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Abstract Atmospheric (in vitro) oxygen pressure is around 150 mm Hg (20% O2), whereas physiologic (in vivo) oxygen

pressure ranges between 5 and 50 mm Hg (0.7–7% O2). The normoxic environment in cell culture does not refer to a

physiological stem cell niche. The aim of this study is to investigate the effect of oxygen concentration on cell properties of

human mesenchymal stem cells (MSCs). We analyzed cell proliferation rate, senescence, immunophenotype, stemness

gene expression and differentiation potency with human urine stem cells (USCs), dental pulp stem cells (DPSCs), amniotic

fluid stem cells (AFSCs), and bone marrow stromal cells (BMSCs). USCs, DPSCs, AFSCs and BMSCs were cultured

under either 5% O2 hypoxic or 20% O2 normoxic conditions for 5 days. MSCs cultured under hypoxia showed significantly

increased proliferation rate and high percentage of S-phase cells, compared to normoxic condition. In real-time PCR assay,

the cells cultured under hypoxia expressed higher level of Oct4, C-Myc, Nanog, Nestin and HIF-1a. In immunophenotype

analysis, MSCs cultured under hypoxia maintained higher level of the MSC surface markers, and lower hematopoietic

markers. Senescence was inhibited under hypoxia. Hypoxia enhances osteogenic differentiation efficiency compared to

normoxia. Hypoxia showed enhanced cell proliferation rate, retention of stem cell properties, inhibition of senescence, and

increased differentiation ability compared to normoxia.
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1 Introduction

Cell therapy using stem cells has become an important field

for the development of tissue engineering and regenerative

medicine [1]. Human mesenchymal stem cells (MSCs)
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have self-renewal and multi-lineage differentiation poten-

tial [2, 3]. MSCs have been found in several tissues

including chondrocytes, adipocytes, osteocytes [2], bone-

marrow [3], tooth [1], amniotic fluid [4] or urine [5]. MSCs

are recognized as important cell sources for stem cell

therapy, and it has been applied to treat cardiovascular

disorders [6], nerve injury [7], or bone regeneration [8].

MSCs from patients exhibit decreased survival, prolifera-

tion, and differentiation, therefore they require a strategy to

improve their regenerative ability. The suggested strategies

were treatment with growth factors [9], antiaging compounds

[10], or hypoxic shock [8]. Beneficial effects of hypoxic cul-

ture on proliferation and differentiation potentials of MSCs

have been suggested by several groups [11, 12]. These high

therapeutic effects of stem cells in this hypoxic condition

assumed that stem cells’ original niche or preferable

microenvironment is low oxygen concentration [13]. Oxygen

is an important factor that serves a key substrate for cellular

energy production and metabolism [14]. Cellular processes

include cell proliferation [15] and differentiation [16] can be

affected by oxygen concentration. Cellular responses along

the oxygen gradient are particularly revealed in bone marrow.

In the deep hypoxic areas, cells trying to keep maintenance of

stem cell characters, whereas better oxygenated areas allow

increase of more differentiated progenitors [13]. Hypoxia was

also reported to improve the efficiency of pluripotent stem cell

generation on human somatic cells [17], and prevention of

differentiation of stem cells, including neural stem cells [18],

hematopoietic stem cells [13], mesenchymal stem cells [19]

and embryonic stem cells (ESCs) [20].

The common cell culture in vitro environment does not

refer to a physiological stem cell niche. Atmospheric

(in vitro) oxygen concentration is around 150 mm Hg (20%

O2, normoxia), whereas physiologic (in vivo) oxygen is

much lower, ranging up to 5% in cartilage [14], 4–7% in bone

marrow, 10–13% in arteries, lungs and liver [21, 22]. The

in vitro culture environmental differences can alter the

characteristics of the stem cells. For clinical applications, the

characteristics of stem cells should be maintained. There-

fore, this study investigated the effect of oxygen concen-

tration on various human MSCs including human urine stem

cells (USCs), dental pulp stem cells (DPSCs), amniotic fluid

stem cells (AFSCs), and bone marrow stem cells (BMSCs)

through cell proliferation rate, senescence, immunopheno-

type, gene expression and osteogenic differentiation.

2 Materials and methods

2.1 Cell preparation

The Ethics Committee of Kyungpook National University

Hospital approved this study and all patients gave informed

consent before providing human samples. For USCs prepa-

ration, sterile voided urine sample (100 mL) was collected

from a healthy male volunteer, and centrifuged. Cell pellets

were washed with phosphate buffered saline (PBS). The cell

pellets were resuspended and plated in 24-well tissue culture

plates at about 500 cells per well with mixed medium com-

posed of keratinocyte-serum free medium and progenitor cell

medium (Gibco, Carlsbad, CA, USA) in a 1:1 ratio as pre-

viously described [5]. DPSCs were kindly provided by Prof.

Eui Kyun Park, Kyung-pook National University, Korea.

The DPSCs were maintained in a-minimum essential med-

ium (a-MEM, Gibco) supplemented with 10% fetal bovine

serum (FBS, Gibco), 100 units/mL penicillin, and 100 mg/

mL strep-tomycin (HyClone Labs, Thermo Scientific,

Rockford, IL, USA). For AFSCs preparation, amniotic fluid

was obtained from consenting by women who underwent a

routine amniocentesis at a gestational age 16 weeks. Amni-

otic fluids (10 mL) were centrifuged, and cell pellets were

suspended with Chang Medium with a-MEM, 15% embry-

onic stem cell-fetal bovine serum (Gibco-Invitrogen, Grand

Island, NY, USA) with 18% Chang B and 2% Chang C

(Irvine Scientific, Irvine, CA, USA) in a petri dish. BMSCs

were purchased from ATCC (PCS-500-012) and cultured in

recommended medium (PCS-500-030). All adherent cells

were passaged for expansion on reaching 80% confluence,

and culture medium was replaced every three days. Cells that

had undergone less than five passages were used for this

study.

2.2 Hypoxic condition

The cells were seeds in well-plates or plates for conduct the

various assays. For normoxia studies, cells were cultured at

37 �C with 95% air (20% O2) and 5% CO2 incubator. For

hypoxia studies, cells were cultured in the hypoxia chamber

(Billups-Rothenberg, Del Mar, CA, USA) that was filled

with a gas mixture of composition 5% O2 and 5% CO2,

balanced with N2. The chambers were placed into 37 �C
incubator. Gas mixture of hypoxia chamber inside also

infused every 3 days.

2.3 Cell proliferation assay

The cells were cultured at passage 3, and were distributed

to 500 cells/cm2 in a plate. Cell proliferation assay were

conducted at day 0, 1, 3 and 5 of culture. At the each time

point, the culture medium was removed from the wells, and

assay medium containing 10% Cell Counting Kit-8 (CCK-

8) solution (Dojindo, Gaithersburg, MD, USA) was added

to each well. After incubation for 4 h in the incubator, the

96 well plate was measured the absorbance at 450 nm

using a microplate reader (Bio-Rad, Hercules, CA, USA)

and OD values were obtained.
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2.4 Cell cycle analysis

Each stem cell was plated in tissue culture plate and was

allowed to be cultured for 5 days in normoxic and hypoxic

condition. Stem cells collected on day 5 for cell cycle

analysis. Stem cells were pre-fixed with cold ethanol for

1 h followed by stained with PI buffer (50 ug/ml Rnase A,

50 ug/ml Propidium iodine and 0.05% Triton X-100 in

PBS). After incubation for 40 min at 37 �C, cells were

washed and resuspended in 2% FBS in PBS. Cell cycle

analysis was assessed by flow cytometry (Becton–Dickin-

son, Research Triangle Park, NC, USA).

2.5 Gene analysis

After cell cultivation under normoxic and hypoxic condi-

tion, each stem cell was harvested at each time point. For

gene expression analysis, total RNA was extracted using

TRI Reagent� (Invitrogen, Carlsbad, CA) according to the

manufacturer’s instruction. cDNA synthesis was performed

using Maxime RT PreMix kit (iNtRON Biotechnology, Inc.,

Sungnam, Korea). The human primers were designed using

primer express (Applied Biosystems), and sequences for

pluripotency markers (Oct-4, C-Myc, and Nanong), multi-

potency marker (Nestin) and hypoxia specific marker (HIF-

1a) are listed in Table 1. The assay was carried out by the

ABI Prism Sequence Detection System 7000 (PE Biosys-

tems, Carlsbad, CA, USA) with SYBR Green PCR Master

Mix (Applied Biosystem). The thermal cycling conditions

were followed to inset condition (40 cycles at 94 �C for 5 s,

60 �C for 34 s) and relative quantitation was performed

using the 2-DD CT method. Results were normalized as a

ratio to b-actin.

2.6 Immunophenotype

Cellular properties of cells cultured under normoxia and

hypoxia were identified using flow cytometry at day 0

and day 5. For this analysis, cells were incubated for

30 min at 4 �C with the PE-conjugated monoclonal

antibodies (mAb) specific for MSC markers (CD44,

CD73, CD90, CD105), hematopoietic stem cell markers

(CD34, CD45), endothelial cell markers (CD31, CD34),

immune related marker (HLA-DR) (all from BD Bio-

sciences, San Jose, CA, USA). An isotype-identical mAb

(BD Biosciences) served as a control. The stem cells

were subjected using a flow cytometry (BD Biosciences).

The results were analyzed using FACS software.

2.7 Senescence assay

Senescence assay was performed using b-galactosidase

staining kit (Cell signaling Technologies, Danvers, MA, USA)

according to the manufacturer’s protocol. Senescent cells were

determined by the blue color precipitate over the cells.

2.8 In vitro osteogenic differentiation potential

In vitro osteogenic differentiation of cells after expansion

was performed with differentiation medium (PromoCell,

Heidelberg, Germany). For differentiation, 6 9 104 cells

per well in a 24-well tissue culture plate were cultured.

Osteogenic differentiation medium was treated for 21 days.

Mineralized deposits were visualized by Alizarin red S

stain (Sigma, St. Louis, MO, USA). For staining, cells were

fixed in 10% formalin for 30 min and stained with 2%

Alizarin Red S solution for 30 min. Subsequently, cells

were rinsed with PBS. Mineralization is assessed by Ali-

zarin Red S Staining Quantification Assay (ScienCell,

Carlsbad, CA, USA).

2.9 Statistical Analysis

The t test and one-way analysis of variance were used for

statistically analyzing the data. All values were expressed

as the mean ± SD. p values\0.05 were considered sig-

nificant. Results were representative of at least three

experiments.

3 Results

3.1 Effect of hypoxia for the proliferation of hMSCs

We examined the proliferation rates of human stem cells

under 5% hypoxic and 20% normoxic condition through

cell proliferation assay. MSC proliferation was assessed by

Table 1 Primer sequences for real-time PCR

Primer Sequence

b-actin F-ATCGTCCACCGCAAATGCT

R0-AAGCCATGCCAATCTCATCTTG

OCT-4 F-GGAGAATTTGTTCCTGCAGTGC

R-AGAACCACACTCGGACCACATC

C-Myc F-GGCCCCCAAGGTAGTTATCCTT

R-CGTTTCCGCAACAAGTCCTCT

Nanog F-GCATCCGACTGTAAAGAATCTTCA

R-CATCTCAGCAGAAGACATTTGCA

Nestin F-ACACCTGTGCCAGCCTTTCTT

R-TGAACACTCTAGACCCACCGGA

HIF-1a F-GTAGTGCTGACCCTGCACTCAA

R-TCCATCGGAAGGACTAGGTGTC
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CCK-8 assay on 0, 1, 3, and 5 days. The proliferation rate

of cells cultured in 5% hypoxia significantly distinguished

at day 5 compared to normoxia (Fig. 1A). Representative

cell morphologies at day 5 were shown at Fig. 1B, and

there was no difference in cell morphology between

hypoxic and normoxic conditions; USCs, DPSCs and

BMSCs showed fibroblast-like morphology with bipolar or

multipolar and elongated shape, and AFSCs displayed

cobble stone-like morphology. All of the cells included

granularity around the nucleus.

S-phase of cell cycle has close relation with cell pro-

liferation, which is represent increased-proliferation

mechanism of MSCs cultured under hypoxia. In hypoxia,

S-phase rate of USC, DPSC, AFSC and BMSC showed 3.4,

3.1, 1.7 and 1.9 fold increase compared to normoxia,

respectively (Fig. 1C). Obtained results suggested that

Fig. 1 Effect of hypoxia on proliferation of MSCs. A Cell prolifer-

ation was measured by CCK-8 assay. At day 5, proliferation rate of

cells cultured in 5% hypoxia significantly increased compared to

normoxia. B Representative cell morphologic images at day 5. There

was no difference in cell morphology between hypoxic and normoxic

conditions. C Percent of S-phase cell. In hypoxia, S-phase cell numbers

were increased compared to normoxia. The optical density (OD) value

was measured at 450 nm absorbance. The data were drawn from three

independent experiments and the results were expressed as

mean ± SD. *p\ 0.05; **p\ 0.01. USC urinary stem cells, DPSC

dental pulp stem cells, AFSC amniotic fluid stem cells, BMSC bone

marrow stem cells. Normoxia 20% oxygen, hypoxia 5% oxygen
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hypoxic culture increased proliferation of MSC through the

upregulation of S-phase cells.

3.2 Comparison of stem cell markers and

senescence

Hypoxia induced increase of mRNA levels of pluripo-

tency markers (Oct4 and C-Myc) in most of hMSCs

(except of AFSCs’ Oct4), while, Nanog was only sig-

nificantly affected by hypoxia in USCs. Nestin, as a

multipotent marker, was significantly increased at

DPSCs, AFSCs and BMSCs. HIF-1a, oxygen sensing

pathway marker, was significantly highly expressed in all

of hMSCs (Fig. 2A). The analyses of mesenchymal stem

cell markers were carried out with flow-cytometry

(Fig. 2B–C). In surface immunophenotype analysis,

CD44, CD73, CD90 and CD105 were chosen as MSC

positive markers, and CD31, CD34, CD45, and HLA-DR

were chosen as negative markers. MSC positive markers

on USCs, DPSCs, AFSCs and BMSCs were shown more

than 90%, and MSC negative markers were shown less

than 1.5%. All of the cells revealed enhanced expression

of positive markers and reduced expression of negative

markers in hypoxic condition.

b-galactosidase is a biomarker for cellular senescence,

and it conveniently identified individual senescent cells

in vitro. The inhibited senescent status of the cells in

hypoxic condition were confirmed by reduced positive

cell numbers of b-galactosidase in all kinds of hMSCs.

The percentage of positive cell numbers was significantly

reduced on USCs and DPSCs (Fig. 2D).

3.3 In vitro osteogenic differentiation potential

To determine the role of hypoxic culture on osteoblast

differentiation of hMSCs, Alizarin Red S staining was

performed at day 21 after differentiation. Positive Alizarin

Red S stained area was relatively greater in hypoxic cul-

tured cells compared to normoxia in all kinds of the hMSCs

(Fig. 3A, B). This result indicated that the cells cultured in

hypoxia could maintain and enhance osteogenic differen-

tiation potential of hMSCs.

4 Discussion

In this study, hypoxic condition enhanced the proliferation

and maintenance of stemness and osteogenic differentia-

tion potential of MSCs, while, senescence and expression

of hematopoietic/immune related markers were inhibited.

Some diseases are caused by abnormal MSCs, usually

due to reduced proliferation or differentiation potency of

MSCs. These patients showed reduced cell proliferation

rate, stemness, and enhanced randomized differentiation

Fig. 1 continued
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Fig. 2 Effect of hypoxia on gene expression, immunophenotype and

senescence in MSCs. A Expression of Oct4, C-Myc, Nanog, Nestin

and HIF-1a in MSCs 5 days after normoxia or hypoxia culture. The

multipotent and oxygen sensing pathway markers were significantly

increased on hypoxia. B Surface immunophenotype analysis for

mesenchymal stem cell markers. These markers were enhanced on

hypoxia C Surface immunophenotype expression for hematopoietic/

immune markers. These markers were decreased on hypoxia. D Cell

senescence assay with b-galactosidase. The percentage of senescence

cell was significantly reduced in USCs and DPSCs. The data were

drawn from three independent experiments and the results were

expressed as mean ± SD. *p\ 0.05; **p\ 0.01. USC urinary stem

cells, DPSC dental pulp stem cells, AFSC amniotic fluid stem cells,

BMSC bone marrow stem cells. Normoxia 20% oxygen, hypoxia 5%

oxygen. In real-time analysis, b-actin was used as an innate control
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Fig. 2 continued
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compared to normal MSCs [8]. Therefore, MSCs aug-

mentation and correctly induced differentiation could be a

potential strategy for the treatment of these diseases.

Among several methods for impaired stem cell prolifera-

tion ability and differentiation potential, preconditioning of

stem cells with low oxygen represents an effective strategy

to enhance cell survival, proliferation and differentiation.

First, the effects of hypoxia on cell proliferation and cell

cycle were investigated. For cell proliferation, the cell

cycle is controlled by a regulatory network, and transition

from G1 phase of the cell cycle to S phase must be con-

trolled precisely [23]. Cell proliferation rate in hypoxic

condition was analyzed using CCK-8 assay, the result

showed enhanced proliferation rate with an increased in S

phase of cell cycle using flow cytometry. In addition, real-

time PCR analysis revealed an increased expressions of

HIF-1a. HIF-1a is a well-known transcription factor which

is robustly induced during hypoxia and an essential factor

for adaptation under lower oxygen tension [24]. Even

though some reports showed cell cycle arrest in G0/G1

phase by HIF-1a through p27 expression [25], considering

different cellular contexts HIF-1 activation can show

variable results by impacting various aspects of cell biol-

ogy [26], we could assume that increased HIF-1a

Fig. 3 Effect of hypoxic culture for osteogenic differentiation of

MSC. A The mineralization nodes were observed by Alizarin Red S

staining 21 days after cells were induced in an osteogenic induction

medium. B The mineralization was quantified with Alizarin Red S

Staining Quantification Assay. Mineral deposition was increased in

hypoxia. The data were drawn from three independent experiments

and the results were expressed as mean ± SD. *p\ 0.05. USC

urinary stem cells, DPSC dental pulp stem cells, AFSC amniotic fluid

stem cells, BMSC bone marrow stem cells. Normoxia 20% oxygen,

hypoxia 5% oxygen
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expression on 5% hypoxic condition can stimulate MSCs

proliferation. Ryan et al. [27] reported similar suggestion,

and Stoeltzing et al. [28] also considered that HIF-1a
promotes cell proliferation and induces vascular endothe-

lial growth factor expression and angiogenesis.

The second hypoxic effects were observed with

expression of stemness markers and senescence. Recent

studies have indicated that low oxygen plays an important

role in altering characteristics of various types of stem

cells. Yamamoto et al. [29] found that 2% oxygen tension

promotes the expression of Oct3/4 and Nanog of adipose

tissue-derived stromal cells. Hung et al. [12] reported that

BMSCs cultured under the condition of 1% oxygen

enhanced expression of stemness genes including OCT4,

NANOG, SALL4, and KLF4. Similar results were also

observed in our study. We found that 5% oxygen promoted

expression of stemness genes including OCT4, C-Myc,

Nanog and Nestin in USCs, DPSCs, AFSCs and BMSCs

(except for AFSCs’ Oct4 and BMSCs’ Nestin), indicating

that hypoxic culture condition could enhance stemness in

MSCs. The increased expression of pluripotency markers

showed inhibition of senescence of MSCs. Tsai et al. [30]

also reported that increased Oct4 and Nanog expression

revealed along with inhibition of senescence of MSCs. In

our results, MSCs in hypoxia showed lower expression of

senescence-associated b-galactosidase compared to nor-

moxic cultured cells.

The third hypoxic effects were observed on osteogenic

differentiation. Although MSCs need to show to be dif-

ferentiated into osteogenic, chondrogenic, adipogenic,

myogenic, and neurogenic lineages [31], only the dif-

ferentiation into osteogenesis was examined in this study.

MSCs cultured in hypoxia maintained the ability to

differentiate, and in the case of differentiation into

osteoblasts, the efficiency of differentiation was rather

increased. This result was consistent with previous

reports [22, 32]. These results, of course, may vary with

oxygen tensions, exposure time, initial cell number and

cell source.

In conclusion, we have shown that the proliferation,

stemness, and osteogenic differentiation potential of MSCs

from human MSCs were enhanced in 5% hypoxic condi-

tion. Hypoxic (5%) culture may serve as a useful strategy

to maintain the function of human MSCs.
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