
Pre-culturing human adipose tissue mesenchymal stem cells under hypoxia
increases their adipogenic and osteogenic differentiation potentials
M. G. Valorani*,†,‡, E. Montelatici§, A. Germani†, A. Biddle††, D. D’Alessandro‡‡, R. Strollo*, ¶, M. P. Patrizi†,
L. Lazzari§, E. Nye**, W. R. Otto*,**, P. Pozzilli*,¶ and M. R. Alison*

*Centre for Diabetes, Blizard Institute, Barts & The London School of Medicine & Dentistry, Queen Mary University of London, London, UK,
†Fondazione Livio Patrizi, Rome, Italy, ‡BIOS S.p.A., Rome, Italy, §Cell Factory, Department of Regenerative Medicine, Fondazione IRCCS Ca’
Granda, Ospedale Maggiore Policlinico, Milan, Italy, ¶Area di Endocrinologia, Universita’ Campus Bio-Medico, Rome, Italy, **Histopathology
Laboratory, Cancer Research UK, London, UK, ††Centre for Cutaneous Research, Blizard Institute, Barts & The London School of Medicine &
Dentistry, Queen Mary University of London, London,UK and ‡‡Department of Neuroscience, University of Pisa, Pisa, Italy

Received 13 October 2011; revision accepted 22 January 2012

Abstract
Objectives: Hypoxia is an important factor in many
aspects of stem-cell biology including their viabil-
ity, proliferation, differentiation and migration. We
evaluated whether low oxygen level (2%) affected
human adipose tissue mesenchymal stem-cell
(hAT-MSC) phenotype, population growth, viabil-
ity, apoptosis, necrosis and their adipogenic and
osteogenic differentiation potential.
Materials and methods: hAT-MSCs from four
human donors were cultured in growth medium
under either normoxic or hypoxic conditions for
7 days and were then transferred to normoxic
conditions to study their differentiation potential.
Results: Hypoxia enhanced hAT-MSC expansion
and viability, whereas expression of mesenchymal
markers such as CD90, CD73 and endothelial
progenitor cell marker CD34, remained unchanged.
We also found that pre-culturing hAT-MSCs under
hypoxia resulted in their enhanced ability to differ-
entiate into adipocytes and osteocytes.
Conclusions: This protocol could be useful for
maximizing hAT-MSC potential to differentiate in
vitro into the adipogenic and osteogenic lineages,
for use in plastic and reconstructive surgery, and in
tissue engineering strategies.

Introduction

Mesenchymal stem cells (MSCs), from bone marrow or
subcutaneous adipose tissue, have been explored well in
terms of use for regenerative medicine. Both types of
MSC have equal potential to differentiate into cells and
tissues of mesodermal origin such as adipocytes, carti-
lage, bone and skeletal muscle (1). For regenerative thera-
pies, adipose tissue-derived mesenchymal cells (AT-
MSCs) have advantages due to ease of access to subcuta-
neous adipose tissue and simple isolation procedures.

Physiological oxygen tension in adipose tissue is typi-
cally <3%, thus AT-MSCs reside in anatomical sites that
are relatively oxygen-deficient (2). Low-oxygen tension is
an important component of the stem-cell microenviron-
ment (the stem-cell niche) and provides signals conducive
to maintenance of stem-cell function (3). Despite
low-oxygen concentration in the stem-cell microenviron-
ment, stem cells in the laboratory are usually cultured
under normoxic conditions corresponding to atmospheric
oxygen (21%). Culturing AT-MSCs under more physio-
logically relevant conditions of low-oxygen tension may
uniquely benefit their expansion, differentiation, adhesion,
growth factor secretion and regenerative potential. Several
recent studies have investigated effects of reduced oxygen
tension on human AT-MSCs with remarkably contrasting
results. Low oxygen levels (2%) seem to reduce chondro-
genic and osteogenic differentiation of murine AT-MSCs
(4) and to reduce osteogenic and adipogenic differentia-
tion of human AT-MSCs (5), whereas moderate hypoxia
(5%) has reportedly lowered proliferation rates, but
enhanced chondrogenic potential of human AT-MSCs (6).

Recently, we developed a method to expand murine
bone marrow and adipose tissue-derived MSCs by
culturing them under hypoxic conditions. We found that
prior exposure of murine MSCs to hypoxia led to
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significant reduction in ex vivo expansion time, with
significantly increased numbers of cells expressing stem-
cell marker Sca-1+ as well as combined Sca-1+/CD44+

expression. Moreover, murine AT-MSCs pre-exposed to
hypoxia when switched to normoxic conditions exhib-
ited significantly higher adipogenic differentiation capac-
ity compared to their pre-exposed normoxic-cultured
counterparts (7). Here, we have investigated the effect
of hypoxia on human AT-MSC behaviour and specifi-
cally, we have tested effects of hypoxic conditions (2%)
on culture of four different individual human AT-MSC
populations, to examine phenotype, population growth
capacity, survival and their adipogenic and osteogenic
differentiation potentials following re-exposure to norm-
oxic culture conditions.

Materials and methods

Cell culture

Adipose tissue was harvested from the lower abdomen of
four female donors (20, 23, 29 and 30-year olds), with
informed consent. Curetting during suction was per-
formed under moderate negative pressure, using a 50-ml
disposable syringe connected to a 2-holed 4.0 mm blunt
cannula. Lipoaspirates were washed in sterile phosphate
buffered saline (PBS; Invitrogen, Carlsbad, CA, USA) to
remove contaminating debris and red blood cells, then
treated with 0.075% type A collagenase (Roche, Mann-
heim, Germany) in PBS with Ca2+ and Mg2+ (EuroClone,
Milano, Italy), for 30 min at 37 °C, with gentle agitation.
Collagenase was inactivated using an equal volume of
Dulbecco’s modified Eagle’s medium-low glucose
(DMEM-LG) (Lonza, Wokingham, UK) supplemented
with 20% foetal bovine serum (FBS) (Biochrom AG,
Source BioScience, Nottingham, UK). The suspension
was centrifuged at 200 g for 10 min. Whole pellets with
the stromal vascular fraction were plated overnight in
normoxia in fresh complete/growth medium (GM):
DMEM-LG (Lonza)/10% FBS (Biochrom AG) which
was further supplemented with 100 IU/ml penicillin and
100 lg/ml streptomycin (Invitrogen), after which
non-adherent cells were removed (8). Adherent cells were
cultured at 1 9 104 cells/cm2 in GM up to 7 days, in
parallel in either normoxia (21% O2) or hypoxia (2% O2)
at 37 °C, in humidified 5% CO2 atmosphere. Hypoxic
conditions were created using an Invivo2 1000 hypoxia
workstation (Ruskinn Technology, Pencoed, UK) accord-
ing to the manufacturer’s instructions and half volumes of
complete medium were replaced every 2 days. The adher-
ent fraction was detached by trypsinization at 70–80%
confluence using Accutase (Chemicon Europe, Hamp-
shire, UK) and re-plated at 1 9 104 cells/cm2.

Flow cytometric analysis

The phenotypes of cultured hAT-MSCs were analysed
by flow cytometry using a BD FACSAria analyser fitted
with BD FACSDiva software. The following mouse
anti-human IgG1j monoclonal antibodies were used for
positive selection: fluorescein isothiocyanate (FITC)-con-
jugated CD90 (Thy-1), phycoerythrin (PE)-conjugated
CD73 (Ecto-5′-nucleotidase), allophycocyanin (APC)-
conjugated CD34; and for negative selection, BD
HorizonTM V450 conjugated mouse anti-human CD45
(Leukocyte Common Antigen) was used. As controls,
cells were stained with FITC, PE, APC and BD Hori-
zonTM V450-labelled mouse IgG1k isotypes (BD Bio-
sciences Pharmingen, Palo Alto, CA, USA). Compensation
was performed using single colour controls. At day 7 of
culture, samples were analysed to compare negative
selection antibody against CD90-FITC, CD73-PE or
CD34-APC. Gating was performed for cells negative for
CD45, and cells were then gated to show percentage of
CD34-positive cells, those double-positive for CD73/
CD90 and percentage of CD73/CD90/CD34-positive
cells. Also, BD CompBead Plus anti-mouse Ig, k poly-
styrene-particle compensation beads and BD CompBead
Plus Negative control particles were used to establish
fluorescence compensation settings for multicolour flow
cytometric analyses, and were found to be more accurate
than manually setting the compensation matrix with cells
(BD Biosciences Pharmingen).

Growth curve study

Human AT-MSCs from one donor were cultured in GM
in normoxic and hypoxic conditions in total for 14 days
and at day 6 passage 1 (P1), cells were detached and
seeded in four 12.5 cm2

flasks (n = 4) for selected
times, at 3 9 103/cm2 density [3.75 9 104 cells per
flask], to evaluate cell population expansion. On days 8,
10, 12 and 14, cells were detached and counted using a
haemocytometer.

Viability/apoptosis/necrosis analysis

After 7 days culture, either in normoxia or in hypoxia,
hAT-MSCs from the four different donors were
detached by trysinization using Accutase (Chemicon
Europe), and FACS analyses were performed.

Cells were resuspended in 200 ll of calcium rich
annexin V buffer (BD Biosciences, Oxford, UK) and
incubated for 15 min at RT with 15 ll of annexin V-Al-
exaFluor-647 (Invitrogen). Propidium iodide (PI) (5 lg/
ml) was added and samples were analysed on a Becton
Dickinson LSRII cytometer, using 660/20 nm channel
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of the red laser for annexin V-AlexaFluor-647 detection,
and 576/26 nm channel of the argon laser was used to
detect PI (10,000 events were collected). No compensa-
tion controls were required as PI and AlexaFluor-647
did not spectrally overlap. Quadrant gating was used to
detect live cells (annexinVneg/PIneg), apoptotic cells
(annexinVpos/PIneg) and necrotic cells (annexinVneg/
PIpos and annexinVpos/PIpos).

Cell cycle analysis

Flow cytometric analysis of ploidy distribution was per-
formed to further confirm apoptosis. Briefly, annexin
V-labelled hAT-MSCs were fixed in 70% ice-cold etha-
nol, spin-washed in PBS and incubated in 100 lg/ml
RNAse (Sigma-Aldrich, St. Louis, MO, USA) at 37 °C
for 15 min and resuspended in 50 lg/ml PI in PBS.
Then, samples were analysed (10 000 events collected)
on a Becton Dickinson LSRII cytometer using the 610/
10 nm channel from the argon laser to detect PI in a
linear manner, with width parameter used to exclude
doublets of cells. A DNA profile representing cells in
G1, S-phase and G2/M was observed with apoptotic cells
being represented by a sub-G1 population seen to the
left of the G1 peak.

In vitro hAT-MSC adipogenic differentiation

Normoxic and hypoxic GM-cultured hAT-MSCs were
transferred to normoxia (passage P2) and plated at 2–
3 9 104 cells/cm2 (4–5 9 104 cells/well) in four-well
plates up to 80–90% confluence. Then, GM was replaced
with adipogenic differentiation medium (DM) (PT-3004;
Lonza) and change of media was performed three times
per week. All cultures contained the same number of cells
when differentiation was attempted. Adipogenic differen-
tiation was induced using differentiation medium (DM)
(PT-3004; Lonza), following specific procedural instruc-
tions of Lonza adipogenic differentiation media kits. Each
cycle, consisting of feeding hAT-MSCs with complete
adipogenic induction medium [170 ml adipogenic induc-
tion medium supplemented with 2 ml rh-insulin (recom-
binant human), 4 ml L-glutamine, 20 ml Mesenchymal
Cell Growth Supplement (MCGS), 1 ml dexamethasone,
0.4 ml indomethacin, 0.2 ml 3-isobuty-l-methyl-xanthine
(IBMX), 0.2 ml aqueous solution gentamycin sulphate
and amphotericin-B (GA-1000)], for 3 days. This was
followed by 1–3 days culture in supplemented adipogenic
maintenance medium (170 ml of adipogenic maintenance
medium supplemented with 2 ml rh-insulin, 4 ml L-glu-
tamine, 20 ml MCGS, 0.2 ml GA-1000) (Lonza). This
cycle was repeated for 3 weeks. Cultures were fixed in
4% PFA in PBS, incubated in 60% iso-propyl-alcohol

(IPA) and stained with 1% Oil Red O (Raymond Lamb,
Eastbourne, UK) in IPA for 15 min and further in IPA to
remove background staining (9–11). Nuclei were stained
with half-strength Harris’ haematoxylin for 30 s, and then
mounted in Glycergel.

In vitro hAT-MSC osteogenic differentiation

Osteogenic differentiation was assessed in both mono-
layer and pellet cultures. Briefly, normoxic and hypoxic
GM-cultured hAT-MSCs were transferred to normoxia
and either plated at 3 9 103/cm2 cell density (5–
6 9 103 cells/well) in four-well plates or seeded at den-
sity of 2.5 9 105 cells/tube in 15 ml polypropylene ster-
ile tubes, for monolayer and pellet cultures, respectively.
Osteogenic DM (PT-3002; Lonza) was prepared with
osteogenic basal medium, 170 ml with added supple-
ments and growth factors: 1 ml dexamethasone, 1 ml
ascorbate, 20 ml MCGS, 4 ml L-glutamine, 2 ml peni-
cillin/streptomycin and 2 ml ß-glycerophosphate, follow-
ing specific procedural instructions of Lonza osteogenic
differentiation media kit (Lonza). Osteogenic differentia-
tion of hAT-MSCs in monolayer culture was assessed
up to 34 days. For pellet cultures, the human AT-MSCs
were differentiated for 22 days.

Monolayer and pellet cultured cells were fixed in
4% PFA in PBS and osteogenesis was assessed with
von Kossa’s staining to quantify mineralization (12) and
with Alizarin red S to detect calcium deposits (13).

In vitro hAT-MSC chondrogenic differentiation

To assess whether pre-hypoxia exposure affected hAT-
MSC differentiation towards the chondrogenic lineage,
monolayer and pellet cultures of hAT-MSCs were per-
formed. Cells were grown first in monolayer for 7 days
under hypoxic or normoxic conditions to expand cell
numbers, then transferred to normoxia to grow in chon-
drogenic differentiation medium for 19 and 27 days
respectively.

For monolayer cultures, normoxic and hypoxic GM
cultured cells were seeded to grow at 2.2 9 104 cells/
cm2 (4.2 9 104 cells/well) in four-well plates and were
fed after 1 day by completely replacing GM until, in
1–2 days, cultures reached 80–90% confluence for
optimal chondrogenic differentiation. To induce chondro-
genic differentiation, cells were cultured in DM (CC-
3225, Lonza) with 250 ml chondrocyte differentiation
basal medium (CDBM), (CC-3226, Lonza) and using Sin-
gleQuots kit (CC-4408, Lonza) containing 1.25 ml
TGFb1, 0.5 ml human recombinant analogue of insulin-
like growth factor-I with substitution of Arg for Glu at
position 3 (R3-IGF-1), 0.5 ml insulin, 0.5 ml transferrin,
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12.5 ml FBS and 0.25 ml gentamycin/amphotericin-B. In
addition, we included ascorbic acid (260 ll of ascorbic
acid to 260 ml of CDBM; CC-4398, Lonza), necessary
for maturation and deposition of all types of collagen.
Change of medium was performed 3 times per week.

For pellet 3D hAT-MSC differentiation cultures,
cells were seeded at density of 2.5 9 105 cells/tube in
15 ml polypropylene sterile tubes, and after 1 day, GM
was completely replaced with DM, change of medium
being performed three times per week.

Immunohistochemical staining

Following osteogenic differentiation, cells were embed-
ded in paraffin wax (Fibrowax; VWR BDH Prolabo, East
Grinstead, West Sussex, UK) and sectioned at 4 lm, tis-
sue sections being collected on charged microscope
slides (Thermo Fisher Scientific Shandon, Loughbor-
ough, Leicestershire, UK). Samples were de-waxed in
xylene and dehydrated by passage through graded alco-
hols. Sections were permeabilized with 0.2% Triton X-
100 (Sigma-Aldrich), washed, and endogenous peroxid-
ases quenched by incubation with 0.6% H2O2 in metha-
nol, in the dark for 15 min. After blocking non-specific
binding sites with goat serum (Vektor Lab, Orton South-
gate, Peterbourough,UK), samples were incubated in rab-
bit polyclonal anti-osteocalcin antibody at 1:100 dilution
(sc-30044; Santa Cruz Biotechnology, Santa Cruz, CA,
USA). Sections were then incubated in goat anti-rabbit
biotinylated secondary antibody diluted 1:200 (BA 1000;
Vektor Lab) followed by HRP-streptavidin incubation
(Vectastain Elite ABC Kit Standard;Vektor Lab). Immu-
noreactivity was visualized by treatment for 5 min in
0.5 mg/ml 3-diaminobenzidine (DAB) containing 0.02%
H2O2 (Amresco, Solon, OH, USA). Finally, sections
were dehydrated in ethanol, clarified in xylene and
mounted with DPX mountant (Fluka, Buchs, Switzer-
land). Sections of human new bone were used as positive
and negative controls for IHC staining.

Statistical analysis

Results are presented as mean ± SE. Statistical signifi-
cance between two measurements was evaluated using
Student’s t-test, with probability value of P < 0.05 being
considered significant.

Results

Four lines of hAT-MSCs were expanded from lipoaspi-
rates from the four patients. Equal numbers of the cells
were grown under normoxic and hypoxic conditions. In
both culture conditions, their morphology was fibro-

blast-like and there were no differences between the cul-
tures from each of the four patients (Fig. 1).

Expression of cell surface markers CD90 and CD73,
commonly expressed by AT-MSCs (1) was monitored
over the course of culture. We also evaluated expression
of CD34, which identifies the endothelial progenitor cell
population, within the AT-MSC fraction (14,15); we
used this marker as it has previously been shown to
identify human adipose tissue stem cells (15,16).

All cell lines exhibited similar expression patterns in
normoxic and in hypoxic culture conditions. Specifi-
cally, at day 7 of culture, most cells positively expressed
CD90 and CD73, while a subpopulation of CD90+/
CD73+ cells also expressed CD34 (Fig. 2). Notably, a
trend of reduction in frequency of CD34 positive and
CD73/CD90/CD34 positive cells, although not statisti-
cally significant, occurred in hypoxic conditions. Impor-
tantly, cells did not express the haematopoietic lineage
marker CD45 (data not shown).

To measure population growth in normoxic and hyp-
oxic cultures, cell numbers was measured every 2 days,
from day 8 to day 14. Hypoxic cells displayed greater
cell population expansion compared to their normoxic
counterparts (Fig. 3). Specifically, at day 14 hypoxic
cultures had a 5-fold greater cell number compared to
normoxic cultures. There was higher cell viability under
hypoxic conditions (Fig. 4a,b). Annexin V and propidi-
um iodide (PI) staining showed that hypoxia protected
AT-MSCs from cell death. At day 7, numbers of apop-
totic (Fig. 4a,c) and necrotic cells (Fig. 4a,d) were
higher in normoxic cultured hAT-MSCs compared to
their hypoxic counterparts (P < 0.05).

In short, in agreement with previous data (17,18)
and with our results obtained in a previous study with
murine AT-MSCs (7), we found that hAT-MSCs incu-
bated under hypoxia had accelerated growth with supe-
rior viability, over normoxic cultured cells. Differences
in apoptotic cell frequency were also confirmed by
DNA ploidy analysis (Fig. S3).

hAT-MSCs from three different donors that were
cultured for 7 days in growth medium either under hyp-
oxic or normoxic conditions were then analysed for their
ability to undergo either adipogenic or osteogenic differ-
entiation, after culture in normoxia, in the presence of
specific differentiation media. Oil-Red O-positive colo-
nies containing fat vacuoles were detected in both
pre-hypoxic and pre-normoxic cultured cells (Fig. 5).
Notably, their numbers appeared greatly enhanced when
AT-MSCs had been pre-exposed to hypoxia (Fig. 5c).
We quantified numbers of cells that differentiated into
adipocytes, by phase contrast microscopy. For each
patient sample (Fig. 5f), we found significantly more
adipocytes in the previously hypoxic cultures
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(P < 0.001), although there was high inter-patient vari-
ability. Pre-hypoxia exposure also enhanced osteogenic
differentiation of hAT-MSCs under normoxia. von Kos-
sa’s staining, performed both in monolayer cultures after
34 days (Fig. S1) and in pellet cultures after 22 days
differentiation (Fig. 6) of cells from three different
donors, showed that bone nodule formation increased in

previously hypoxic cells compared to their normoxic
counterparts (Fig. 6). In similar culture conditions, cal-
cium deposition, evaluated by Alizarin red S staining,
was also enhanced in previously hypoxic cells (Fig. S2
and Fig. 7). Osteocalcin immunoreactivity was more
abundant in hAT-MSCs pre-cultured in hypoxia, com-
pared to their normoxic counterparts (Fig. 8).

Figure 1. Normoxic and hypoxic cultured hAT-MSCs. hAT-MSCs were cultured in growth medium under either normoxic (21% oxygen) or
hypoxic (2% oxygen) conditions. Hypoxia did not modify hAT-MSC morphology, but density of cells was markedly increased under hypoxia in
comparison to normoxic culture. Cells were photographed by phase contrast microscopy after 3 days, at passage 0 (P0), after 5 days (P0), after
7 days (P1) re-plated at 1 9 104 cells/cm2 and after 10 days (P1). Bar = 100 lm.
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Chondrogenic differentiation was performed both
in monolayer and in pellet cultures and preliminary obser-
vations suggested that pre-hypoxia exposure enhanced
sulphated proteoglycan and glycosaminoglycan (GAG)
production, in differentiating cells. hAT-MSC chondro-
genesis was determined using alcian blue staining on
monolayer cultures to visualize sulphated proteoglycans
(Fig. S4). Toluidine blue staining was also performed on

pellet cultures to detect presence of proteoglycans
(Fig. S5), and safranin O staining to detect sulphated gly-
cosaminoglycans (Fig. S6). Masson’s trichrome staining,
performed on pellets to assess collagen content (Fig. S7),
displayed evidence of enhanced collagen deposition of
pre-hypoxia exposed cells.

Interestingly, we also observed that micromasses of
cells pre-grown under 2% O2 conditions had a smaller
diameter than those pre-cultured in 21% O2. Malladi
et al. (4) attempted chondrogenic differentiation of mur-
ine AT-MSCs under both hypoxia (2% O2) and normox-
ia (21% O2), also finding that increase in differentiation
was associated with reduction in cell pellet diameter.

Discussion

In this report, we demonstrate that MSCs from human
adipose tissue can be expanded in vitro under hypoxic
conditions. In agreement with previous data (17,18), we
found that hAT-MSCs incubated under hypoxia had
increased population growth rate and superior survival.
Under these culture conditions, expression of the MSC
markers CD90 and CD73 remained unchanged. As pre-
viously reported, endothelial progenitor cells expressing
CD34 were also identified within the hAT-MSC fraction
(15,16,19). Traktuev and colleagues (16) have shown
that the stromal-vascular fraction isolated from adipose
tissue contains many CD34+ cells widely distributed
among adipocytes, predominantly associated with vascu-
lar structures. They found that most of these CD34+

cells were pericytes. These CD34+ cells did not express
CD45, distinguishing them from cells of the haemato-
poietic lineage. Other studies have used CD34 as a mar-
ker of adipose-derived stem/stromal/progenitor cells
(15), suggesting that CD34 expression in hAT-MSCs
may correlate with replicative capacity, differentiation
potential, expression profiles of angiogenesis-related
genes and immaturity or stemness of the cells (15). A
trend towards decrease in CD34+ cell frequency was
observed in hypoxic cultured hAT-MSCs (Fig. 2), sug-
gesting that loss of CD34 expression may be a physio-
logical process consistent with their commitment and/or
differentiation (15). We also observed that a proportion
of these cells are CD90+/CD73+/CD34+, a combination
already described for human adipose tissue-derived stro-
mal/stem cells (20).

Although we and others have shown that under
hypoxia, AT-MSCs had reduced adipogenic differentia-
tion capacity (7) or did not differentiate into adipocytes
(21), pre-exposure to hypoxia markedly enhanced their
adipogenic potential when switched to normoxic condi-
tions, compared to normoxic pre-cultured AT-MSCs
(Fig. 5) (7,22). Variation in differentiation potential of

100
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Figure 2. Effect of hypoxia on expression of stem-cell markers
CD73, CD90 (Thy-1) and CD34 in hAT-MSC. Bar charts of flow
cytometric analysis of normoxic and hypoxic cultured hAT-MSCs at
day 7, passage 1, (n = 3). At day 7 of culture, 92 ± 3% and
95 ± 3.5% (of the total hAT-MSCs/CD45� population) of normoxic
and hypoxic cells, respectively, co-expressed CD90 and CD73. A sub-
population of CD90+/CD73+ cells also expressed CD34. Percentages
of CD34+ and CD90+/CD73+/CD34+ cells decreased in hypoxia.
Although this difference was not statistically significant, probably as a
consequence of variability among donors, reduction in CD34+ and
CD90+/CD73+/CD34+ cells occurred in all three samples analysed.

Figure 3. Effect of hypoxia on hAT-MSC cell number. Growth
curves of normoxic and hypoxic hAT-MSCs (n = 4, P < 0.001 versus
normoxic counterpart). Hypoxic culture conditions markedly enhanced
hAT-MSC expansion. Note that at day 14, hypoxic cells were 80–90%
confluent avoiding any contact inhibition.
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hAT-MSCs from 3 different donors is most likely due
to differences between patients (donor-dependent) as all
were from patients of similar age (20, 23, 30-year old
women respectively) and were exposed to an identical
differentiation protocol.

On the other hand, contrasting results have been
reported concerning the ability of AT-MSCs to undergo
osteogenic differentiation under hypoxia (4,23–25);
however, Xu et al. have previously reported that expo-
sure of pre-hypoxic cultured mAT-MSCs to 21% oxy-
gen resulted in partial reversion of the hypoxia-mediated
inhibitory effect (26). Here we have demonstrated that
normoxic conditions not only restore but markedly
enhance ability of hAT-MSCs to undergo osteogenic
and chondrogenic differentiation.

Beneficial effects of hypoxic culture on proliferation
and in vitro and in vivo differentiation potentials of
human MSCs have been suggested by several groups.
Hung et al. (27) demonstrated that human bone marrow-
derived MSCs (hBM-MSCs) cultured under hypoxia with
1% O2 had increased proliferation, with enhanced expres-
sion of stemness genes OCT4, NANOG, SALL4 and
KLF4. Differentiation of MSCs under hypoxia favoured

osteogenesis, while adipogenesis was inhibited. Tamama
et al. (22) found that hypoxic conditions promoted hBM-
MSC self-renewal through preserving colony formation
in early progenitors, while maintaining undifferentiated
phenotypes. Hypoxic conditions reversibly decreased
osteogenic and adipogenic differentiation and increased
secretion of vascular endothelial growth factor (VEGF),
hepatocyte growth factor (HGF) and basic fibroblast
growth factor (bFGF), in a hypoxia inducible factor
(HIF)-dependent manner (22). For regeneration of inter-
vertebral discs, Müller et al. (28) have used cell-based
approaches using hBM-MSCs, examining the influence of
hypoxia (4% O2) during expansion and chondrogenic dif-
ferentiation. Differentiation was performed in in situ
solidifying gelatin hydrogels, representing a suitable 3D
matrix for delivering and anchoring cells within the disc
tissue. They observed that quality of chondrogenic differ-
entiation was improved by hypoxia, also noting that best
results were obtained when the entire in vitro process,
expansion and differentiation, was performed under hyp-
oxic conditions (28).

Thus, the beneficial effects of MSC pre-exposure to
hypoxic conditions have been demonstrated, and like-

Figure 4. Effect of hypoxia on hAT-MSC cell survival. (a) Representative dot plots of annexin V and PI-labelled AT-MSCs after 7 days culture
either in normoxia or in hypoxia. Data representative of four independent experiments. Cell viability (b), apoptosis (c) and necrosis (d) of PI-
labelled hAT-MSCs (n = 4, *P < 0.05).
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wise, temporary hypoxic preconditioning has enhanced
MSC-mediated skeletal and cardiac muscle regenera-
tion, angiogenesis and engraftment in vivo, into a vari-
ety of tissues (24,29,30), achieved largely by MSCs
releasing growth factors, which in turn protect them
from cell death and stimulate resident stem cells. In
attempts to identify molecular mechanisms involved in
hypoxia-mediated effects on survival, growth and dif-
ferentiation of AT-MSCs, it has been suggested that
the PI3K/Akt and HIF pathways play a key role. Ros-
ova et al. (29) showed that pre-culture of MSCs in
hypoxia activated the Akt signalling pathway, while
maintaining cell viability and cell cycle rates. Under
low-oxygen conditions, cells develop an adaptive

program that leads to induction of several genes, which
are transcriptionally regulated by HIF-1a a transcrip-
tion factor essential for cellular responses to low oxy-
gen levels. Stabilization of HIF-1a also appears to
depend on a hypoxia-induced increase in phosphory-
lated Akt and p38 mitogen-activated protein kinase
(p38MAPK) (31). Recently, it has been shown that by
upregulating HIF-1a, there was increased CXCR4/
CXCR7 expression in MSCs, mediated by the PI3K/
Akt pathway, thus resulting in enhanced cell migration
and survival (32). On the other hand, activation of
HIF-1a at low-oxygen tension is associated with inhibi-
tion of adipogenesis (21) and osteogenesis (22).
Accordingly, Lin et al. showed that when HIF-1a was

(a)

(b)

(e)

(c)

(d)

(f)

Figure 5. Effect of pre-hypoxia exposure on adipogenic differentiation of hAT-MSCs. (a) Experimental plan. AT-MSCs were pre-cultured in
control growth medium (GM) for 7 days in either hypoxia (b, c) or normoxia (d, e). Cells were then cultured under normoxia for a period of
3 weeks either in differentiation cocktail medium (DM) (c, e,) or GM (b, d). Oil Red O staining was performed to detect adipogenic differentiation,
and showed lipid vacuoles accumulated to a greater extent in pre-hypoxic AT-MSCs exposed to normoxic conditions under DM (c) compared to
pre-normoxic AT-MSCs cultured in DM (e). Bars = 100 lm. (f) Histograms showing phase contrast microscopic quantification of adipocyte num-
bers from hAT-MSCs cultured from three donors. For each donor, four different cultures were performed and in each case, number of adipocytes
was significantly greater (*P < 0.001) in cultures pre-grown in hypoxic (H) conditions compared to those pre-grown in normoxic (N) conditions.
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repressed, pre-adipocytes were able to undergo
adipogenic differentiation in the presence of a hypoxic
mimetic compound (21). Notably, stabilized HIF-1a
translocates to the nucleus, allowing it to dimerize with
HIF-1b, so it can bind to promoter regions of hypoxia-
responsive genes (33). Among them are the stem-cell-
associated gene OCT-4, which is required to maintain
both embryonic and adult stem cells in their undiffer-
entiated state (18,34–37) as well as VEGF (34). The
latter, together with other growth factors released by
hypoxic cultured cells, accounts for hypoxic-mediated
autocrine effects on in vitro-cultured AT-MSCs.
Screening with microarrays has demonstrated that many
genes, including VEGF and placental growth factor

(PGF), were upregulated when rat BM-MSCs were cul-
tured in 1% O2 (38). Similarly, VEGF, HGF and IGF-
1 were detected in hypoxic BM and AT-MSC culture
media (29,39,40). Together, this evidence suggests that
growth factors released by MSCs under hypoxia may
positively affect their proliferation and survival.

Exposure to elevated levels of O2 may induce cell
death by generation of reactive oxygen species, resulting
in activated pro-apoptotic Bcl-2 proteins, Bax or Bak,
which eventually lead to mitochondrial membrane per-
meabilization and cell death (41). These events could be
inhibited under hypoxic conditions, and VEGF seems to
play a role in this process. Accordingly, conditioned
medium from hypoxic-cultured MSCs protected these

(a)

(b) (c)

(d) (e)

(f) (g)

Figure 6. Effect of pre-hypoxia exposure on osteogenic differentiation of hAT-MSCs. von Kossa’s staining in pellet cultures. (a) Experimen-
tal plan. hAT-MSCs were cultured as a monolayer under hypoxia in complete growth control medium (GM) for 7 days, and transferred to normox-
ia, and cultured as a pellet in the presence of GM (b), or osteogenic differentiation cocktail medium (DM) (c) for a period of 22 days. As controls,
hAT-MSCs were cultured in normoxia and then exposed for the same time either to GM (d) or DM (e). von Kossa’s staining was performed to
quantify mineralization. High magnification view (4009) of (c) and (e) in the insets is shown. von Kossa’s staining controls: (f) negative and (g)
positive (mouse E 18.5) are shown illustrating embryonic bone. Bars = 100 lm.
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cells from apoptosis induced by ischaemia/reperfusion,
by stabilizing mitochondrial membrane potential, upre-
gulating anti-apoptotic protein Bcl-2 as well as increas-
ing VEGF expression, through extracellular signal-
regulated kinase (ERK) and Akt phosphorylation (42).

AT-MSCs are considered to be a more plastic source
of stem cells than mature adipocytes, as they are not dif-
ferentiated and committed to a specific cell type (43,44).
Therefore, AT-MSCs could be exploited in cases where
more adipocytes are needed for experimental or possibly
clinical purposes. For cell therapy approaches, both cell
senescence and genomic stability of in vitro-expanded
cells represent two important issues. The protective
effect of hypoxia on cell senescence has been reported
previously with hBM-MSC (45) and, in contrast to that
which occurs in senescent cultures, we have shown
greater cell population expansion of hypoxic-cultured
hAT-MSCs and mAT-MSCs, compared to their normox-
ic counterparts (7). Tsai and colleagues have described

that combining low-density and hypoxic culture pro-
vides an efficient method for rapid expansion of hMSCs,
preserving their stem-cell status and bypassing senes-
cence. This was achieved through direct downregulation
of E2A-p21CIP1 by the hypoxia-inducible factor-1a
(HIF-1a)-TWIST axis (45). Importantly, we used cells
at passage P1, avoiding the risk of genetic instability,
which occurs on culturing cells for many passages [as
shown with murine AT-MSCs (46)], while hypoxia pre-
vents the risk of karyotypic abnormalities developing
over a prolonged time in culture, in several stem-cell
types including MSCs (47–49).

At present, adipose tissue is used as an autologous
filler for soft tissue defects, although clinical results are
variable and there is often a low rate of graft survival,
possibly due to relative deficiency of progenitor cells in
the graft materials. It has been reported that aspirated
fat tissue has a significantly lower progenitor/mature cell
ratio than purified or cultured AT-MSCs (from 200 ml

(a)

(b) (c)

(d) (e)

(f) (g)

Figure 7. Effect of pre-hypoxia exposure on osteogenic differentiation of hAT-MSCs. Alizarin red S staining of pellet cultures. (a) Experi-
mental plan as described in legend of Fig. 6. Note more intense staining of pellet cultures of MSCs previously exposed to hypoxia.
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of aspirated fat tissue only around 10% of nucleated cells
are AT-MSCs), and this low AT-MSC/adipocyte ratio
may be the reason for atrophy of transplanted adipose tis-
sue in the long-term (50). Several studies have
demonstrated that supplementation with adipose tissue
progenitor cells enhances volume or/and weight of sur-
viving adipose tissue (51–54); therefore, it is important to
amplify AT-MSCs within the adipose fraction. In cell-
assisted lipotransfer (CAL), a new methodology using
autologous transplantation of progenitor-supplemented
adipose tissue, freshly isolated stromal vascular fraction
(SVF) cells containing AT-MSCs are attached to
aspirated fat, with the fat tissue acting as a living bioscaf-
fold (50,54). In the CAL strategy, progenitor deficit in
graft material was compensated by supplementation with
AT-MSCs isolated from a separate volume of aspirated

fat tissue, with overall clinical results being very satisfac-
tory (50,53,54). In this context, pre-hypoxia exposure
may represent a strategy to increase not only AT-MSC
number but also their adipogenic differentiation potential,
and preliminary qualitative observations have suggested
that pre-hypoxia exposure also enhanced hAT-MSC oste-
ogenic and chondrogenic differentiation, suggesting that
these culture conditions may also represent a way to
enhance these differentiation pathways.

Conclusions

In this study, we have demonstrated distinct beneficial
effects for potential regenerative medicine, by pre-
exposure of hAT-MSCs to hypoxic conditions. We have
grown the cells for 7 days, from four different human

(a)

(b) (c)

(d) (e)

(f) (g)

Figure 8. Effect of pre-hypoxia exposure on osteogenic differentiation of hAT-MSCs. Immunohistochemical staining of hAT-MSC pellet
cultures. (a) Experimental plan as described in legend of Fig. 6. Immunohistochemical staining using rabbit polyclonal antibody to osteocalcin.
Immunohistochemical staining controls using rabbit polyclonal antibody to osteocalcin (f) negative and (g) positive (human new bone) are shown.
Bars (f–g) = 100 lm. Bars (b–e) = 50 lm. Note more intense widespread osteocalcin immunoreactivity in pellet cultures of MSCs previously
exposed to hypoxia.
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donors, in either normoxic (21% O2) or in hypoxic (2%
O2) conditions, finding increased hAT-MSC expansion
and viability in hypoxia exposed cells, with less apopto-
sis and necrosis in these cultures. Finally, we found that
pre-culturing hAT-MSCs for 7 days under hypoxia,
when transferred to normoxic environment with the
appropriate media, resulted in enhanced ability to differ-
entiate.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:
Fig. S1 Effect of pre-hypoxia exposure on the osteo-
genic differentiation of hAT-MSCs. Von Kossa’s
staining in monolayer cultures. (a) Experimental plan.
hAT-MSCs were cultured in monolayer under hypoxia
in complete growth control medium (GM) for 7 days
and transferred to normoxia in the presence of GM (b)
or the osteogenic differentiation cocktail medium (DM)
(c) for a period of 34 days. Alternatively, hAT-MSCs
were cultured in normoxia and then exposed for the
same time either to GM (d) or DM (e). Von Kossa’s
staining was performed to quantify mineralization. Von
Kossa’s staining controls: (f) negative and (g) positive
(mouse E18.5) are shown illustrating embryonic bone.
Bar = 100 lm.
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Fig. S2 Effect of pre-hypoxia exposure on the osteo-
genic differentiation of hAT-MSCs. Alizarin red S
staining in monolayer cultures. (a) Experimental plan.
hAT-MSCs were cultured in monolayer under hypoxia
in complete growth control medium (GM) for 7 days
and transferred to normoxia in the presence of GM (b)
or the osteogenic differentiation cocktail medium (DM)
(c) for a period of 34 days. As controls, hAT-MSCs
were cultured in normoxia and then exposed for the
same time either to GM (d) or DM (e). Alizarin red S
staining was performed to quantify calcium depositions.
Alizarin red S staining controls: (f) negative and (g)
positive (mouse E 18.5) are shown illustrating embry-
onic bone. Bars = 100 lm.
Fig. S3 Effect of hypoxia on the DNA distribution. (a,
b) Cell cycle distribution and percent (c) of PI-labelled
hAT-MSCs in different phases of the cell cycle after
7 days culture either in normoxia or in hypoxia (n = 3).
The percentage of sub-G1 cells (apoptotic bodies) was
lower in hypoxia compared to the normoxic counterpart.
Fig. S4 Effect of pre-hypoxia exposure on chondro-
genic differentiation of hAT-MSCs: Alcian blue stain-
ing in monolayer cultures. (a) Experimental plan.
hAT-MSCs were pre-cultured in monolayer under
hypoxia in control growth medium (GM) for 7 days and
transferred to normoxia in the presence of GM (b) or
the chondrogenic differentiation cocktail medium (DM)
(c) for a period of 19 days. As controls, hAT-MSCs
were cultured in normoxia and then exposed for the
same time either to GM (d) or DM (e). Chondrogenic
differentiation was assessed with Alcian blue staining to
visualize sulphated proteoglycan production. Alcian blue
control staining: (f) positive control (adult mouse large
intestine illustrating positive goblet cells) is shown.
Bars = 100 lm.
Fig. S5 Effect of pre-hypoxia exposure on chondro-
genic differentiation of hAT-MSCs: Toluidine blue
staining in pellet cultures. Toluidine blue staining was
performed to detect the presence of cartilage-typical gly-
cosaminoglycans. (a) Experimental plan. hAT-MSCs
were pre-cultured in monolayer under hypoxia in control
growth medium (GM) for 7 days and transferred to
normoxia, in pellet cultures, in the presence of GM (b)

or the chondrogenic differentiation cocktail medium
(DM) (c) for a period of 27 days. As controls, hAT-
MSCs were cultured in normoxia and then exposed for
the same time either to GM (d) or DM (e). A high mag-
nification view (4009) of c and e in the insets, are
shown. Toluidine positive staining control (mouse adult
lung) is shown illustrating bronchial cartilage.
Bars = 100 lm.
Fig. S6 Effect of pre-hypoxia exposure on chondro-
genic differentiation of hAT-MSC: Safranin O stain-
ing in pellet cultures. Safranin O staining was
performed to detect cartilage. (a) Experimental plan.
hAT-MSCs were pre-cultured in monolayer under
hypoxia in control growth medium (GM) for 7 days and
transferred to normoxia, in pellet cultures, in the pres-
ence of GM (b) or the chondrogenic differentiation
cocktail medium (DM) (c) for a period of 27 days. As
controls, hAT-MSCs were cultured in normoxia and
then exposed for the same time either to GM (d) or DM
(e). A high magnification view (4009) of c and e in the
insets, are shown. Safranin O positive staining control
(mouse E18.5) is shown illustrating embryonic cartilage.
Bars = 100 lm.
Fig. S7 Effect of pre-hypoxia exposure on chondro-
genic differentiation of hAT-MSC: Masson’s Tri-
chrome staining in pellet cultures. Masson’s
Trichrome staining was performed to visualise collagen
fibres. (a) Experimental plan. hAT-MSCs were pre-cul-
tured in monolayer under hypoxia in control growth
medium (GM) for 7 days and transferred to normoxia,
in pellet cultures, in the presence of GM (b) or the
chondrogenic differentiation cocktail medium (DM) (c)
for a period of 27 days. As controls, hAT-MSCs were
cultured in normoxia and then exposed for the same
time either to GM (d) or DM (e). A high magnification
view (4009) of c and e in the insets, are shown. Human
tongue was used as a Masson’s Trichrome positive
staining control for collagen. Bars = 100 lm.
Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials sup-
plied by the authors. Any queries (other than missing
material) should be directed to the corresponding author
for the article.
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