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Abstract 
Objective: The enhancement of multiple functions, including osteogenesis, 
angiogenesis, and cell recruitment, is required for efficient bone regeneration 
therapy. Recently, special attention has been focused on the microenviron-
ment of stem cells to facilitate bone regeneration. Herein, we examined the 
effects of various combinations of hypoxic conditions and osteogenic induc-
tion on rat mesenchymal cells, to develop a specific protocol for enhancing 
the multiple cellular functions beneficial to bone regeneration. Methods: Rat 
mesenchymal cells, isolated from bone marrow, adipose tissue, and periodon-
tal ligament, were examined. The cells were cultured under varied conditions 
of O2 tension (hypoxia) and duration and timing of hypoxic exposure, with or 
without osteogenic induction. Consequently, four different protocols were ex-
amined by measuring the gene expression levels of Runx2, Vegfa, and Cxcl12, 
indicating a capability for osteogenesis, angiogenesis, and cell recruitment, 
respectively. Finally, the mineralization ability of the rat mesenchymal cells was 
assessed by quantitating their calcified nodule formation. Results: The simul-
taneous application of hypoxic exposure and osteogenic induction promoted 
Vegfa expression in all types of cells, but suppressed Runx2. In contrast, hy-
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poxic preconditioning, followed by osteogenic induction, did not increase the 
expression of these genes; in fact, Vegfa expression decreased significantly. Among 
the various protocols, 0.5% O2 exposure for 12 h after osteogenic induction 
exhibited the largest fold changes of gene expression level, especially of Vegfa. 
Hypoxic post-conditioning enhanced the formation of calcified nodules in pe-
riodontal ligament-derived cells. Conclusion: Short-term hypoxic exposure 
after osteogenic induction could be used to improve the efficiency of mesen-
chymal cells for bone regeneration. 
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1. Introduction 

Mastication, speech, and facial aesthetics are often severely compromised by jaw 
bone defects caused by trauma, inflammatory disease, and benign or malignant 
tumors in the oral and maxillofacial region. Therefore, recovery of the structural 
and functional features of the jaw is an extremely important task of maxillofacial 
surgeons [1] [2]. Currently, although autogenous bone grafting is a standard treat-
ment for jaw bone reconstruction, it may cause donor site morbidity, post-operative 
complications, healing failure, and insufficient bone volume [2] [3] [4]. For over-
coming these problems, tissue engineering technology has a lot of potential, pro-
viding an alternative treatment option for autogenous bone grafting in jaw bone 
reconstruction and bone regeneration therapy [5] [6] [7]. 

The original principle of bone regeneration therapy was that the transplanted 
cells could facilitate osteogenesis in host tissues by themselves [8]. However, it 
has been reconsidered that manipulation of the host tissue environment by a 
multifaceted approach, such as induction of osteogenic cells, promotion of an-
giogenesis, and supplementation of growth factors, is also important to promote 
the survival of transplanted cells and reduce the period of new-bone formation 
[9]. As a strategy to provide those functions to mesenchymal stem cells (MSCs), 
stem cell preconditioning in vitro prior to cell transplantation has been studied 
[10] [11]. For example, heat-shock preconditioning increases the cell survival 
rate, and tumor necrosis factor-alpha preconditioning enhances the osteogenic 
differentiation ability of adipose-derived stem cells [12] [13]. Furthermore, hy-
poxic preconditioning of bone marrow-derived MSCs promotes angiogenesis or 
neurogenesis in damaged heart and brain tissues [14] [15]. Although hypoxic 
preconditioning is considered to be beneficial to MSCs to enhance their angi-
ogenic activity and cell induction ability, it is still controversial for bone regene-
ration therapy because some reports have demonstrated that osteogenic diffe-
rentiation was accelerated under hypoxia, whereas many others stated that the 
process was suppressed [16]-[22]. 
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As a MSC source, the osteogenic potential is considered to be the most domi-
nant in bone marrow-derived cells (BMDCs) [23] [24]. In comparison, adipose 
tissue-derived cells (ATDCs) are known to possess weak osteogenic ability, but 
their advantage is that a relatively large amount of tissue can be harvested with 
minimal invasiveness [25]. On the other hand, periodontal ligament-derived 
cells (PDLDCs) have an ability to form new bone comparable to that of BMDCs 
[26]. In the craniofacial and maxillofacial regions, there are many tissue sources 
of MSCs other than bone marrow [27]. Thus, there is a need to characterize cel-
lular responses under hypoxic conditions according to the mesenchymal cells 
derived from different tissue sources. In this study, we examined the effects of 
various combinational uses of hypoxic conditions and osteogenic induction on 
rat mesenchymal cells in order to develop a specific protocol for enhancing the 
multiple cellular functions beneficial to bone regeneration. 

2. Materials and Methods 
2.1. Rat Bone Marrow-Derived Cells: Isolation and Primary  

Culture 

Four-week-old male Fisher rats (Charles River Laboratories Japan, Yokohama, Ja-
pan) were sacrificed by cervical dislocation under deep anesthesia induced through 
the intraperitoneal administration of 4% chloral hydrate. The femur was asepti-
cally removed and the adherent soft tissue was thoroughly debrided. After the epiphy-
ses were removed, a 21-gauge needle attached to a 10-mL syringe was used to bore 
a small opening through the growth plate on the distal end of the femur. A 
10-mL syringe fitted with a fresh 21-gauge needle was filled with alpha-minimal 
essential medium (α-MEM; Thermo Fisher Scientific, Waltham, MA, USA) sup-
plemented with 10% fetal bovine serum (FBS; Thermo Fisher Scientific) and 1% 
antibiotics-antimycotics (Thermo Fisher Scientific). The needle was inserted in-
to the previously prepared opening, and a small volume of medium was ejected 
to expel the bone marrow from the medullary canal. The cells were seeded into 
T-150 cell culture flasks (Corning Inc., Corning, NY, USA). Culture vessels were 
placed in a 37˚C humidified incubator under ambient oxygen with 5% CO2. The 
first medium exchange was conducted 24 h later, for the removal of blood cell 
components. Adherent cells were used as BMDCs. 

2.2. Rat Adipose Tissue-Derived Cells: Isolation and Primary  
Culture 

Subcutaneous adipose tissue was collected from the back of 4-week-old male 
Fisher rats and then minced with scissors and treated with 1% collagenase (Wa-
ko Pure Chemical Industries, Osaka, Japan) solution for 1 h at 37˚C. Following 
the incubation, the collagenase was neutralized with an equal volume of α-MEM 
supplemented with 10% FBS and 1% antibiotics-antimycotics. The samples were 
filtered through a 100-μm cell strainer (Corning) and centrifuged at 1300 rpm 
for 5 min. The cells were then seeded into T-75 cell culture flasks (Corning). 
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2.3. Rat Periodontal Ligament-Derived Cells: Isolation and  
Primary Culture 

Upper and lower molars were extracted from 4-week-old male Fisher rats and 
the gum tissue was removed from each tooth under a magnifying glass. The mo-
lars were then placed on 100-mm cell culture dishes (Corning), to which 8 mL of 
α-MEM supplemented with 10% FBS and 1% antibiotics-antimycotics was add-
ed. Once the cell outgrowth80% confluent, the cells were subcultured in T-25 cell 
culture flasks. 

These BMDCs, ATDCs from passages 2 to 3, and PDLDCs from passages 4 to 
6, at an estimated confluency of 80%, were used in the study. 

2.4. Flow Cytometry 

The MSC profiles of the BMDCs, ATDCs, and PDLDCs were determined through 
study of their expression of specific cell-surface markers by flow cytometry. Af-
ter 3.0 × 103 of cells had been rinsed with 1% bovine serum albumin in phos-
phate-buffered saline, they were incubated with the primary antibody at room tem-
perature for 30 min. The following fluorescein isothiocyanate (FITC)-conjugated 
antibodies against rat were used: anti-mouse/rat CD29 FITC (1:100), anti-mouse/ 
rat CD90.1 FITC (1:100), and anti-rat CD45 FITC (1:200) (eBioscience, San Di-
ego, CA, USA). Flow cytometry analysis was performed using a FACS Aria II 
(BD Bioscience, San Jose, CA, USA). 

2.5. Hypoxic Exposure 

The various tissue-derived cells were cultured in air-tight modular incubator 
chambers (Billups-Rothenberg, Del Mar, CA, USA). Humidity was supplied by 
placing an open tissue culture dish containing 10 mL of sterile distilled water at 
the bottom of each chamber. Gas mixtures, consisting of 0.5%, 2%, or 5% oxy-
gen, were flushed into the chambers for 2 min to purge the ambient air. The 
chambers were then placed into an incubator at 37˚C. Cells were fed with the 
α-MEM (0.2 ml/cm2) every other day. Prior to feeding under hypoxic condi-
tions, the fresh complete medium was equilibrated under three different O2 ten-
sions for at least 48 h. For normoxic cell culture, culture vessels were placed in a 
37˚C humidified incubator under ambient oxygen with 5% CO2. 

2.6. Induction of Osteogenic Differentiation 

For osteogenic differentiation, the cells were cultured in a standard osteogenic 
induction medium supplemented with 100 nM dexamethasone (Sigma-Aldrich, 
St. Louis, MO, USA), 10 mM beta-glycerophosphate (Wako Pure Chemical In-
dustries), and 50 mM ascorbic acid (Sigma-Aldrich). 

2.7. Protocols of Hypoxic Exposure and Osteogenic Induction 

To explore and narrow down the most effective conditions for the combination-
al use of hypoxic exposure and osteogenic induction, we examined four proto-
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cols (detailed in Sections 2.7.1 through 2.7.4) in which different O2 tensions and 
duration and timing of hypoxic exposure, with or without osteogenic induction, 
were applied. 

The four protocols were examined in order of 1 through 4 every time by ana-
lyzing the rat gene expression levels of runt-related transcription factor 2 (Runx2; 
an essential transcription factor for osteoblast differentiation, and an osteogenic 
differentiation marker), vascular endothelial growth factor A (Vegfa; an angi-
ogenesis marker), and C-X-C motif chemokine 12 (Cxcl12; a marker of cell re-
cruitment), using the reverse transcription real-time polymerase chain reaction 
(RT-qPCR). 

2.7.1. Protocol 1: Effects of Simultaneous Treatment of Osteogenic  
Induction and 2% O2 Exposure 

Cells were cultured for 96 h under normoxic (21% O2) (Figure 1(A)-a) or hy-
poxic (2% O2) (Figure 1(A)-b) conditions without osteogenic induction, or un-
der hypoxia with simultaneous treatment of osteogenic induction (Figure 
1(A)-c). 

 

 
Figure 1. Different protocols tested in this study to optimize the combinational use of hypoxic exposure and osteogenic induction 
for enhancing the multiple osteoinductive capabilities of mesenchymal cells. (A) Protocol 1: Simultaneous application of hypoxic 
exposure and osteogenic induction; (B) Protocol 2: Hypoxic preconditioning followed by osteogenic induction; (C) Protocol 3: 
Short-time hypoxic exposure under different oxygen tensions; (D) Protocol 4: Hypoxic (post-) conditioning after osteogenic in-
duction; (E) The cell culture protocol for Alizarin Red S staining. 
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2.7.2. Protocol 2: Effects of Hypoxic Preconditioning 
For the hypoxic preconditioning tests, cells were first cultured under hypoxia 
(2% O2) (Figure 1(B)-c) without osteogenic induction for 72 h and then sub-
jected to osteogenic induction under normoxia for 96 h. As a control, cells were 
cultured under normoxia (Figure 1(B)-b) instead of hypoxia. As a baseline con-
trol, cells were cultured under normoxia (Figure 1(B)-a) for a total of 168 h. 

2.7.3. Protocol 3: Effects of Different Low O2 Tension Levels within 24 h 
Cells were cultured at different low O2 tensions of 0.5% (Figure 1(C)-a-c), 2% 
(Figure 1(C)-d-f), or 5% (Figure 1(C)-g-i), for 6 h (Figure 1(C)-a, Figure 
1(C)-d, and Figure 1(C)-g), 12 h (Figure 1(C)-b, Figure 1(C)-e, and Figure 
1(C)-h), and 24 h (Figure 1(C)-c, Figure 1(C)-f, and Figure 1(C)-i). 

2.7.4. Protocol 4: Effects of Hypoxic Post-Conditioning 
After cells were cultured with (Figure 1(D)-b and Figure 1(D)-c) or without 
(Figure 1(D)-a) osteogenic induction for 7 days under 21% O2, they were sub-
sequently cultured under either hypoxic (0.5% O2) (Figure 1(D)-c) or normoxic 
(21% O2) (Figure 1(D)-a and Figure 1(D)-b) conditions for 12 h. 

2.8. Reverse Transcription Real-Time PCR 

Total RNA was extracted from the cells using an RNeasy mini kit (Qiagen, Va-
lencia, CA, USA), with DNase I treatment (Qiagen). RT-qPCRs were carried 
out using the TaqMan Fast Virus 1-Step Master Mix (Thermo Fisher Scientific) 
and TaqMan gene expression assays (Thermo Fisher Scientific) in the ABI 
PRISM 7000 sequence detection system (Thermo Fisher Scientific). The PCR 
cycle conditions were reverse transcription at 50˚C for 5 min, reverse transcrip-
tion inactivation/initial denaturation at 95˚C for 1 min, amplification at 95˚C 
for 15 s, and 40 cycles of amplification at 60˚C for 1 min. In this study, expres-
sion of the following genes was measured: Runx2 (Rn01512298_m1; Thermo 
Fisher Scientific), Vegfa (Rn01512298_m1; Thermo Fisher Scientific), and 
Cxcl12 (Rn00573260_m1; Thermo Fisher Scientific). The expression level of the 
target gene, normalized to that of the TATA-box binding protein gene (Tbp: 
Rn01455648_m1; Thermo Fisher Scientific), was then calculated using the dCT 
method. 

2.9. Alizarin Red S Staining 

In order to examine the efficacy of Protocol 4 in enhancing the subsequent os-
teogenic potential of the mesenchymal cells, osteogenic induction was conducted 
for another 14 days under normoxia, and calcified nodule formation by the cells 
was evaluated by Alizarin Red S staining (Figure 1(E)). After being washed with 
phosphate-buffered saline, the cells were fixed at room temperature with 100% 
ethanol for 10 min, washed with distilled water, and then stained with 1% Aliza-
rin Red S solution (Wako Pure Chemical Industries) for 2 min. After excess stain 
solution had been removed with distilled water, the stained area was measured 
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using Image J software (Version 1.4.5I-j; National Institutes of Health, Bethesda, 
USA; http://rsb.info.nih.gov/ij/). 

2.10. Statistical Analysis 

Data are expressed as the mean ± standard deviation. Statistical analyses were 
performed using IBM SPSS Statistics 21 (IBM Japan, Tokyo, Japan). Differences 
among groups were assessed by one-way analysis of variance, followed by Tu-
key’s honest significant difference test. Statistics in the two groups were com-
pared by applying Student’s t-test. A p-value of less than 0.05 was considered 
statistically significant. 

3. Results 
3.1. Flow Cytometric Analysis 

Cells positive for CD29 and CD90, both rat MSC markers [28], numbered 90% 
or greater in the BMDCs, ATDCs, and PDLDCs (Figure 2(A) and Figure 2(B)), 
suggesting that the cells used in the experiments had stem cell characteristics. 
On the other hand, cells positive for CD45, a negative hematopoietic marker, 
were present only at 1.5% and 0.6% in the ATDCs and PDLDCs, respectively, in 
contrast to 27.3% in the BMDCs, implying that blood cells had remained in the 
BMDC culture even after subculture (Figure 2(C)). 

3.2. Expression of Runx2, Vegfa, and Cxcl12 under the  
Combinational Use of Hypoxic Exposure and  
Osteogenic Induction 

We first examined the effects of simultaneous treatment with hypoxic exposure 
and osteogenic induction, according to Protocol 1 (Figure 3). Compared with 
the normoxic control, the simultaneous treatment did not show any increase in 
Runx2 expression in all three types of cells; in fact, the gene expression level un-
der simultaneous treatment was significantly lower than that under hypoxic ex-
posure alone in the ATDCs. The expression of Vegfa was significantly upregu-
lated in the BMDCs and ATDCs under hypoxic exposure alone, but was remarka-
bly downregulated by the simultaneous treatment. In contrast, in the PDLDCs, 
both treatments significantly increased Vegfa expression relative to that of the 
normoxic control. The Cxcl2 expression level was significantly dampened in the 
BMDCs and ATDCs under the hypoxic condition, but it remained unchanged in 
the PDLDCs. The results indicate that Protocol 1 has an inhibitory effect on 
bone regenerative activity in BMDCs and ATDCs. 

Next, we tested how hypoxic preconditioning according to Protocol 2 affects 
gene expression (Figure 4). This second protocol did not produce any signifi-
cant increase in the expression of Runx2 and Cxcl12 mRNAs in all three types of 
cells. Moreover, it significantly decreased the expression of Vegfa, indicating that 
hypoxic preconditioning had no effect to enhance multiple functions when sub-
sequent normoxic culture was applied. 
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(A) 

 
(B) 

 
(C) 

Figure 2. Flow cytometric analysis showing the immunopositive rates of CD29, CD90, 
and CD45 of the mesenchymal cells. Representative histograms of rat bone marrow-derived 
cells (BMDCs), adipose tissue-derived cells (ATDCs), and periodontal ligament-derived 
cells (PDLDCs). 

 
Since the previous two protocols did not significantly enhance Runx2 expres-

sion (an osteogenic differentiation marker), we then simply assessed the effect of 
hypoxia by changing the O2 tension under exposures shorter than 24 h (Protocol 
3). As expected, short hypoxic exposures did not decrease Runx2 expression un-
der all O2 tension levels examined. In addition, Vegfa expression was significantly 
upregulated and reached a peak at under 0.5% O2 for 12 h in the BMDCs and 
ATDCs. However, there were only slight effects on the expression of Cxcl12 with 
Protocol 3 (Figure 5). 
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(A)                                      (B)                                     (C) 

Figure 3. Average mRNA expression of Runx2 (A); Vegfa (B); and Cxcl12 (C) in rat bone marrow-derived cells (BMDCs), adipose 
tissue-derived cells (ATDCs), and periodontal ligament-derived cells (PDLDCs), under normoxia (A); hypoxia (2%) (B); and si-
multaneous treatment of hypoxic exposure and osteogenic induction (C) (n = 3; *p < 0.05). 

 

 
(A)                                      (B)                                    (C) 

Figure 4. Average mRNA expression of Runx2 (A); Vegfa (B); and Cxcl12 (C) in rat bone marrow-derived cells (BMDCs), adipose 
tissue-derived cells (ATDCs), and periodontal ligament-derived cells (PDLDCs), under normoxia (A); osteogenic induction (B); 
and hypoxic preconditioning followed by osteogenic induction (C) (n = 3; *p < 0.05). 

 
Finally, we examined the effect of hypoxic conditioning (0.5% O2 for 12 h) af-

ter osteogenic induction, according to Protocol 4. Whereas the Runx2 and Cxcl12 
expression levels did not show any significant changes between osteogenic in-
duction treatments with and without hypoxic post-conditioning in the BMDCs 
and ATDCs, the Runx2 expression level in the PDLDCs was significantly increased 
(Figure 6). In contrast, the expression level of Vegfa in all three types of cells rose 
drastically following hypoxic post-conditioning. Protocol 4 provided the largest 
fold changes of gene expression, especially of Vegfa, among the four protocols 
examined. 

3.3. Calcified Nodule Formation 

Using Protocol 4, the formation of calcified nodules following osteogenic 
induction for 2 weeks was analyzed. In the BMDCs, regardless of hypoxic 
post-conditioning, the area positive for Alizarin Red was larger than 90% of a 6-well  
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(A) 

 
(B) 

 
(C) 

Figure 5. Average mRNA expression of Runx2 (A); Vegfa (B); and Cxcl12 (C) in bone 
marrow-derived cells (BMDCs), adipose tissue-derived cells (ATDCs), and periodontal 
ligament-derived cells (PDLDCs), under different oxygen tensions for 6, 12, and 24 h (n = 
3). 
 
microplate well (Figure 7). In the ATDCs, however, the stained calcified 
area was less than 10%, both with and without hypoxic post-conditioning. The 
PDLDCs were the only cell type revealing an affect by hypoxic post-conditioning, 
where the area stained was seven times larger than that without the treat-
ment. 

4. Discussion 

A During serial cell culture, the cell population that expresses phenotypic mark-
ers for MSCs is predisposed to decline in number, resulting in the lack of effec-
tive osteogenic differentiation [29]. The present study, showing that the majority 
of cells obtained from the three different rat tissues expressed CD29 and CD90, 
confirmed that these cell populations had maintained the phenotypes of MSCs 
after serial cell culture. Nonetheless, our examination also detected some cells  
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(A)                                      (B)                                     (C) 

Figure 6. Average mRNA expression of Runx2 (A); Vegfa (B); and Cxcl12 (C) in bone marrow-derived cells (BMDCs), adipose 
tissue-derived cells (ATDCs), and periodontal ligament-derived cells (PDLDCs), under normoxia (A); osteogenic induction (B); 
and hypoxic (post-) conditioning after osteogenic induction (C) (n = 3; *p < 0.05). 
 

positive for CD45 in the BMDCs only, likely due to the presence of blood cell 
components after a few cell passages. In the present study, unsorted cells, instead 
of cells sorted by specific cell-surface markers, were used for the analyses. Thus, 
they were not prepared of phenotypically distinctive MSC populations at the be-
ginning, suggesting that cell sorting might not necessarily be required prior to 
analyses. Although flow cytometry enables sorting of multipotent MSCs from 
various tissues [30] [31], it also has disadvantages in that it may cause cell dam-
age, have a high contamination risk and cost, and reduce the number of cells re-
trieved [32]. Since a large number of cells can be obtained from bone marrow 
and adipose tissue, it is conceivable to differentiate cells without using a cell sor-
ter in the clinical arena. Nevertheless, it is noted that contamination with cells 
other than MSCs may affect the efficiency of multiple osteoinductive capabilities. 

In order to explore an efficient protocol for bone regeneration using a hypoxic 
environment, changes in cellular metabolism under hypoxia, which is a critical 
factor that influences responses for osteogenic differentiation, need to be considered. 
As an endogenous control, we used Tbp instead of glyceraldehyde 3-phosphate 
dehydrogenase (Gapdh), because previous reports have shown that the ribosom-
al protein L13A (Rpl13A), Tbp, and beta-2 microglobulin (B2m) genes, instead 
of the Gapdh and actin-beta (Actb) genes, need to be chosen for hypoxic cells 
[33] [34]. Others also showed that Tbp and Rpl13A are appropriate endogenous 
controls for studies on the induction of MSC differentiation, whereas ribosomal 
protein 18, Actb, and B2m genes are not [35] [36]. Those are consistent with our 
preliminary results (data not shown). Thus, the choice of inappropriate control 
genes that are susceptible to hypoxia might lead to discrepancies and contradic-
tory results among studies. 

This study showed that the simultaneous application of 2% O2 and osteogenic 
induction for 96 h did not enhance, but rather diminished, the expression levels 
of the three genes beneficial to rat bone regeneration, except for Vegfa expres-
sion in PDLDCs. This outcome is consistent with those of previous studies [18]  
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(A) 

 
(B) 

 
(C) 

Figure 7. Formation of calcified nodules under Protocol 4 in bone marrow-derived cells 
(BMDCs) (A); adipose tissue-derived cells (ATDCs) (B); and periodontal ligament-derived 
cells (PDLDCs) (C); The left panels show a representative macroscopic view of the Alizarin 
Red S staining. The right panels show the percentage of area stained with Alizarin Red, 
measured using ImageJ software. Differences in the percentage of area stained were com-
pared by applying Student’s t-test to the results for each mesenchymal stem cell type 
treated without (A) and with (B) hypoxic post-conditioning (n = 3; *p < 0.05). 
 
[21] [22]. However, other investigations have demonstrated that the hypoxic con-
dition promoted osteogenic differentiation [16] [20]. This discrepancy among 
the different reports is likely due to the different cell culture conditions used, such 
as cell origin and O2 tensions, as well as exposure time and cell density seeded, 
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although further clarification of this is needed. In terms of the cell culture me-
dium composition, one study in which cells were cultured in α-MEM containing 
10% FBS (the same as our study) showed that hypoxia suppressed osteogenic 
differentiation [22]. However, other studies, in which cells were grown in Dul-
becco’s modified Eagle’s medium, concluded that hypoxia promoted osteogenic 
differentiation [16] [20]. Thus, the type of cell culture medium may also be a 
factor that affects the cellular hypoxic response. 

Moreover, not only did the simultaneous treatment application not signifi-
cantly increase any gene expression levels, nor did the combinational use of os-
teogenic induction for 96 h with hypoxic preconditioning for 72 h. Contrary to 
Protocol 1, which showed a significant increase in Vegfa expression under the 
hypoxic environment alone, the expression was downregulated by hypoxic pre-
conditioning. According to Wagner et al. [37], 100 nM of dexamethasone inhi-
bited the nuclear transfer of hypoxia-inducible factor, resulting in the inhibition 
of VEGF expression. The chemical hypoxia also suppressed VEGF expression 
during osteogenic induction [38]. Since dexamethasone may counteract the ef-
fect of the hypoxic preconditioning that enhances Vegfa expression, this seemed 
to result from the subsequent osteogenic induction under normoxia, although 
further study to verify this is mandated. 

Rupture of the vasculature within wound beds by surgical interventions causes 
the O2 pressure in the wound to decrease [39]. The negative impacts of Protocols 
1 and 2 on osteoinductive capability could be due to the 2% O2 tension used in 
those protocols, because the oxygen concentration in vivo that implies physio-
logical “normoxia” ranges from 2% to 9% [40] [41]. As expected, the expression 
of Runx2 and Cxcl12 did not decrease significantly under 0.5% O2 (severe hy-
poxia) within 24 h. When we applied “hypoxic conditioning” after osteogenic 
induction under Protocol 4, the expression levels of the three different genes 
were restored compared with the levels under Protocol 2. In addition, the fold 
changes of expression level of the three genes were larger in Protocol 4 than in 
Protocol 1, although the expression patterns did not change significantly. Fur-
thermore, under Protocol 4, the formation of calcified nodules was distinctly 
different among the three types of cells, suggesting there are differential res-
ponses to hypoxia and osteogenic induction, with varying levels, among MSCs of 
different tissue origins. This is consistent with a previous investigation that 
demonstrated the enhanced osteogenic capacity of PDLDCs by the paracrine ef-
fect of VEGF-A [42]. 

This study clearly showed that hypoxic responses vary among cells that origi-
nated from different mesenchymal tissues. For instance, the intrinsic gene ex-
pression levels of Vegfa and Cxcl12 are higher in BMDCs than in ATDCs [43] 
[44]. Since the hypoxic responses of MSCs are likely to be tissue specific, the ori-
gin of the MSCs needs to be considered before their use as therapeutic agents. 

5. Conclusion 

In summary, the largest fold changes of expression level of the three genes per-
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taining to multiple osteoinductive capabilities were induced by Protocol 4 (0.5% 
O2 hypoxic post-conditioning with osteogenic induction), although the Vegfa 
and Cxcl12 expression levels were the most and least susceptible to this protocol, 
respectively. Since there were differential responses of the mineralized nodule 
formation among mesenchymal cells from different tissues, the optimal protocol 
developed should be specific to the origin of the mesenchymal cells. Although 
further in vivo studies on protein expression and cell behaviors are necessary, 
manipulating mesenchymal cells with hypoxic exposure after osteogenic induc-
tion before transplantation could have potential for improving their therapeutic 
efficiency in bone regeneration. 
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