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Abstract: Mesenchymal stromal cells (MSCs) seeded onto biocompatible scaffolds have been proposed for 

repairing bone defects. When transplanted in vivo, MSCs (expanded in vitro in 21% O2) undergo temporary oxygen 

deprivation due to the lack of pre-existing blood vessels within these scaffolds. In the present study, the effects of 

temporary (48-hour) exposure to hypoxia (1% O2) on primary human MSC survival and osteogenic potential were 

investigated. Temporary exposure of MSCs to hypoxia had no effect on MSC survival, but resulted in (i) persistent 

(up to 14 days post exposure) down-regulation of cbfa-1/Runx2, osteocalcin and type I collagen and (ii) permanent 

(up to 28 days post exposure) up-regulation of osteopontin mRNA expressions.  Since angiogenesis is known to 

contribute crucially to alleviating hypoxia, the effects of temporary hypoxia on angiogenic factor expression by 

MSCs were also assessed. Temporary hypoxia led to a 2-fold increase in VEGF expression at both the mRNA and 

protein levels. Other growth factors and cytokines secreted by MSCs under control conditions (namely bFGF, 

TGF1 and IL-8) were not affected by temporary exposure to hypoxia. All in all, these results indicate that 

temporary exposure of MSCs to hypoxia leads to limited stimulation of angiogenic factor secretion but to persistent 

down-regulation of several osteoblastic markers, which suggests that exposure of MSCs transplanted in vivo to 

hypoxia may affect their bone forming potential. These findings prompt for the development of appropriate cell 

culture or in vivo transplantation conditions preserving the full osteogenic potential of MSCs. 

Introduction 
Mesenchymal stromal cells (MSCs) loaded onto biocompatible 

scaffolds have been proposed for restoring function of lost or 

injured connective tissue, including bone (6, 33, 38). Physiological 

oxygen tensions in bone are about 12.5% O2 (22) but fall to 1% 

O2 in fracture hematoma (4, 22). In tissue engineering 

applications, implanted MSCs undergo temporary oxygen 

deprivation, which may be considered as similar to fracture 

hematoma (i.e., 1% O2) due to the disruption of the host vascular 

system (as the result of injury and/or surgery) and the lack of pre-

existing vascular networks within these scaffolds.  

 These drastic conditions of transplantation can lead to the 

death or functional impairment of MSCs, which can affect their 

ultimate bone forming potential. The exact effects of hypoxia on 

osteoprogenitor or osteoblast-like cells have not been clearly 

established, however, as several studies demonstrated a negative 

impact on cell growth (37, 46) and differentiation (37, 42, 48), 

whereas others have shown that hypoxia has positive effects on 

cell proliferation (48) and osteoblastic differentiation (51). These 

discrepancies may be due to the differences between the cell types 

(primary (42, 48, 51) and cell lines (37, 42, 46)), species (rat (48, 

51), human (37, 42) and mouse (42, 46)) and hypoxic conditions 

(from 0.02% to 5% O2) used. Since the success of bone 

reconstruction methods based on the use of engineered constructs 

depends on the maintenance of viable and functional MSCs, it is of 

particular interest to elucidate the effects of temporary hypoxia on 

primary human MSC survival and osteogenic potential. 

MSCs secrete a wide variety of angiogenic factors (including 

vascular endothelial growth factor (VEGF) (27), transforming 

growth factor 1 (TGF1) (21, 43), and basic fibroblast growth 

factor (bFGF) (21, 27)) and may therefore modulate angiogenic 

processes and participate in the vascular invasion of engineered 

contructs. Since effective neo-vascularization is crucial for 

shortening the hypoxic episodes to which transplanted MSCs are 

exposed, it seemed to be worth investigating the stimulatory effects 

of hypoxia on angiogenic factor expression by MSCs. 

The aim of the present study was therefore to investigate the 

effects of temporary hypoxia on primary human MSC (hMSC) 

proliferation, osteogenic potential and angiogenic factor 

expression. In this study, O2 tensions  4% are termed hypoxic 

conditions (as these conditions represent the hypoxia to which 
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hMSCs transplanted in vivo are subjected) and 21% O2 tensions are 

termed control conditions (as these conditions represent standard 

cell culture conditions). Cell viability was assessed after exposing 

hMSCs to hypoxic conditions during various periods of time. 

Osteogenic differentiation was assessed after temporary (48-hour) 

exposure of hMSCs to either control or hypoxic conditions 

followed by different periods of osteogenic cell culture. Expression 

of several angiogenic factors by hMSCs involved in new blood 

vessel formation (VEGF, bFGF and TGF) and maturation 

(platelet derived growth factor BB (PDGF-BB)) was assessed after 

temporary (48-hour) exposure of hMSCs to either control or 

hypoxic conditions. 

Materials and Methods 

Hypoxia 

Hypoxia was obtained using a sealed jar (Oxoid Ltd, 

Basingstoke, United Kingdom) containing an oxygen chelator 

(AnaeroGen, Oxoid Ltd) (18). Twice a day, the pO2 was measured 

diving an oxygen electrode directly into cell culture medium (pH: 

7.2) and using an Oxylab pO2TM (Oxford Optronix; Oxford, 

United Kingdom). The hypoxic system was left closed throughout 

the period of experimentation. 

Cell culture 

Human mesenchymal stromal cells (hMSCs) were isolated 

from tibia bone marrow specimens obtained as discarded tissue 

during routine bone surgery (spinal fusion) in keeping with local 

regulations. Bone marrows were obtained from 3 donors (2 males 

and 1 female; 14-16 years old). hMSCs were isolated using a 

procedure previously described in the literature (16, 39). Briefly, 

cells were harvested by gently flushing bone marrow samples with 

alpha Minimum Essential Medium (MEM, Sigma) containing 

10% fetal bovine serum (FBS, PAA Laboratories) and 1% 

antibiotic and anti-mycotic solution (PAA Laboratories). When the 

hMSCs reached 60-70% confluence, they were detached and 

cryopreserved at P1 (90% FBS, 10% DMSO). For each 

experiment, a new batch of hMSCs was thawed and cultured. Cells 

from each donor were cultured separately. Human endothelial cells 

(EC, kindly provided by Dr Le Ricousse-Roussanne) were cultured 

in Medium 199 (Sigma) containing 20% FBS supplemented with 

15 mM HEPES (Sigma) and 10 ng/ml rhVEGF165 (R&D 

Systems) (31). 

Multipotency of hMSCs 

Induction of osteogenic differentiation. hMSCs (passage P7) 

were cultured in osteogenic medium consisting of MEM 

containing 10% FBS, 10-7 M dexamethasone, 0.15 mM ascorbate-

2-phosphate (Sigma), and 2 mM -glycerophosphate (Sigma) (10). 

After 10 and 20 days of culture, the cells were fixed in PBS 

containing 1% PFA and stained with a NBT/TCIP kit (Molecular 

Probes) to evaluate the alkaline phosphatase (ALP) activity. 

Calcium deposition was assayed by using the Von-Kossa staining 

method (5). After 10 and 20 days of culture, mRNA extraction, 

cDNA synthesis and RT-PCR were performed as described in the 

“RT-PCR assays” section to assess the transcription levels of 

osteogenic markers (osteocalcin and osterix). 

Induction of chondrogenic differentiation. hMSCs (passage P7; 

2x105 cells) suspended in 0.5 ml of chondrogenic medium were 

centrifuged for 2 min at 500 g. The chondrogenic medium used 

contained MEM supplemented with 6.25 µg/ml insulin, 6.26 

µg/ml transferrin (Sigma), 6.25 µg/ml selenious acid (Sigma), 5.35 

µg/ml linoleic acid (Sigma), 1.25 µg/ml bovine serum albumin 

(Sigma), 1 mM pyruvate (Sigma), and 37.5 ng/ml ascorbate-2-

phosphate (10). After centrifugation, pellets of hMSCs were 

cultured in chondrogenic medium supplemented with 10 ng/ml 

TGFß1 (R&D Systems) and 10-7 M dexamethasone (10). After 20 

and 30 days of cell culture, hMSC pellets were cryo-preserved (-

80°C) until immuno-histological analysis to detect the presence of 

human type II collagen. Human type II collagen protein was 

detected using a goat polyclonal IgG anti-human type II collagen 

antibody (200 g/ml; Santa Cruz Biotechnology). Peroxidase-

conjugated anti-goat IgG antibody (1:200; Vectastain ABC kit; 

Vector) was used as the secondary antibody. Peroxidase activity 

was monitored using a Vectastain ABC kit. Sections were counter-

stained using haematoxylin. 

Induction of adipogenic differentiation. hMSCs (passage P7) 

were cultured in adipogenic medium consisting of MEM 

containing 10% FBS, 5 µg/ml insulin (Boehringer Manheim), 10-7 

M dexamethasone (Sigma), 0.5 mM isobutylmethylxanthine 

(Sigma), and 60 µM indomethacin (Sigma) (10). After 10 and 20 

days of culture, the cells were fixed in PBS containing 1% 

paraformaldehyde (PFA, Sigma) and stained with Oil Red O 

(Sigma) (11). After 10 and 20 days of cell culture, mRNA 

extraction, cDNA synthesis and RT-PCR were performed as 

described in the “RT-PCR assays” section to assess the 

transcription levels of adipogenic markers (fatty acid binding 

protein 4 (aP2) and peroxisome proliferator-activated receptor 

(PPAR)). 

Cell death assays  

hMSCs (passage P5) were plated at 5,000 cells/cm2 and 

allowed to adhere overnight. Cells were subsequently exposed to 

hypoxic conditions (without medium change) for different periods 

of time. Cell death was assessed by image analysis (Leica Qwin 

software) after staining with the Live/Dead viability/cytotoxicity 

kit (Molecular Probes).  

hMSC osteogenic differentiation after exposure to 

temporary hypoxia 

hMSCs (passage P5) were plated at 5,000 cells/cm2 and 

allowed to adhere overnight. After exposure of hMSCs either to 

hypoxic or control conditions for 48 hours, the cell culture 

supernatant medium was replaced by osteogenic medium and 

hMSCs were cultured in control conditions for 0, 14 and 28 days. 

mRNA extraction, cDNA synthesis and RT-PCR were then 

performed as described in the “RT-PCR assays” section to assess 

the transcription levels of osteogenic markers (osteocalcin, ALP, 

type I collagen, osteopontin, bone sialoprotein (BSP), core binding 

factor alpha sub-unit 1 (cbfa-1/Runx2) and bone morphogenetic 

protein-2 (BMP-2)). 

RT-PCR assays 

Cytoplasmic mRNA was extracted from cell layers using an 

RNeasy mini kit (Qiagen) and digested with RNase-free DNase 

(Qiagen) in line with the manufacturer’s instructions. cDNA 

synthesis was performed using a Thermoscript kit (Invitrogen) and 

Oligo DT primers (50 M). PCRs were performed on an iCycler 

using a Multiplex PCR kit (Qiagen) with 15 ng of cDNA and 0.2 

M of each of the primers (for primer sequences see Table 1, 

supplemental data). After a 10-min denaturation step at 95°C, 

cDNA was amplified in PCR cycles consisting of a three-step 

PCR: a 30-sec denaturation step at 95°C , a 90-sec annealing step 

at 60°C, and a 90-sec elongation step at 72°C. An additional 10-

min elongation cycle was conducted at 72°C. PCR products were 
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analyzed by performing agarose gel electrophoresis and ethidium 

bromide staining. In each PCR, ribosomal protein L13a (RPL13a) 

was used as the endogenous reference gene (for primer sequences 

see Table 1). RPL13a was chosen among the 5 housekeeping genes 

tested (RPL13a, actin, glyceraldehyde-3-phosphate 

dehydrogenase, 18S ribosomal RNA, and hypoxanthine 

phosphoribosyltransferase 1) as the most “stable” housekeeping 

gene in hMSCs exposed to hypoxic conditions. cDNA from ECs 

was used as the positive control in the angiogenic growth factor 

mRNA expression assays. Semi-quantitation of the PCR products 

was performed using Quantity One software (BioRad). Expression 

of target genes was normalized taking the respective RPL13a 

expression levels. 

Real Time PCR assays 

mRNA extraction and reverse transcription were conducted as 

described in the “RT-PCR assays” section. Real Time PCR assays 

were performed on the ABI Prism 7000 SDS (Applied Biosystems) 

using the SYBR Green Mastermix Plus (Eurogentec) with 1.5 ng 

of cDNA (1/50 diluted) and 400-600 nM of each of the primers 

(for primer sequences see Table 2, supplemental data). After a 10-

min denaturation step at 95°C, cDNA was amplified by performing 

two-step PCR cycles: a 15-sec step at 95°C, followed by a 1-min 

step at 60°C. In each Real Time PCR assay, one of the cDNA used 

was diluted (1/2; 1/4; 1/8) in order to establish a standard curve 

and define the exact number of cycles corresponding to 100% 

efficiency of polymerization. Reactions were performed in 

triplicate and expression of target genes was normalized taking the 

respective RPL13a expression levels. Relative quantities of cDNA 

were calculated from the number of cycles corresponding to 100% 

efficiency of polymerization, using the 2−DeltaDeltaCT method (32). 

ELISA assays 

After exposing hMSCs to either hypoxic or control conditions 

for 48 hours, the supernatant media were collected, centrifuged at 

13,000g at 4°C for 10 min, collected, and kept at -80°C until 

ELISA assays were performed. VEGF, bFGF, and Interleukin-8 

(IL-8) expressions were assayed using ELISA kits from R&D 

Systems (Quantikine) in line with the manufacturer’s instructions. 

TGF1 expression was assayed using an ELISA assay developed 

at our laboratory (34), after activating TGF1 by acidifying the 

cell culture supernatant media (50). 

Angiogenesis antibody array assays  

The levels of expression of 20 growth factors and cytokines 

were determined using the RayBio® human angiogenesis antibody 

array (Ray Biotech, Inc, Norcross, GA, USA). After exposing 

hMSCs to either hypoxic or control conditions for 48 hours, the 

supernatant media were collected and stored as described in the 

“ELISA assays” section. Protein-antibody complexes were 

revealed by chemoluminescence in line with the manufacturer’s 

instructions and the results were photographed on Xomat AM film 

(Kodak). The following growth factors and cytokines were 

detected by the RayBio® angiogenesis antibody arrays: 

angiogenin, RANTES, leptin, thrombopoeitin, epidermal growth 

factor, epithelial neutrophil-activating protein 78, bFGF, growth 

regulated oncogene, interferon , VEGF, VEGF-D, insulin-like 

growth factor-1, interleukin 6, interleukin 8, monocyte 

chemoattractant protein 1 (MCP-1), PDGF, placenta growth factor, 

TGF1, tissue inhibitors of metalloproteinases 1 (TIMP-1), and 

tissue inhibitors of metalloproteinases-2 (TIMP-2). 

 

Statistical analysis  

Data are expressed as means  standard deviations. Statistical 

analysis was performed using an ANOVA with a Fisher post hoc 

test. The results were taken to be significant at a probability level 

of P < 0.05. 

Results 

Multipotency of hMSCs 

In order to determine the multipotency of the human 

mesenchymal stromal cells (hMSCs) used in this study, hMSCs 

were cultured in either osteogenic, chondrogenic, or adipogenic 

differentiation medium. 

Culture of hMSCs in osteogenic medium for 10 and 20 days 

increased the levels of alkaline phosphatase (ALP) activity 

(Fig.1A). Osteogenic differentiation of hMSCs was confirmed by 

the expression of the osteogenic differentiation markers osterix and 

osteocalcin (Fig.1A).  

Culture of hMSCs in chondrogenic medium for 30 days 

resulted in the expression of the type II collagen (marker of the 

chondrogenic differentiation) in the cell cytoplasm and extra-

cellular matrix (Fig.1B). Control sections incubated with 

secondary antibody alone showed negative staining patterns 

(Fig.1B). 

Culture of hMSCs in adipogenic medium for 20 days resulted 

in the development of several clusters of adipocytes containing 

intracellular lipid vacuoles, which stained positive with Oil Red O 

(Fig.1C). Expression of fatty acid binding protein 4 (aP2) and 

peroxisome proliferator activated receptor  (PPAR) (markers of 

the adipogenic differentiation) by hMSCs (Fig.1C) confirmed the 

ability of these cells to differentiate along the adipogenic lineage.  

All these results confirm that the hMSCs used in this study are 

multipotent cells, since they are capable of differentiating along the 

osteogenic, adipogenic and chondrogenic lineages as previously 

demonstrated by numerous studies (for review: (3, 26, 30, 40)). 

But, even when hMSCs were committed to the osteoblastic 

lineage, the extracellular matrix did not mineralize after 30 days of 

cell culture in osteogenic medium. These results suggest that the 

culture conditions used in this study were suboptimal to preserve 

full biological function of hMSCs. 

Hypoxic model 

In order to check the validity of the model for hypoxia used in 

this study, the pO2 levels were monitored in the sealed jar during 5 

days and without exposing to atmospheric oxygen tensions. 

Moderate hypoxic conditions (pO2 = 4% O2) may be said to have 

been reached within 24 hours. Severe hypoxic conditions (pO2 < 

1%O2) may be considered as reached after 48 hours. The pO2 

levels in the cell culture medium gradually decreased, reaching a 

plateau corresponding to values of around 0.25% O2 after 72 hours 

(Fig.2).  

Effects of prolonged hypoxia on hMSC survival 

To investigate the effects of hypoxia on cell survival, hMSCs 

were exposed to hypoxic conditions for 48, 72 and 120 hours. 

Exposure of hMSCs to prolonged (120 hours) hypoxic conditions 

resulted in limited rates of cell death (Fig.3; 35.5  18.5%), 

whereas temporary hypoxia did not affect hMSC survival. 
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Effects of temporary hypoxia on the osteogenic potential 

of hMSCs 

Having established that temporary hypoxia has no effect on 

hMSC survival, its effects on hMSC osteogenic potential were 

assessed. After 48-hour exposure to hypoxic or control conditions, 

hMSCs were transferred to osteogenic medium and osteogenic 

differentiation was assessed by performing RT-PCR assays to 

detect the expression of several osteogenic markers. The levels of 

cbfa-1/Runx2, osteocalcin and type I collagen expression were 

checked by performing quantitative real-time PCR assays. 

Similar levels of ALP, bone morphogenetic protein 2 (BMP2) 

and bone sialoprotein (BSP) expression were observed in hMSCs 

exposed to either hypoxic or control conditions at all time periods 

of osteogenic culture tested (Fig.4). 

Osteopontin expression increased after exposure of hMSCs to 

hypoxic conditions at all osteogenic culture times tested (0 days: 

2.6-fold; 14 days: 12-fold; 28 days: 8-fold) (Fig.4). 

The levels of expression of cbfa-1/Runx2 and osteocalcin were 

slightly down-regulated after 0 and 14 days of osteogenic culture 

by temporary exposure to hypoxic conditions (0.5-fold with cbfa-

1/Runx2; 0.7-fold with osteocalcin), as assessed by quantitative 

real time PCR assays (Fig.5). After 28 days of osteogenic culture, 

however, the levels of cbfa-1/Runx2 and osteocalcin expressed by 

hMSCs exposed to hypoxic conditions were similar to those 

exposed to control conditions. 

Type I collagen expression was permanently down-regulated 

after 48-hour exposure of hMSCs to hypoxic conditions 

(approximately 0.4-fold at all the osteogenic culture times tested), 

but this decrease was statistically significant only on days 0 and 28 

of osteogenic culture (Fig.5). 

Effects of temporary hypoxia on the mRNA expression of 

angiogenic factors by hMSCs 

Effects of temporary hypoxia on angiogenic factor expression 

by hMSCs were investigated. mRNA expression of angiogenic 

factors was assessed by performing RT-PCR assays after exposing 

hMSCs to either hypoxic or control conditions for 48 hours. 

Expression levels of key angiogenic factors (namely vascular 

endothelial growth factor (VEGF), basic fibroblast growth factor 

(bFGF), transforming growth factor 1, 2 and 3 (TGF-1, TGF-

2, and TGF-3)) and those of VEGF receptor 1 and receptor 2 

were studied. 

No expression of PDGF-BB, VEGF receptor 1 or VEGF 

receptor 2 was detected under any of the conditions tested with 

hMSCs. However, the RT-PCR conditions used were suitable for 

the detection of PDGF-BB, VEGF receptor 1 and VEGF receptor 

2, as these factors were detected with endothelial cells (EC) (data 

not shown). 

Similar levels of TGF1 and TGF2 expression were detected 

after exposing hMSCs to either hypoxic or control conditions for 

48 hours (Fig.6). The levels of TGF3 expression decreased after 

exposure to hypoxic conditions for 48 hours (TGF3/RPL13a 

ratio: 0.21  0.05), in comparison with TGF3 expression obtained 

under control conditions (0.89  0.8) (Fig.6). 

Conversely, expression levels of bFGF and VEGF increased 

when hMSCs were exposed to hypoxic conditions for 48 hours 

(bFGF/RPL13a ratio: 0.71  0.13; VEGF/RPL13a ratio: 1.51  

0.05), in comparison to results obtained under control conditions 

(0.14  0.01 and 0.25  0.24 respectively) (Fig.6). 

 

Effects of temporary hypoxia on the protein secretion 

levels of three major regulators of angiogenesis by hMSCs 

Since the secretion of angiogenic factors is required to induce 

angiogenesis, the levels of protein secretion of three major 

regulators of angiogenesis (namely VEGF, TGF1, and bFGF 

which were previously detected at the mRNA level) were assessed 

by performing ELISA assays after exposing hMSCs to either 

hypoxic or control conditions for 48 hours. 

To measure the TGF1 content of the cell culture supernatant 

media, acid activation of samples was required. Without this 

activation, no TGF1 secretion was detectable (data not shown). 

TGF1 secretion by hMSCs exposed to hypoxic conditions (270  

70 pg/ml) was down-regulated in comparison with TGF1 

secretion obtained under control conditions (570  270 pg/ml), but 

did not reach statistical significance (Fig.7A). 

bFGF secretion decreased, but not significantly, in response to 

exposure of hMSCs to hypoxic conditions (0.4  0.3 pg/ml) in 

comparison with control conditions (1.2  0.5 pg/ml) (Fig.7B). 

Even under control conditions, however, hMSCs were found to 

secrete small quantities of bFGF. 

Contrary to what occurred with TGF1 and bFGF, VEGF 

secretion by hMSCs exposed to hypoxic conditions (1640260 

pg/ml) increased 2-fold in comparison with the results obtained 

under control conditions (880  100 pg/ml) (Fig.7C). 

Neither TGF1, bFGF nor VEGF were detected in control 

medium alone (data not shown). 

Effects of temporary hypoxia on the protein secretion of 

various growth factors and cytokines by hMSCs 

To further investigate the effects of temporary and moderate 

hypoxia on hMSCs, the secretion levels of various growth factors 

and cytokines involved in angiogenic processes were monitored 

using angiogenesis antibody arrays after exposing  hMSCs to 

either hypoxic or control conditions for 48 hours. Any changes in 

the growth factor and cytokine secretion levels were checked by 

performing conventional ELISA assays.  

Similar levels of secretion of Interleukin-6 (IL-6), Monocyte 

Chemoattractant Protein-1 (MCP-1), Tissue inhibitor Metallo-

Proteinases 1 and 2 (TIMP-1 and TIMP-2) were observed in 

hMSCs, whether they were exposed to hypoxic or control 

conditions.  

Interleukin-8 (IL-8) secretion was up-regulated in two out of 

the three donors tested by exposing hMSCs to hypoxic conditions. 

These results were confirmed by the results of ELISA assays, 

which showed that IL-8 secretion by hMSCs exposed to hypoxic 

conditions increased (780  390 pg/ml) in comparison to what 

occurred under control conditions (440  230 pg/ml). This up-

regulation was not statistically significant, however, due to the 

great variability existing between donors. 

Other growth factors and cytokines tested using angiogenesis 

antibody arrays were not detected in hMSCs exposed to control or 

hypoxic conditions (data not shown). Neither cytokines nor growth 

factors were detected by angiogenesis antibody arrays incubated in 

control medium alone (data not shown). 

Discussion 
The first step in the present study consisted in evaluating the 

effects of reduced oxygen tensions on hMSC survival. Our results 

showed that 120-hour exposure to hypoxia resulted in increased 

cell death rates, when 48- or 72-hour exposure did not, but those 
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cell death rates may have been underestimated as the method used 

in the present study did not consider floatting dead cells. The 

mechanisms underlying hMSC death upon oxygen deprivation are 

unclear at present. A previous study conducted on rat MSCs, 

however, offers some clues as it reported the induction of caspase 

dependent apoptosis under brief (24 hours) oxygen and serum 

deprivation (nuclear shrinkage, chromation condensation, decrease 

in cell size, and loss of menbrane integrity) (54). The hMSC 

viability does not seem to be affected by short-term (<72-hour) 

hypoxia which are in agreement with previously published data 

(42, 49). Grayson et al. reported that long-term culture of hMSCs 

under hypoxic conditions (2% O2) resulted in decreased cell 

proliferation but not in increased apoptosis after 9, 16 or 24 days of 

cell culture (17). These findings, combined with our own, suggest 

that hypoxia leads only to moderate cell death and that the 

surviving hMSCs are still able to proliferate. The ultimate bone 

forming ability of engineered constructs relies, however, on the 

survival of “functional” hMSCs. The second step in the present 

study was therefore to assess the effects of temporary hypoxia on 

hMSC osteogenic potential by drawing up transcriptional profiles 

of osteoblast membraneous and extra-cellular matrix molecules 

(ALP, osteocalcin, osteopontin and type I collagen), those of a 

growth factor stimulating osteoblast differentiation (BMP2) and 

those of a transcription factor regulating bone formation 

(cbfa1/Runx2). 

Our results show that a slight down-regulation of cbfa-1/Runx2 

expression occurs after temporary exposure to hypoxia, persisting 

for 14 days after the end of the hypoxic episode. Cbfa-1/Runx2 

transcription factor plays an essential role in controlling 

osteoblastic differentiation (for a review: (13, 29)) and its 

inhibition is associated with a large decrease in the rate of bone 

formation (14). Similar long-lasting inhibition of osteocalcin, a late 

osteogenic differentiation marker, confirmed the inhibition of 

osteoblastic maturation of hMSCs resulting from temporary 

exposure to hypoxia. As occurred with type I collagen, its level of 

expression was durably and strongly inhibited by temporary 

exposure to hypoxia. Type I collagen is the main component of 

bone matrix and plays a central role in the mineralization process. 

Long-term inhibition of cbfa-1/Runx2, osteocalcin and type I 

collagen expressions strongly suggest that temporary exposure to 

hypoxia may inhibit the osteoblastic differentiation of hMSCs. 

Literature conducted on other cell types (human (35, 37) and rat 

(48) osteoblasts) reports that their osteogenic differentiation is 

impaired by temporary exposure to hypoxia (decreased ALP 

activity, collagen type I, osteocalcin and cbfa-1/Runx2 

expressions). Conversely, Salim et al reported that exposure of 

hMSCs to hypoxic (2% O2) conditions did not affect their terminal 

differentiation (42). The discrepancies observed between this study 

and our results may be explained by different time of exposure to 

hypoxic conditions (24 hours and 48 hours respectively), 

suggesting that hMSCs are able to face hypoxia for a short period 

of time (< 48 hours) without losing their osteogenic potential. 

Surprisingly, neither the expression of BSP, which is regulated 

by cbfa-1/Runx2 at both mRNA (14) and protein levels (23), nor 

that of ALP, the enzymatic activity of which has been previously 

reported to be down-regulated under hypoxic conditions (37, 48, 

49), were found here to be affected by temporary exposure to 

hypoxia. In the case of BSP expression, the down-regulation of 

cbfa-1/Runx2 observed in the present study may be too weak to 

significantly inhibit BSP expression. Moreover, Park et al. (37) 

have reported that the inhibitory effect of hypoxia on the 

osteoblastic differentiation of a human osteosarcoma cell line is 

time-dependent: the longer the hypoxic exposure time, the higher 

the down-regulation of osteoblastic marker expression. These 

results suggest that exposure times longer than those used in the 

present study (48-hour) may nonetheless induce a down-regulation 

of mRNA expression of BSP or ALP.  

Osteopontin expression by hMSCs was permanently increased, 

on the contrary, by temporary exposure to hypoxia. Up-regulation 

of osteopontin induced by hypoxia has been previously observed in 

many other cell types, including mouse osteocytes (19), rat aortic 

vascular smooth muscle cells (45), and human renal proximal 

tubular epithelial cells (20). In bone, osteopontin mediates the 

attachment of several cell types, including osteoblasts, endothelial 

cells and osteoclasts (for a review: (9)). This molecule plays an 

important role in bone remodelling and osteoclast recruitment 

processes, as its absence (in knock-out mice) led to impaired bone 

loss after ovariectomy (53) and decreased resorption of 

subcutaneously implanted bone discs (2). As far as the effects of its 

up-regulation are concerned, however, the results of previous 

studies are confusing as positive effects on rat osteoblast 

maturation (28) as well as negative effects on osteoblastic 

differentiation of the MC3T3 cell line (24) have been reported. But 

the most striking property of osteopontin may be its ability to 

promote macrophage infiltration (for a review: (9)). Increased 

osteopontin expression by transplanted hMSCs may therefore 

culminate in attracting macrophages to the bone defect site and 

exacerbating the inflammatory process. The exact effects of 

increased osteopontin expression on bone formation by hMSCs, 

i.e., whether it stimulates bone formation processes or attracts 

osteoclasts and macrophages to bone defect site, still remain to be 

determined.  

Angiogenesis, a crucial process for oxygen supply to cells, is 

modulated by several proangiogenic factors (for a review: (7, 47)), 

which expression is stimulated by HIF-1 (hypoxia inducible factor 

1), a transcription factor activated by hypoxia (for review see: :(41, 

52)). The third step in the present study was therefore to assess the 

effects of temporary exposure to hypoxia on angiogenic factor 

expression by hMSCs. Our results showed that a 2-fold up-

regulation of VEGF expression by hMSCs occurs under hypoxic 

conditions at both mRNA and protein levels. These findings are in 

agreement with previous reports that hypoxia increases VEGF 

expression in the MC3T3 cell line (46). Expression of other growth 

factors and cytokines studied here, although regulated at the 

mRNA level, were not affected at the protein level by temporary 

exposure to hypoxia. The bFGF expression, indeed, was up-

regulated by exposure to hypoxia at the mRNA but not at the 

protein levels. The discrepancies between mRNA and protein may 

be explained by shorter half-life of bFGF, lower translation 

efficiency or the absence of post-translational modification under 

hypoxia. Moreover, several studies comparing genomic and 

proteomic analyses report moderate or no correlation between 

RNA and protein expression (8, 25). 

Even so, MSCs are able to durably enhance (for up to 28 days) 

tissue reperfusion when transplanted into ischemic myocardium 

(15, 44). Stimulation of VEGF alone does not suffice, however, to 

trigger the formation of functional vascular networks, as attempts 

to accelerate vascularization by over-expressing VEGF (using a 

genetic system) resulted in the formation of immature, leaky blood 

vessels in mice (1, 12, 36). These findings suggest either that the 

secretion levels of multiple angiogenic factors by MSCs, even if 

they are not up-regulated by hypoxia, suffice to promote vascular 

invasion of ischemic tissues; that MSCs secrete other growth 
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factors and cytokines involved in angiogenesis, the expression 

levels of which have not been studied here; or that MSCs may 

indirectely promote angiogenesis in vivo by stimulating the 

secretion of angiogenic factors by other cell types.  

The present study shows that exposure of primary hMSCs to 

temporary hypoxia results in persistent down-regulation of cbfa-

1/Runx2, osteocalcin and type I collagen levels, but in the up-

regulation of osteopontin expression, which may therefore limit in 

vivo bone forming potential of hMSCs. This study, however, only 

addressed the effects of a transient 48-hour exposure to hypoxia 

with osteogenic differentiation conducted in hyperoxic conditions 

(21% O2). When transplanted in vivo, MSCs undergo temporary 

oxygen deprivation but will never come back to hyperoxic 

conditions as the maximum oxygen tensions reported either in 

blood (22) or in diaphyseal bone (4) do not exceed 12.5% O2. One 

may then expect more disastrous effects on hMSC osteoblastic 

differentiation when cells are transplanted in vivo than when they 

are exposed to in vitro 48-hour hypoxia. It may be therefore of 

great interest to determine what in vitro hMSC culture conditions 

are most appropriate for preserving their osteogenic potential after 

their in vivo implantation. 
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 Table 1. Primer sequences for target and housekeeping genes used in RT-PCR assays. 

* The accession number is t

GAPDH: glyceraldehyde-3- : basic 

fibroblast growth factor; PDGF-BB: platelet derived growth factor - BB; VEGF-R1: VEGF receptor 1 (Flt-1); VEGF-R2: VEGF receptor 2 (KDR); Type I 
coll.: type I collagen; cbfa-1/Runx2: core binding factor alpha 1 subunit/Runx2; BMP2: bone morphogenetic protein 2; BSP: bone sialoprotein; ALP: 

alkaline phosphatase; RPL13a: ribosomal protein L13a. 

 

 

  

Gene Accession gene * Sequence 5'-3' 
Number of 

PCR cycles 

Size of PCR 

product (bp) 

aP2 NM_001442 
TCAGTGTGAATGGGGATGTGA 

27 253 
CTCGTGGAAGTGACGCCTTT 

PPARg NM_015869 
GACCACTCCCATTCCTTTGA 

32 752 
ACCTCTTTGCTCTGCTCCTG 

Osterix AF477981 
CTGAAGAATGGGTGGGGAAG 

32 284 
TGAGACAGCAGGGGACAGAA 

Osteocalcin NM_199173 
CTCACACTCCTCGCCCTATT 

32 165 
TCCCAGCCATTGATACAGGT 

GAPDH M33197 
CGGATTTGGTCGTATTGGGC 

20 920 
GTCATACCAGGAAATGAGCTTG 

VEGF NM_003376 
GCACCCATGGCAGAAGGAGG 

24 263 
CCTTGGTGAGGTTTGATCCGCATA 

TGFb1 NM_000660.1 
GGTCACCCGCGTGCTAATGG 

24 546 
GTGGAGCTGAAGCAATAGTTGG 

TGFb2 NM_003238 
CCGCCCACTTTCTACAGACCC 

33 184 
GCGCTGGGTGGGAGATGTTAA 

TGFb3 NM_003239 
CATAAATTCGACATGATCCAGGG 

30 386 
GGCTGAAAGGTGTGACATGG 

bFGF NM_002006 
GGAGAAGAGCGACCCTCACATCAAG 

24 234 
CCAGTTCGTTTCAGTGCCACATACCAA 

PDGF-BB NM_033016 
TTTCTCACCTGGACAGGTCG 

33 226 
AAAGAGTGGACCTGTCCAGC 

VEGF-R1 AF063657 
CGACCTTGGTTGTGGCTGACT 

33 654 
CCCTTCTGGTTGGTGGCTTTG 

VEGF-R2 AF063658 
AACAAAGTCGGGAGAGGA 

33 750 
TGACAAGAAGTAGCCAGAAGA 

ALP NM_000478 
TACAACACCAATGCCCAGGT 

30 696 
TTCCACCAGCAAGAAGAAGC 

BMP2 NM_001200 
CCAGAAACGAGTGGGAAAAC 

33 615 
GTGGCAGTAAAAGGCGTGAT 

BSP NM_004967 
AGAAAGCGAAGCAGAAGTGG 

33 435 
TAGCCATCGTAGCCTTGTCC 

Osteopontin X13694 
GCAACCGAAGTTTTCACTCC 

33 339 
GCTCTCATCATTGGCTTTCC 

cbfa-1/Runx2 NM_004348 
CCTCTGACTTCTGCCTCTGG 

30 295 
TATGGAGTGCTGCTGGTCTG 

Type I Coll. NM_000088 
CTCCCCAGAAGACACAGGAA 

21 632 
ACAAGTCCCCATCCACAAAA 

RPL13a NM_012423 
GGTCCTGGTGCTTGATGGT 

21 854 
TTCTGGCTCCCTTTCACTCA 
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Table 2. Primer sequences for target and housekeeping genes used in real time PCR assays.  

* The accession number is the GenBank™ accession number. cbfa-1/Runx2: core binding factor alpha 1 subunit/Runx2; Type I coll.: type I collagen; 
RPL13a: ribosomal protein L13a. 

 

 

Figure 1. Multipotency of hMSCs.  

A. Induction of osteogenic differentiation. After 10 and 20 days of cell culture in osteogenic medium, osteogenic differentiation was assessed by determining 

the ALP activity and by performing RT-PCR analysis of osterix and osteocalcin expression. (n=1 donor). H2O was used as the negative control for RT-PCR. 
B. Induction of chondrogenic differentiation. After 20 and 30 days of cell culture in chondrogenic medium, chondrogenic differentiation was assessed by 

performing immuno-histological analysis of human type II collagen expression. Sections were counter-stained using haematoxylin. Incubation with 

secondary antibody alone was used as the negative control. Scale bar = 10 m. (n=1 donor). C. Induction of adipogenic differentiation. After 10 and 20 days 

of cell culture in adipogenic medium, adipogenic differentiation of hMSCs was assessed by Oil Red O staining, and the levels of aP2 and PPAR expression 

were determined by performing RT-PCR analysis. H2O was used as the negative control for RT-PCR. Scale bar = 50 m. (n=1 donor). 

 

 

Gene Accession gene * Sequence 5'-3' 
Size of PCR 

product (bp) 

Osteocalcin NM_199173 
CGGTGCAGAGTCCAGCAAA 

80 
GGTAGCGCCTGGGTCTCTTC 

cbfa-1/Runx2 NM_004348 
GTACAGCTTTAAGGATTCCCTCAATTC 

85 
TTGCTAATGCTTCGTGTTTCCA 

Type I Coll. NM_000088 
CACCAATCACCTGCGTACAGAA 

118 
CAGATCACGTCATCGCACAAC 

RPL13a NM_012423 
GAGGTATGCTGCCCCACAAA 

75 
GTGGGATGCCGTCAAACAC 
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Figure 2. pO2 levels with time in the hypoxic system.  

Cell culture medium was placed in a sealed jar containing an oxygen chelator. Twice a day and during 5 days, pO2 levels were measured with a pO2 oxygen 
sensor without opening the hypoxic system. Values are means ± SD; in triplicate. 

 

 

 

 

 

 

Figure 3. hMSC death rate under hypoxic conditions.  

hMSCs were exposed to hypoxic conditions for 48, 72 and 120 hours. Cell death rates were assessed by Live/Dead staining followed by image analysis. 
Values are means ± SD; n=3 donors. 
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Figure 4. Effects of temporary hypoxia on the osteogenic potential of hMSCs.  

hMSCs were exposed to either control (21% O2) or hypoxic (1% O2) conditions for 48 hours. After exposure, the media were replaced by osteogenic 
medium and hMSCs were cultured in control conditions for 0, 14 and 28 days. At the end of these time periods, osteoblastic differentiation was evaluated 

by performing RT-PCR analysis on osteoblastic markers. RPL13a was used as the endogenous reference gene. Results presented here were obtained on one 

donor representative of the three donors studied. 
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Figure 5. Effects of temporary hypoxia on the cbfa-1/Runx2, osteocalcin and type I collagen expression by hMSCs.  

hMSCs were exposed to either control (21% O2; white bars) or hypoxic (1% O2; grey bars) conditions for 48 hours. After exposure, the media were replaced 
by osteogenic medium and hMSCs were cultured in control conditions for 0, 14 and 28 days. At the end of these time periods, mRNA expression levels of 

cbfa-1/Runx2, osteocalcin and type I collagen were determined by performing Real-Time PCR. RPL13a was used as the endogenous reference gene. Values 

are means ± SD; n=3 donors; the assays performed on each donor were carried out in triplicate. 
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Figure 6. Effects of temporary hypoxia on the mRNA expression of angiogenic factors by hMSCs.  

hMSCs were exposed to either control (21% O2; white bars) or hypoxic (1% O2; grey bars) conditions for 48 hours. Expression levels of TGF1, TGF2, 

TGF3, bFGF, and VEGF were normalized using the respective expression levels of RPL13a. Values are means ± SD; n=3 donors. 
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Figure 7. Effects of temporary hypoxia on the protein secretion of three major regulators of angiogenesis by hMSCs. 

hMSCs were exposed to either control (21% O2; white bars) or hypoxic (1%O2; grey bars) conditions for 48 hours. The secretion levels of TGF1 (A), bFGF 
(B) and VEGF (C) were then determined using ELISA assays. Values are means ± SD; n=3 donors. 

 

 


