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The Pivotal Role of Reactive Oxygen Species
Generation in the Hypoxia-Induced Stimulation
of Adipose-Derived Stem Cells
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Adipose-derived stem cells (ASCs) offer a potential alternative for tissue repair and regeneration. We have recently
shown that hypoxia stimulates ASCs and enhances the regenerative potential of ASCs, which is beneficial for ASC
therapy. In the present study, we further investigated a key mediator and a signal pathway involved in the
stimulation of ASC during hypoxia. Culturing ASC in a hypoxic incubator (2% oxygen tension) increased the
proliferation and migration, and this was mediated by Akt and ERK pathways. To determine the generation of
reactive oxygen species (ROS), 2’,7-dichlorofluorescin diacetate intensity was detected by fluorescence-activated
cell sorting. Hypoxia significantly increased the dichlorofluorescin diacetate intensity, which was greatly reduced
by N-acetyl-cysteine and diphenyleneiodonium treatment. Likewise, the hypoxia-induced proliferation and mi-
gration of ASCs were reversed by N-acetyl-cysteine and diphenyleneiodonium treatment, suggesting the in-
volvement of ROS generation in ASC stimulation. Further, we examined the activation of receptor tyrosine kinases
and observed that hypoxia stimulated the phosphorylation of platelet-derived growth factor receptor-p. In
summary, the ROS produced by ASCs in response to hypoxia was mostly likely due to NADPH oxidase activity.
The increased cellular ROS was accompanied by the phosphorylation of platelet-derived growth factor receptor-f3
as well as by the activation of ERK and Akt signal pathways. Our results suggest a pivotal role for ROS generation
in the stimulation of ASCs by hypoxia.

Introduction multiple factors such as serum contents, basal medium type,

glucose concentration, stable glutamine, cell-plating density,

ADIPOSE-DERIVED STEM CELLS (ASCs) have recently been
considered as a substitute for other stem cell sources to
offer a potential alternative for tissue repair and regeneration
[1-6]. For example, we have demonstrated that ASCs promote
wound healing and hair growth [5,7]. In those studies, the
treatment of a conditioned medium of ASCs (ASC-CM)
stimulated dermal fibroblasts and papilla cells, and ASC
transplantation accelerated wound healing and hair regener-
ation in vivo. Of note, the hypoxia-cultured ASCs and CM
induced a significant increase in wound-healing and hair-
growth potential compared with normal culture conditions
[8,9]. Likewise, the beneficial effects of culturing ASC under
hypoxic conditions has been reported in various experimental
systems [10-14]. Therefore, hypoxia appears to play a key
stimulating role during ASC expansion, although the expan-
sion and regenerative potential of ASCs are influenced by
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and plastic surface quality.

ASCs reside in anatomical sites that are relatively oxygen
deficient (although ASCs reside in a perivascular location,
the vessels might be associated with venous structures and
a partial pressure of oxygen at 40-60 mmHg), and hypoxia
may provide signals conducive to the maintenance of defin-
itive ASC properties [15,16]. Despite the low oxygen prefer-
ence, ASCs are usually cultured under normoxia (20%-21%
O, condition). Therefore, an appropriate hypoxic condition
may be beneficial and invaluable for developing novel cell
therapy with ASCs. For example, Rehman et al. reported that
hypoxia increased antiapoptotic and angiogenic growth
factor secretion of ASC, which increased the recovery from
hind-limb ischemia [11]. Our group also demonstrated that
hypoxia-expanded ASCs enhanced antioxidant and angio-
genic growth factor secretion to accelerate skin regeneration
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[8,9]. However, all those studies focused on the chronic re-
sponse to hypoxia whereby stabilization of HIF-1o. enhanced
the secretion of target proteins and increased the regenera-
tive potential of ASCs. On the contrary, the acute intra-
cellular responses of ASCs (ie, involved membrane receptors
and signal pathways) during hypoxia have not yet been
clearly identified.

Evidence suggests that membrane receptors and signal
pathways are stimulated by acute hypoxia in various cell
systems. For example, hypoxia increased proliferation
of cancer and endothelial cells by activating the Akt and
ERK1/2 pathways [17-19]. Further, hypoxia-induced epi-
thelial growth factor receptor and platelet-derived growth
factor receptor (PDGFR) tyrosine kinase activation have been
demonstrated in some cell types [19-21]. Wang et al. reported
the signal pathway involved in the growth factor secretion
of mesenchymal stem cells, and that hypoxia-induced secre-
tion was associated with increased activation of p38 mitogen-
activated protein kinase [22]. In addition, involvement of
phosphatidylinositol 3 kinase/Akt, a mammalian target for
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rapamycin, focal adhesion kinase, and Src phosphorylation
has been demonstrated in the hypoxia-induced proliferation
and migration of embryonic stem cells [23]. It is unknown,
however, if they are involved in an acute response to hypoxia
and in the stimulation of ASCs. In the present work, we in-
vestigated if there is a key stimulating factor that mediates
and initiates the cellular responses of ASCs during hypoxia
and the signal pathways involved in the stimulation of ASCs.

Materials and Methods
Cell culture and inhibition conditions

Sampling of human subcutaneous adipose tissue and iso-
lation of ASCs were previously reported [7,24]. ASCs were
characterized by flow cytometry using cell surface markers
(Supplementary Fig. S1; Supplementary Data are available
online at www liebertonline.com/scd). ASCs were grown in a
minimum essential medium alpha medium (Gibco, Invitro-
gen) with 10% fetal bovine serum (Gibco), and 1% penicillin
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HYPOXIA STIMULATES ASCS BY ROS GENERATION

and streptomycin (Gibco) at 37°C in a humidified atmosphere
containing either 5% CO, plus 20% O, (Normoxia) or 5% CO,
plus 2% O, with the balanced N, (Hypoxia). ASCs were used
between passage 5 and passage 9. ASCs were characterized
using cell surface markers such as CD34, CD73, CD90, and
CD105 (data not shown). Various inhibition conditions such
as 5uM LY294002 (Calbiochem), 5 uM U0126 (Calbiochem),
100 uM-1mM N-acetyl-cysteine (NAC; Sigma-Aldrich, 100-
500 nM diphenyleneiodonium (DPI; Sigma), and 5-20 uM
AG1296 (Calbiochem) were used in the present study.

Proliferation assay

ASCs were plated overnight in triplicate 48-well plates at a
density of 5,000-7,000 cells per well in the complete me-
dium. After 24h, the medium was replaced with serum-free
medium containing 1% penicillin and streptomycin. The fol-
lowing day after seeding, cells were incubated in either nor-
moxia (20% O,, 5% CO,) or hypoxia (2% O,, 5% CO, and
balanced N,) and either with or without chemical inhibitors for
48-72 h. After incubation, the medium was removed and the
cell number was measured using a CCK-8 assay kit (Dojindo).
CCK-8 solution (150 uL) was added to each well followed by
incubation for 2 h. After incubation, the absorbance was mea-
sured at 450 nm using a microplate reader (TECAN).

Migration assay

For the migration assay, ASCs (5%x10° cells/well) were
seeded in 6-well plates with a complete medium. The fol-
lowing day, confluent ASCs were kept in the serum-free
medium for 12-24h. Serum-starved ASCs were wounded
using a migration micropipette tip and were incubated with
or without inhibitors in hypoxia and normoxia. Cell migra-
tion was quantified by microscopic examination at 18 and
40h after wounding. For the evaluation of ASC migration, 5
randomly selected points along each wound were marked,
and the horizontal distances of migrating cells from the ini-
tial wound (black line in Fig. 2A) were measured. Relative
migration distance was compared with that of control (nor-
moxia) and fold change was evaluated.

Antibodies

Antibodies recognizing Akt (1:3,000), phospho-Akt
(1:2,000), ERK (1:3,000), phospho-ERK (1:3,000), PDGFR-f
(1:2,000), and phosphor-PDGFR- (Y1009 and Y1021; 1:1,000)
were purchased from Cell signaling Technology. Horseradish-
peroxidase (HRP)-conjugated secondary mouse antibody
(1:10,000) and HRP-conjugated secondary rabbit antibody
(1:10,000) were purchased from Santa Cruz Biotechnology.

Western blotting

Proteins were solubilized using sodium dodecyl sulfate
sampling buffer. Lysates were examined either by 10% or 8%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis,
and were transferred to a polyvinylidene fluoride membrane
(Millipore). The membrane was blocked with 5% skim milk
for 1Th at room temperature and was then incubated with
primary antibody overnight at 4°C. The following day, the
membrane was washed with TBS-T buffer (0.1% Tween 20 in
Tris-buffered saline), followed by incubation with HRP-
conjugated secondary antibody for 1h at room temperature.
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The membrane was reacted to ECL solution (Millipore) and
was exposed.

Assay of reactive oxygen species generation

Reactive oxygen species (ROS) production in ASCs was
measured using 2’,7’-dichlorofluorescin diacetate (DCF-DA;
Molecular probes). ASCs (7x10° cells) were seeded in
100 mm culture dish with a serum-free medium for over-
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FIG. 2. Effect of hypoxia on the migration of ASCs. Note
that hypoxia significantly increased the migration of ASCs.
Photographs were taken to measure the migration distance
of ASCs at 18 and 40 h after scraping (A, black line represents
an initial wound), and the hypoxia-induced migration dis-
tance was evaluated. (B, normoxia: white bars, hypoxia: black
bars). 1Y294002 (5pM) and U0126 (5uM) significantly de-
creased the hypoxia-induced migration of ASCs (C).
*P<0.05, *P<0.01.
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night. Cells were pretreated with NAC and DPI for 30—
60 min and were incubated with DCE-DA (20 uM) for 10 min
at 37°C (in the dark). Then, cells were incubated in normoxia
and hypoxia for 20 min and incubated cells were harvested
by trypsin—-EDTA. Fluorescence was measured using a flow
cytometer (Becon Dickinson).

In vitro wound-healing assay

Human dermal fibroblast (HDF) migration assay was
adopted for the measurement of in vitro wound healing.

KIM ET AL.

HDF was isolated and cultured as previously described
[7,24]. Confluent HDFs kept in the serum-free medium for
24h were wounded with a plastic micropipette tip with a
large orifice. Then, the medium was added with concen-
trated proteins from CM of ASCs in normoxia (Nor-CM), in
hypoxia (hypo-CM), in hypoxia with 100mM NAC treat-
ment to scavenge ROS (NAC-CM), and in hypoxia with
100nM DPI to inhibit ROS generation (DPI-CM). Photo-
graphs of the wounded areas were taken every 24h by
phase-contrast microscopy. In vitro wound-healing potential
was evaluated by migrated distance of HDF.
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FIG. 3. Hypoxia-induced ROS generation and its involvement in ASC stimulation. Note that hypoxia generates ROS and that
hypoxia-induced stimulation was reversed by NAC treatment. The fluorescence intensity of DCF-DA in ASCs at 10 min (A, the
first peak, negative control; the second peak, normoxia; the third peak, hypoxia) and 20min after hypoxia (B, the first peak,
negative control; the second peak, normoxia; the third peak, hypoxia). NAC (0.1 mM) treatment decreased the fluorescence
intensity of DCE-DA in ASCs (C, the first peak, negative control; the second peak, normoxia; the third peak, hypoxia; the forth
peak, NAC treatment). Hypoxia-induced proliferation (D) and migration (E) of ASCs was reversed by NAC treatment. **p <0.01.
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Statistical analysis

All data were representative of triplicate independent ex-
periments and subjected to statistical analysis with P <0.05 or
P <0.01 being considered significant.

Results
Hypoxia increased the proliferation of ASCs

The effect of oxygen concentration on the proliferation of
ASCs had been examined in the preliminary study, which
showed that 1%-5% hypoxia significantly increased the pro-
liferation of ASCs. However, survival of ASCs under serum-
free conditions was not increased by hypoxia. Therefore, a
condition of 2% hypoxia with 10% fetal bovine serum was
used throughout the present study. ASCs cultured under
normoxic conditions were transferred to a hypoxic incubator
wherein 2% hypoxia significantly increased proliferation at
days 3 and 6 (Fig. 1A). To the contrary, when hypoxia-
cultured ASCs were transferred to a normoxic incubator, it led
to a significant decrease in the proliferation of ASCs at days 3
and 6 (Fig. 1B). To test the roles of cell survival/proliferation
pathways in hypoxia-increased proliferation, the Akt and
ERK1/2 pathways were examined. Hypoxia increased the
phosphorylation of Akt and ERK1/2 for 6h (Fig. 1C). In-
volvement of these signal molecules was confirmed by the fact
that their specific inhibitors, LY294002 and U0126, signifi-
cantly decreased the proliferation of ASCs at day 3 (Fig. 1D).

Hypoxia increased the migration of ASCs

After removing the confluent ASCs with a scraper, the
migration distances of ASCs were measured. Compared with
normoxia, hypoxia significantly increased the migration of
ASCs at 18 and 40h after scraping (Fig. 2A, B). The involve-
ment of Akt and ERK1/2 signal molecules was investigated
under the same conditions by which inhibitions of these signal
pathways by LY294002 and U0126 had significantly de-
creased the hypoxia-induced migration of ASCs (Fig. 2C).

Hypoxia induced ROS generation

We further examined which factor(s) increased prolifera-
tion and migration of ASCs during hypoxia. Since low-level
ROS generation was reportedly involved in signal transduc-
tion, we hypothesized that ROS generated by acute hypoxia
may be involved in the stimulation of ASCs [25,26]. Therefore,
generation of ROS was examined using DCF-DA florescence

TaBLE 1. THE FLUORESCENCE INTENSITY
OF DICHLOROFLUORESCIN DIACETATE ADIPOSE-DERIVED
STEM CELLS AFTER N-ACETYL-CYSTEINE TREATMENT

Condition Geometric mean
Negative 3.0+£0.3
Normoxia 387.6+83.3
Hypoxia NAC 0mM 667.2+109.2
0.1mM 477.3+69.0*
0.5mM 533.4+139.5
1mM 494.1+74.0*

n=2,*P<0.05.
NAC, N-acetyl-cysteine.
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dye. Acute hypoxia significantly increased the fluorescence
intensity of DCF-DA in a time-dependent manner (10 min:
Fig. 3A; 20 min: Fig. 3B). The role of hypoxia-generated ROS
in the stimulation of ASCs was examined using NAC, an
ROS scavenging agent. Hypoxia-induced ROS generation
and functional enhancement was reversed by NAC treat-
ment. As shown in Fig. 3C and Table 1, NAC treatment re-
duced the signal intensity of DCF-DA in ASCs. In addition,
NAC treatment significantly decreased the hypoxia-induced
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FIG. 4. Involvement of NADPH oxidase in ROS generation.
Note that hypoxia-induced stimulation was reversed by a
NADPH oxidase inhibitor. The fluorescence intensity of
DCF-DA in ASCs was decreased by 100 nM DPI treatment in
Facs analysis (A, the first peak, negative control; the second
peak, normoxia; the third peak, hypoxia; the forth peak, DPI
treatment). Hypoxia-induced proliferation (B) and migration
(C) of ASCs were reversed by DPI treatment. *p <0.05, **p <0.01.
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proliferation (Fig. 4D) and migration (Fig. 4E) of ASCs.
However, NAC treatment did not significantly reduce the
proliferation and migration of ASCs in normoxia, which im-
plies a critical role of ROS generation in hypoxia-induced
functional enhancement (data not shown).

Possible involvement of NADPH oxidase
in the hypoxia-induced ROS generation

Several enzymes are now recognized as being potentially
able to produce ROS; perhaps the most important of these is
NADPH oxide. Therefore, we determined the possible in-
volvement of NADPH oxidase in ROS generation using DPI
(an inhibitor of NADPH oxidase by inhibiting electron

A

mecia
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transport). The fluorescence intensity of DCF-DA in ASCs
was significantly reduced by 100 nM DPI treatment (Fig. 4A).
In addition, 100nM DPI treatment significantly decreased
the hypoxia-induced proliferation (Fig. 4B) and migration
(Fig. 4C) of ASCs. Collectively, these results suggest the
possible involvement of NADPH oxidase in ROS generation
during hypoxia.

Hypoxia phosphorylates PDGFR-f

To investigate the signal pathways involved in the stimu-
lation of ASC by hypoxia, a phospho-receptor tyrosine kinase
(RTK) array was used to screen the involved RTKs. In a
phospho-RTK chip array, the phosphorylation of PDGFR-f
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FIG. 6. Effect of hypoxia on the wound-healing potential of
ASCs in vitro. Note that hypoxia enhanced the wound-
healing potential of ASCs in vitro via paracrine mechanism.
Compared with Nor-CM, the addition of concentrated pro-
teins from hypo-CM increased the migration of dermal fi-
broblasts. However, enhanced function was attenuated by
the addition of concentrated proteins from NAC-CM and
DPI-CM. *P<0.05, *P<0.01. CM, conditioned medium.

was primarily increased by hypoxia (data not shown).
In addition, expression of Y1009- phosphorylated PDGFR-f
was significantly increased by hypoxia compared with total
PDGEFR-p expression in Western blot analysis (Fig. 5A). In
addition, scavenging ROS by NAC treatment significantly
reduced the phosphorylation of PDGFR-B (Fig. 5B), which
suggests that hypoxia-generated ROS mediates the phos-
phorylation of PDGFR-B. To confirm the involvement
PDGEFR-B in hypoxia-induced stimulation of ASC, a chemical
inhibitor of PDGFR-B, AG1296, was used. As expected, inhi-
bition of PDGFR-B by AG1296 significantly reduced the
hypoxia-enhanced proliferation (Fig. 5C) and migration (Fig.
5D) of ASCs.

Hypoxia enhanced wound-healing potential
of ASCs in vitro

To confirm the increased regenerative potential of ASCs
by ROS generation (ie, paracrine effect), we obtained con-
centrated proteins from the CM of ASCs in various condi-
tions and compared the wound-healing potential in vitro.
Compared with Nor-CM, concentrated proteins from hypo-
CM significantly enhanced the migration of HDFs. However,
the enhanced function was attenuated by the addition of
concentrated proteins from NAC-CM (Fig. 6), which sug-
gests that scavenging and reducing ROS generation by NAC
decreased the wound-healing potential of ASCs. In addition,
the addition of concentrated proteins from DPI-CM also re-
sulted in the reduced migration of HDFs (Fig. 6). Therefore,
ROS generation is potentially a key event for the hypoxia-
induced wound-healing potential of ASCs.

Discussion

ROS are species of oxygen that are in a more reactive state
than molecular oxygen. ROS such as superoxide anion (O, ")
and hydrogen peroxide (H,O,) play an important role in
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normal cell growth, migration, differentiation, apoptosis, and
senescence [27,28]. Excess amounts of ROS are toxic and in-
volved in stem cell senescence and apoptosis [29], thereby
contributing to oxidative stress-dependent diseases [30,31]. By
contrast, ROS at low levels function as signaling molecules
to enhance the proliferation and migration of stem cells by
serving as second messengers for signal transduction and by
triggering the expression of early response genes, such as Akt
and ERK1/2, as well as the activation of tyrosine kinases and
the deactivation of tyrosine phosphatases [25,26]. Further,
ROS are reportedly involved in the secretion of diverse growth
factors (ie, vascular endothelial growth factor) from stem cells
by stabilizing the HIF-1a levels [23,32,33]. This evidence sug-
gests that the controlled production of ROS by hypoxia has a
beneficial effect on the cellular homeostasis of ASCs.

ROS are generated from a number of sources, including
NADPH oxidase, the mitochondrial electron-transport sys-
tem, xanthine oxidase, cytochrome p450, uncoupled nitric
oxide synthase, and myeloperoxidase [28,34]. Complex in-
teractions may occur among different sources of ROS, as well
as feed-back and feed-forward regulation of ROS accumula-
tion [34]. However, NADPH oxidase has emerged as a major
source of ROS in receptor-activated signal transduction, and
is activated by growth factors and hypoxia [35,36]. Several
homologs of gp91phox (also termed Nox2), including Nox1,
Nox3, Nox4, and Nox5, as well as the dual oxidases (Duox)1
and 2, have been identified [37-39]. Nox1, Nox2, Nox4, and
Nox5 are expressed in endothelial cells, whereas Nox2 and
Nox4 are found expressed in mesenchymal stem cells [40-42].
In addition, increasing evidence shows that ROS are gener-
ated by cytosolic NADPH oxidase in stem/progenitor cells,
which is involved in the differentiation and proliferation of
stem cells [33]. Using DPI, a chemical inhibitor of NADPH
oxidases, our results suggested the possible involvement of
NADPH oxidases in ROS generation. However, the most
critical NADPH oxidase involved in hypoxia-induced ASC
activation has not been characterized. Therefore, identifica-
tion of NADPH oxidase expressed in ASCs, and study of the
kinetic profile of ROS generation by these NADPH oxidases
will be the next topic of our research.

Culturing ASCs in hypoxia has diverse advantages over
normoxia. Hypoxia increased the proliferation and regener-
ative potential of ASCs by enhancing the secretion of growth
factors. In the present study, we investigated the key factor
that initiates and mediates the cellular responses of ASCs
during hypoxia and demonstrated the pivotal role of ROS
and its downstream signaling pathways. To summarize, as
an acute response to hypoxia, ASCs generated ROS. Then, an
increased cellular ROS level activated PDGFR-$, followed by
phosphorylation of Akt and ERK1/2 signal pathways. Col-
lectively, these events increased proliferation, migration, and
the regenerative potential of ASCs.
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