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Abstract
This study aimed to examine the proliferative behavior and molecular mechanisms of rat bone marrow-derivedMSCs (rBMSCs)
cultured under three different oxygen concentrations. Passaged rBMSCs exhibited significantly greater proliferation rates at 1%
O2 and 5% O2 than those at 18% O2 and the cells exposed to 1% O2 showed the highest proliferative potential, which was
evidenced by the growth curves, colony-forming efficiencies, and CCK-8 absorbance values. The rBMSCs grown under hypoxic
culture conditions (1% O2 and 5% O2) had the increased percentage of cells in S + G2/M-phase and the decreased apoptotic
index, compared with normoxia (18% O2). It was revealed for the first time that there were more phosphohistone H3 (PHH3)-
positive cells and higher expressions of proliferating cell nuclear antigen (PCNA) in the hypoxic cultures of rBMSCs than in the
normoxic culture. Hypoxia upregulated the anti-apoptotic protein Bcl-2 and downregulated the pro-apoptotic proteins Bax and
the cleaved caspase-3 in cultured rBMSCs. The levels of hypoxia-inducible factor-1α (HIF-1α) and phosphorylated extracellular
signal-regulated kinase 1/2 (p-ERK1/2) were increased in the hypoxic-cultured rBMSCs. Nevertheless, no significant difference
was observed in p53 level of rBMSCs between different oxygen concentrations. In conclusion, the hypoxia exerts a promoting
effect on the in vitro expansion of rBMSCs via several signaling and molecular pathways involved in the control of cell cycle and
apoptosis.
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Introduction

Mesenchymal stem cells (MSCs) have aroused considerable
interest and expectations of the employ for cell-base therapies
and tissue engineering on account of their properties for self-
renewal, multipotent differentiation, immunomodulation, and
trophic actions (Salem and Thiemermann 2010). These stem
cells can easily be isolated from a variety of somatic tissues as
well. Their frequency, however, is extremely low within any
tissues, and only a very limited amount of MSCs can be col-
lected from a single donor (Sisakhtnezhad et al. 2016). Only if
the efficient ex vivo expansion of isolatedMSCs is carried out,
the sufficient expanded cells will be harvested to meet the

needs of clinical trials and many related basic researches.
The investigation of optimal culture conditions for MSC ex-
pansion has been underway. A critical consideration is the
optimal oxygen tension in the culture medium.

At the tissue level, MSCs reside in the hypoxic microenvi-
ronment, and for instance, O2 concentration in MSC niche of
bone marrow is about 1~7%, or perhaps even lower
(Mohyeldin et al. 2010). Hypoxic condition is thought to be
essential for the maintenance of stem cell properties (Drela et
al. 2014). However, MSCs are routinely cultured in the tradi-
tional incubators supplied by room air containing 5%CO2 and
saturated water vapor, resulting oxygen concentration being
approximately 18% (Sodhi et al. 2000). The oxygen concen-
tration of gaseous atmosphere within such incubator is re-
ferred to as Bnormoxia^ in cell culture technology. In recent
years, a lot of studies have offered some evidences for the
negative impacts of normoxic culture on MSCs, such as early
senescence, poor growth kinetics, promotion of apoptosis, and
DNA damage (Fehrer et al. 2007; Estrada et al. 2012). On the
other hand, low levels of oxygen had positive effects on the in
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vitro survival and proliferation of MSCs principally in long-
term culture; nevertheless, several studies showed converse
results (Zhang et al. 2009; Holzwarth et al. 2010;
Deschepper et al. 2011; Pattappa et al. 2013; Rajaraman et
al. 2013; Kumar and Vaidya 2016). As far as the
proliferation-promoting effect of low oxygen tension is con-
cerned, the optimal oxygen level is still inconsistent in the
scientific literature. Oxygen concentration, duration of expo-
sure to hypoxia, procedure of hypoxic treatment, and especial-
ly intrinsic differences between various cell sources could give
the explanation of these discrepancies (Buravkova et al.
2014). Certainly, the molecular mechanisms underlying the
actions of hypoxia on cellular behaviors of MSCs remain to
be elucidated.

In this study, we examined the effects of three oxygen
concentrations (1, 5, and 18% O2) on the long-term expansion
of passaged rat bone marrow-derived MSCs (rBMSCs). This
is because the elaborate efforts to expand human MSCs under
hypoxic conditions have largely been made so far, and few of
the similar studies for the ex vivo expansion of rat MSCs have
been documented. Not only were the frequently used indica-
tors regarding in vitro proliferative kinetics employed in our
experiment but phosphohistone H3 (PHH3) and proliferating
cell nuclear antigen (PCNA), which were not at all or hardly
used utilized in previous studies of MSC expansion, were
detected simultaneously. Furthermore, we explored the cellu-
lar mechanisms underlying actions of oxygen tension on ex
vivo expansion of MSCs in two aspects of cell cycling and
apoptosis, since the result of cellular expansion is dependent
on both mitotic activity and cell death. To our knowledge,
very little experimental data about cell division and apoptosis
has been reported for ex vivo expansion of rBMSCs under
hypoxia in the same study up to date. At the molecular level,
we quantified the expressions of some proteins which are
related closely to the cell proliferation, cell apoptosis, and
hypoxic adaption, including Bax, Bcl-2, caspase-3, p53,
HIF-1α, and pERK1/2. The results obtained in our study
showed that the low oxygen tensions were observed to pro-
mote the ex vivo expansion of rBMSCs through several sig-
naling and molecular pathways involved in the control of cell
cycle and apoptosis. These observations could contribute to
the improvement of MSC expansion in vitro and the elucida-
tion of cellular and molecular mechanisms underlying
proliferation-promoting action of hypoxia on the MSCs.

Materials and methods

Cell isolation and cultureMSCs were harvested by flushing the
cavity of femurs and tibias of male Sprague-Dawley rats
weighing 50–70 g with low-glucose, phenol red-free
Dulbecco’s modified Eagle’s medium (DMEM; Gibco,
Gaithersburg, MD). The nucleated bone marrow cells

(NBMCs)were counted and plated at 1 × 104 cells/cm2. The cells
were incubated for 48 h at 37°C and 7.5% CO2 with the growth
medium, which is the DMEM containing 15% inactivated fetal
bovine serum (FBS; Gibco, Gaithersburg, MD), 100 U/mL pen-
icillin, and 100 μg/mL streptomycin (Invitrogen, Carlsbad, CA).
Cultureswere thenwashedwith phosphate-buffered saline (PBS)
and replaced with the fresh medium. The attached cells were
cultured until they reached 80–90% confluence, then passaged
using 0.25% trypsin (Hyclone, GE Healthcare Life Sciences,
Pittsburgh, PA). At every passage, the cells were replated at a
density of 1 × 103 cells/cm2; the culture medium was discarded
and replaced with fresh medium every 3~4 d. All experiments
were performed with cells from passage 2nd to 5th.

rBMSCs characterization Flow cytometry analysis of MSC
surface markers was performed as described previously
(Park et al. 2013). Briefly, MSCs were detached, washed,
pelleted, and resuspended in DMEM medium without
phenol red, and then incubated with either phycoerythrin
or FITC-conjugated antibodies specific for CD29, CD90,
CD11b/c, and CD45 (BD Biosciences, San Jose, CA) for
20 min at room temperature with antibodies in a final
volume of 100 μL and eventually resuspended in 4%
paraformaldehyde until analysis on flow cytometer
(FC500 Beckman Coulter).

The third passage cells (at 80–90% confluence) were sub-
jected to adipogenic, osteogenic, and chondrogenic differen-
tiation in vitro, according to established protocols (Park et al.
2013). For adipogenic differentiation, MSCs were cultured in
DMEM with 10% FBS, 1 mM dexamethasone, 0.5 mM
isobutyl-1-methylxanthine, 100 mM indomethacin, and
10 μg mL−1 insulin. After 14 d, cells were fixed with stained
with Oil Red O (Sigma-Aldrich, St. Louis, MO) to visualize
lipid droplets. Osteogenic differentiation was induced by
DMEM contained with 10% FBS, 10 nM dexamethasone,
10 mM β-glycerophosphate, and 0.2 mM ascorbic acid.
After 28 d, the mineralization of the extracellular matrix was
determined by 1% Alizarin Red (pH 4.2) (Sigma-Aldrich)
staining. Chondrogenic differentiation was induced in pellet
culture for 14–21 d and performed using SD rat MSC
chondrogenic differentiation medium (Cyagen, Santa Clara,
CA) according to the instructions of manufacturer.

Hypoxic conditioning The passaged rBMSCs divided into
three groups in which oxygen concentrations were 1, 5,
and 18%, respectively. These cells were cultured in a
specialized chamber (C-Chamber and Oxygen controller
ProOx 110, BioSpherix, Parish, NY) housed within a
standard cell culture incubator (Thermo Forma, model
3110; Forma Scientific, Marietta, OH). The chambers
were, respectively, flushed with sterile, humidified gas
mixture containing different concentrations of oxygen
(1, 5, or 18%) and 7.5% CO2 with a balance of N2.
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The cells were cultured under the three indicated oxy-
gen concentrations in all of the following experiments.

Proliferation assay The passaged cells were cultured in 24-
well plates for 7 d. The growth curves were drawn based on
the number of cells per day during a period of 7 d. As for the
assay of viable cells, rBMSCs were cultured in 96-well plates
for 5 d, and then, cells were analyzed using the CCK-8 assay
kit according to the instructions of manufacturer (Promega
Madison, WI).

For colony-forming unit-fibroblast (CFU-F) assays,
rBMSCs were seeded at a density of 1 × 103 cells/cm2 in 6-
well plates. After a 9-d culture period, the cultures in plates
were rinsed three times with PBS and stained with Wright-
Giemsa dye (Sigma). Individual colonies made up of at least
20 cells were counted microscopically. The yields of CFU-F
were expressed as the number of CFU-F colonies per well.

Apoptosis assay After cultivation of 5 d, cells were then col-
lected and analyzed by FITC Annexin VApoptosis Detection
Kit I according to the instructions of manufacturer (BD,
Pharmingen). The apoptotic index was calculated by di-
viding the number of cells in (Q2 + Q4) phases by the
total number of cells.

Cell cycle assay Following a culture period of 5 d, cell cycle
analysis was performed using propidium iodide (PI)-staining.
Cells were washed with PBS three times and resuspended in
ice-cold 70% ethanol, incubated 4°C for 24 h, and treated with
200 μg/mL RNase A for 30 min at 37°C. The samples were
incubated in 40 μg/mL PI for 5 min at room temperature and
placed on ice until analysis by flow cytometry. The prolifera-
tion index was calculated by the cell numbers in S-G2/M
phase divided by the total analyzed cells.

PHH3 staining Cells were incubated for 5 d and were
assessed by immunostaining for phosphorylated form of
histone H3 on serine 10 (PHH3, H3S10p). Cells were
fixed with 4% paraformaldehyde, permeabilized with
0.2% Triton X-100, blocked with 1% BSA, stained with
polyclonal antibody against phospho-histone H3 (S10)
(Immunoway) overnight at 4°C, and then incubated with
a 1:1000 dilution of fluorescein isothiocyanate-conjugated
rabbit anti-mouse secondary antibody (Immunoway) in
dark. The nuclei were stained for 15 min with DAPI (4,
6-diamidino-2-phenylindole, Sigma-Aldrich) at room tem-
perature in dark. Fluorescence images were visualized with
a fluorescence microscope (TH4-200, Olympus, Tokyo,
Japan). For each sample, a minimum of 500 cells from
more than five random fields of the slide were counted
and mitosis cells were scored. The mitotic index is calcu-
lated by dividing the number of cells in mitosis by the
total number of cells.

Western blottingWestern blotting analyses were performed as
described in a previous study (Liang et al. 2016). The follow-
ing primary antibodies were used: anti-PCNA, anti-Bax, anti-
Bcl-2, anti-cleaved caspase 3, anti-p53, anti-HIF-1a, anti-
pERK1/2, and anti-β-actin (diluted at 1:1000; Abcam,
Cambridge, MA). The blots were incubated with a goat anti-
rabbit or rabbit anti-mouse HRP-conjugated secondary anti-
body (dilut- 213 ed at 1:1000; Abcam). The immunoreactive
bands were visualized with an enhanced chemiluminescent
detection system (Tanon-5500, Shanghai, China).
Densitometric analysis of the blots was performed using im-
age J software.

Data analysis Each of the results was obtained from a
minimum of three independent experiments and data
were expressed as means ± standard deviation (SD).
PASW Statistics 18.0 (SPSS Inc., Chicago, IL) was
used in all statistical analyses. Comparison of the
growth curves of MSCs under different oxygen condi-
tions was analyzed by two-way repeated measure
ANOVAs followed by Sidak test. One-way ANOVA
with the Fisher’s least significant difference post hoc
test was performed as comparison for the results of
Western blotting, CCK-8 assay, and CFU-F assay.
Comparison of the results of PHH3 assay and cell cycle
analysis was assessed by Chi-square test with the R × C
contingency tables. Significance was set at a P value
less than 0.05 (p < 0.05) for all experiments.

Results

Identification of rBMSCs As shown in Fig. 1A-a, passaged
rBMSCs exhibited spindle or fibroblastic morphology.
These culture-expanded cells maintained their potential
to differentiate along osteoblastic, adipogenic, and
chondrogenic lineages (Fig. 1A-b/c/d). Flow cytometric
immunophenotyping of rBMSCs showed the cells expressed
mesenchymal lineage-associated cell surface markers CD90
(99.3%) and CD29 (99.6%), whereas the surface antigens of
CD11b/c (1.3%) and CD45 (2.8%) were negative (Fig. 1B). In
brief, the characteristics of passaged rBMSCs met the mini-
mum criteria of MSCs, namely adherence to plastic,
immunophenotype, and multilineage differentiation potential.

Hypoxia enhances proliferative potential of rBMSCs in vitro
Firstly, the proliferation rate of rBMSCs was examined by
direct cell counting. As shown by the growth curves
(Fig. 2A), rBMSCs in 1% O2 group had higher growth capac-
ity than those of 5% O2 (P < 0.01) or normoxia group (P <
0.01) throughout the 7-d culture. Moreover, the increase in
proliferation rate was even more obvious from the 5th to the
7th day. The proliferation-promoting effect of hypoxia on
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rBMSCs was concentration-dependent and 1% O2 was the
most efficient oxygen concentration.

Then, we evaluated growth behavior of rBMSCs by a
CCK-8 assay for quantization of viable cell numbers after
5 d of culture. As shown in Fig. 2B, the reduced oxygen
concentrations resulted in an increasing trend in the absor-
bance of the CCK-8 assay. A significant difference in CCK-
8 assay was witnessed between 1% O2 group and normoxia
group (P < 0.05), but there was no significant difference be-
tween 1% O2 group and 5% O2 group or between 5% O2

group and normoxia group.
We confirmed this trend by CFU-F efficiency assays per-

formed on passage 3MSCs. As shown in Fig. 2C/D, the yields
of CFU-F colony increased markedly under 1% O2 condition
compared with normoxia (P < 0.01) and 5% O2 (P < 0.05).
The yield of CFU-F colony of 5% O2 group was higher than
that of normoxia group, there was no statistically significant
difference between these two groups. The results indicated
that MSCs cultured at 1% O2 exhibited a higher self-renewal
capacity.

Hypoxia reduces the apoptosis of rBMSCsAnnexin V-FITC/PI
double staining was used to determine the effect of the three
oxygen concentrations on apoptosis. The apoptotic indexes of
1% O2, 5% O2, and normoxia groups were 7.5 ± 0.74, 13.6 ±
0.95, and 16.8 ± 1.60%, respectively (Fig. 3A/B). The apopto-
tic index of 1% O2 group was much lower than that of the

other two groups (P < 0.01), and 5% O2 group also had a
lower apoptotic index than normoxia group (P < 0.05).

We extended our studies by examining the expression
of several apoptosis-related proteins by Western blotting.
Bax, Bcl-2, and cleaved caspase-3 are the key mediators
of apoptosis. Compared with normoxic culture, hypoxia
down-regulated the expression of Bax and cleaved cas-
pase 3; at the same time, the expression of anti apopto-
tic proteins Bcl-2 was significantly up-regulated (see
Fig. 3D/E/F). These results confirm that low oxygen
concentrations reduce the frequency of commitment to
apoptosis of rBMSCs in vitro.

Hypoxia accelerates the cell cycle progression of rBMSCs The
results of flow cytometry (Fig. 4A/B) showed a signifi-
cant increase in the percentage of S + G2/M phase cells
(also known as proliferation index) in the 1% O2 group,
as compared with the normoxia group (P < 0.01) and
5% O2 group(P < 0.05). However, there was no obvious
difference between 5% O2 group and normoxia group.

Proliferating cell nuclear antigen (PCNA) has been
identified as a proliferation marker and expresses in
the nuclei of cells during the S phase of the cell cycle
(Hu et al. 2016). As shown in the results of Western
blotting (Fig. 4C), the expression of PCNA in the 1%
O2 group was higher than those in 5% O2 group (P <
0.05) and the normoxia group (P < 0.05).

Figure 1. Identification of rBMSCs. (A) The morphology and tri-lineage
differentiation potential of rBMSCs. (a) A representative microphoto-
graph of rBMSCs stained with Wright-Giemsa (scale bar, 100 μm). (b)
A representative microphotograph of rBMSCs differentiated into osteo-
cytes stained with alizarin red (scale bar, 50 μm). (c) A representative
microphotograph of rBMSCs differentiated into adipocytes stained with

oil red O (scale bar, 50 μm). (d) A representative microphotograph of
rBMSCs differentiated into chondrocytes stained with alcian blue (scale
bar, 20 μm). (B) CD profile of passaged rBMSCs by flow cytometric
analysis: CD 29 (99.6%); CD 45 (2.8%); CD 90 (99.3%); CD 11 b/c
(1.3%).
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Immunohistochemical staining of phosphohistone H3
(PHH3) is specific for cells in late G2 and M phases of the
cell (Villani et al. 2016). Therefore, the mitotic index (MI) was
examined by the PHH3 immunostaining after 5-d culturing
under those three oxygen conditions (Fig. 4D/E). The mitotic
index in 1% O2 groups, 5% O2 group and the nomoxia group
were 35.5 ± 8.0, 19.7 ± 8.4 and 10.3 ± 4.2‰, respectively. MI
of rBMSCs cultured at 1% O2 was significantly higher than
that of normoxic condition (P < 0.01) or 5% O2 (P < 0.05)
(Fig. 4E). However, there was no statistical difference be-
tween 5% O2 group and normoxia group.

All these results provided evidences that the positive effect
of sufficiently low oxygen concentration on the proliferation
of MSCs could be mediated through accelerating of cell cycle
progression.

Hypoxia-induced proliferation in rBMSCs is involved in HIF
and ERK pathways As shown in Fig. 5, the expression

of HIF-1α was upregulated in rBMSCs with oxygen
concentrations decreasing. Compared with the normoxia
group, 5% O2 group had the significantly higher expres-
sion of HIF-1a (P < 0.05) and the 1% O2 group showed
an even more obvious increase (P < 0.01), which con-
firms HIF-1α is associated closely with hypoxic adap-
tion of BMSCs and may be a key regulator in facilitat-
ing BMSCs proliferation under hypoxic conditions.

Western blotting analyses revealed that the expression
of phospho-ERK1/2 was markedly higher in 1% O2

group than in normoxia group (P < 0.05). Although no
significant differences in phospho-ERK1/2 were
witnessed between 5% O2 group and normoxia group,
neither between 1% O2 group and 5% O2 group, a de-
creasing trend appeared in the expression of phospho-
ERK1/2 in rBMSCs with the oxygen concentrations in-
creasing. These results indicated that sufficiently low

Figure 2. Effects of indicated oxygen conditions on proliferation
characteristic of rBMSCs. (A) Growth curves: cell numbers (cells/cm2)
were determined throughout the culture for the indicated oxygen
concentrations and the results were analyzed by repeated measures
ANOVAs with Sidak. (B) Cell viability of rBMSCs cultured under

different oxygen concentrations by cck-8 assay. (C) Representative views
of colonies at day 9. (D) The CFU-F numbers of rBMSCs cultured under
different oxygen concentrations. Each point or column with a bar repre-
sents mean ± SD (*P < 0.05 and **P < 0.01; n = 3).
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oxygen concentration could affect the level of phospho-
ERK1/2.

Western blotting data showed that culturing rBMSCs
at different oxygen concentrations had no obvious effect
on the expression of p53.

Discussion

The present study shows clearly that 1% O2 has a greater
promoting effects on the ex vivo expansion of rBMSCs than
5% O2 and normoxia. This finding differs from some of the

Figure 3. Effects of indicated oxygen conditions on apoptosis in
rBMSCs. (A) Flow cytometric analysis of apoptotic cells after Annexin
V/PI staining. (B) Apototic indexes based on flow cytometry analysis
with Annexin V/PI staining. (C) The levels of apoptosis-related proteins
in rBMSCs exposed to the indicated conditions for 5 d measured by

Western blotting. (D) The ratio of Bax to β-actin band density values.
(E) The ratio of Bcl-2 to β-actin band density values. (F) The ratio of
cleaved caspase-3 to β-actin band density values. The band density
values were analyzed using Image J software. Bar graphs represent mean
± SD (*P < 0.05 and **P < 0.01; n = 3).
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previous studies in which the researchers compared the pro-
liferation characteristics of MSCs under more than one hyp-
oxic condition. Taken together, two of the studies believed 5%
O2 showed a significant increase compared to the other O2

tensions, while D’Ippolito and coauthors found human
MSCs can grow best at 3% O2 (D’Ippolito et al. 2006;
Bertolo et al. 2015; Ahmed et al. 2016). Some of the studies
even found that low O2 had negative or no obvious effects on

Figure 4. Effects of indicated oxygen conditions on cell cycle in
rBMSCs. (A) Flow cytometric of cells after PI staining. (B) The
proliferation index of three experimental groups based on flow
cytometric analysis with PI staining. The data were analyzed by the
partitioned Chi-square method for multiple comparisons. (C) The expres-
sion of PCNA in rBMSCs measured by Western blotting and the ratio of
PCNA to β-actin band density values. The band density values were

analyzed using Image J software. (D) The representative immunofluores-
cence microphotographs with PHH3 labeling. A scale bar of 100 μm is
shared among all microphotographs in this panel. (E) Mitotic indexes of
rBMSCs under different oxygen concentrations based on the result of
PHH3 immunostaining; bar graphs represent mean ± SD (*P < 0.05
and **P < 0.01; n = 3).
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growth behavior of MSCs (Holzwarth et al. 2010; Pattappa et
al. 2013). It is noteworthy that those studies all used human
MSCs. So, the inconsistent results may be caused by differ-
ence in cell sources.

The cell cycle and apoptotic effects were then assessed inten-
sively under hypoxic conditions in vitro. Unlike conclusions of
some previous studies which state that low O2 concentrations
enhance proliferative potential of MSCs, meanwhile it has no
detectable effect on cell cycle (D’Ippolito et al. 2006) or apopto-
sis (D’Ippolito et al. 2006; Fehrer et al. 2007); we believe hyp-
oxia, especially 1% O2, not only promotes the cell cycle
progression but also inhibits apoptosis. These changes
in cellular level are accompanied by a significant eleva-
tion in the ratio of Bcl-2/bax and decrease of cleaved
caspase 3, as well as increased expression of PHH3 and
PCNA.

At a molecular level, apoptosis is mediated by two main pro-
tein families: the Bcl-2 family and the caspase family (Antico
Arciuch et al. 2012). Bcl-2 and Bax are the most widely studied
regulators of apoptosis, and caspase-3 is regarded as the key
executor of apoptosis (Hua et al. 2015). Previous studies have
showed that over-expression of Bcl-2 can protect MSCs against
apoptosis (Li et al. 2007) and silencing of caspase-3 can increase
cell proliferation, the cell cycle, and the anti-apoptotic capacity of
MSCs under hypoxia in vitro (Hua et al. 2015).

As far as we know, there was no report on the PHH3 and
PCNA for hypoxia-related research of MSCs until now.
Phosphorylation of the amino terminus of the histone H3 (Ser
10) closely with mitotic chromatin condensation is specific for
late G2 andM phases of the cell cycle (Ginter et al. 2016). PHH3

has been considered as a superior mitosis-specific marker and a
proliferation marker. Evidences have been proven the utility of
PHH3 staining in assessing mitotic activity in various kinds of
cancer cells (Villani et al. 2016; Chow et al. 2017). Proliferating
cell nuclear antigen (PCNA) is a cofactor of DNA polymerase δ
in eukaryotic cells and is essential for replication (Strzalka and
Ziemienowicz 2011). PCNA has been identified as another pro-
liferation marker and its expression is specific for the S phase of
the cell cycle (Strzalka and Ziemienowicz 2011). Quite a few
experiments revealed that the low oxygen concentrations in-
creased cell proliferation and were correlated with the high-
level expression of PCNA in various kinds of cells including
mice cochlear spiral ganglion stem/progenitor cells, MC3T3-E1
cells, bovine satellite cells, human pulmonary artery smooth
muscle cells, and so on (Wang et al. 2007; Kook et al. 2008;
Chen et al. 2015; Wang et al. 2015). Therefore, the high-level
expression of PHH3 and PCNA further confirms that 1%O2 can
enhance the proliferative potential and also indicates that the pro-
proliferative effect should be partially dependent on the up-
regulation of two proteins to promote cell cycle procession.

Awell-known mechanism of hypoxia-mediated regulation is
the activation of hypoxia-inducible factor-1α (HIF-1α). Some
researchers have proposed that low oxygen concentrations lead-
ing to up-regulation ofHIF-1α are termed truly hypoxia (Karlsen
et al. 2011). Most of the views show that the hypoxic microen-
vironment of MSCs implies more stabilization of HIF-1α
(Nekanti et al. 2010; Ni et al. 2014; Lv et al. 2017). However,
Berniakovich and Giorgio drew a conclusion that HIF-1α was
not involved in affecting mouse bone marrowMSCs under hyp-
oxia, because they found that 3%O2was insufficient of inducing

Figure 5. Western blot analysis of HIF-1α, Phospho-ERK1/2, and p53 in
rBMSCs under indicated oxygen conditions. (A) The expression of HIF-
1α and the ratio of HIF-1a to β-actin band density values. (B) The ex-
pression of Phospho-ERK1/2 and ERK1/2 expression and the ratio of P-

ERK1/2 to total ERK1/2 band density values. (C) The expression of p53
and the ratio of p53 to β-actin band density values. The band density
values were also analyzed using Image J software. Bar graphs represent
mean ± SD (*P < 0.05 and **P < 0.01; n = 3).
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the detectable level of HIF-1α, and knocking down HIF-1α did
not change O2 effects on MSCs (Berniakovich and Giorgio
2013). Palomaki and his team claimed that HIF-1α protein was
stabilized under normoxic condition in MSCs derived from pe-
diatric bone marrow and umbilical cord blood (Palomaki et al.
2013). Consistent with the previous general views, this study
observed that an increase in the stabilization of HIF-1α was
increased in rBMSCs with the oxygen concentration decreasing,
which indicates that the HIF-1α is a key regulator for the
hypoxia-mediated proliferation.

One of the HIF-1’s downstream signals is extracellular signal-
regulated kinase 1/2 (ERK1/2) (Fabian et al. 2014). Previous
studies have showed that hypoxia can phosphorylate ERK1/2
in many cell lineages (Ciccarelli and Giustetto 2014). The acti-
vation of ERK1/2 under hypoxia in human BMSCs has also
been proved (Fabian et al. 2014). Similarly, some experiments
conclude that hypoxia and serumdeprivation increase the expres-
sion of phospho-ERK1/2 in rBMSCs (Gao et al. 2010; Liu et al.
2011). On the other hand, some experiments got the opposite
results in rBMSCs (Song et al. 2009; Hou et al. 2014). Our
results support that hypoxia can make the ratio of phospho/to-
tal-ERK1/2 increase in rBMSCs, which infers that the hypoxia-
mediated proliferation in rBMSCs might be dependent on the
level of phosphorylated ERK1/2. Moreover, studies demonstrate
that the ERK pathway plays a powerful role in stimuli-induced
phosphorylation of histone H3 (Ciccarelli and Giustetto 2014).
Thus, further work should be required to investigate whether the
high level of phospho-ERK1/2 can cause histone H3 to be phos-
phorylated during adaption to hypoxia in rBMSCs.

In the present study, there was no obvious change in the
expression of p53 in rBMSCs under hypoxic culture. The p53
tumor suppressor protein is an eminent transcription regulator
of cell cycle entry and a pro-apoptotic protein, which is fre-
quently thought to be associated with hypoxia (Sermeus and
Michiels 2011) and to be repressed by high level of HIF-1α in
MSCs (Lv et al. 2017). Nevertheless, the relationship between
p53 and hypoxia is not occurring in all cases (Sermeus and
Michiels 2011). It seems to be dependent on the level and
duration of hypoxia and the cell sources. In the case of adipose
tissue-derived stromal cells (ASCs), p53 was downregulated
when the cells were cultured under 5% O2 (Andreeva et al.
2015) and under 2%O2 (Choi et al. 2015), while p53 level did
not change obviously after hBMSCs were cultured in extreme
hypoxia (0.5% O2) for 3 d (Crowder et al. 2013).

Conclusion

Our study strongly suggests that hypoxia has a promoting
effect on the expansion of rBMSCs in vitro, which is concen-
tration-dependent. One percent is recommended as a more
suitable oxygen concentration for ex vivo expansion of
rBMSCs. The mechanisms underlying the hypoxia-induced

proliferation of rBMSCs are associated with promoting the
cell division and reducing the apoptosis partially through the
pathways of Bcl-2, Bax, caspase 3, PCNA, PHH3, HIF-1α.
However, further experiments need to be performed to fully
elucidate the mechanisms of the hypoxia-mediated prolifera-
tion in rBMSCs. Our findings should help to optimize the
cultured condition for the collection of rBMSCs.

Compliance with ethical standards

Animal slaughter followed the Ethics Committee of the Institute of Hunan
Normal University.
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