong-
ly stimulated ADSC proliferation. Under hypoxia,
ADSCs were stimulated to produce VEGF, however,
VEGF may have an autocrine effect on ADSCs. Se-
creted VEGF stimulated ADSC proliferation via
PDGFRp. These findings will contribute to under-
standing stem cell proliferation under hypoxia as well
as application of this mechanism to control stem cell
proliferation and differentiation.
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