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Abstract The purpose of our study was to examine

the influence of hypoxia on proliferation of human

umbilical cord blood-derived mesenchymal stem cells

(hUCB-MSCs). The mononuclear cells were separated

by density gradient centrifugation from human um-

bilical cord blood and then, respectively, cultured

under hypoxia (5 % O2) or normoxia (20 % O2). Their

cell morphology, cell surface markers, b-galactosidase
staining, cell growth curve, DNA cycle, and the

expression of hypoxia-inducible factor-1a (HIF-1a)
were evaluated. We found that hypoxia, in part via

HIF-1a, improved the proliferation efficiency, and

prevented senescence of hUCB-MSCs without alter-

ing their morphology and surface markers. These

results demonstrated that hypoxia provides a favorable

culture condition to promote hUCB-MSCs prolif-

eration in vitro, which is a better way to obtain

sufficient numbers of hUCB-MSCs for research and

certainly clinical application.
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Introduction

The multipotential capacity of human umbilical cord

blood-derived mesenchymal stem cells (hUCB-

MSCs) (Lee et al. 2004), their simple isolation and

culture, as well as their low probability of pathophore-

sis and immunity (Liu et al. 2014) make these cells the

best candidates for tissue engineering. Although such

cell-based therapies are becoming more prominent,

they exhibit a unique in vitro expansion capacity,

which however does not compensate for the large

number of cells required for cell therapeutic applica-

tions (Sotirpoulou et al. 2006).

Early studies paid exquisite attention to the balance

of nutrients, growth factors (Chen et al. 2009), and pH

buffers (Yuan et al. 2014) used to grow cells in vitro.

Very little attention was given to the oxygen concen-

tration present in culture media. Oxygen concentra-

tions in human body vary from 3 to 11 % (Goossens

et al. 2011) and the stem cells reside in the most

hypoxic areas (Roemeling-van et al. 2013; Danet et al.

2003), thus, hUCB-MSCs reside in anatomical sites

that are relatively oxygen-deficient (Arikan et al.

2000). Studies in vitro have shown that culture in

2–3 % O2 stimulated human mesenchymal stem cells

(hMSC) proliferation (Estrada et al. 2012). Therefore,

hypoxic cultures may more accurately reflect the

actual in vivo environment and may prove beneficial

to hUCB-MSCs during in vitro expansion, while

hUCB-MSCs are normally cultured in 20 % oxygen

tension.
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These observations led us to the hypothesis that

hypoxia might promote the hUCB-MSCs generation.

Although investigators have reported that reduced

oxygen tension enhances proliferation of many stem

cell types, including rat mesenchymal stem cells

(MSCs) (Lennon et al. 2001), neural crest stem cells

(NCSCs) (Morrison et al. 2000), embryonic stem (ES)

cells, hematopoietic stem cells (HSCs), trophoblast

stem cells (Keith and Simon 2007). The effect of

hypoxia on the proliferation of hUCB-MSCs has not

been studied. In the present study, we evaluated the

influence of hypoxia on proliferation of hUCB-MSCs

by examining the effects of two different oxygen

levels (5 and 20 % O2) on their cell morphology, cell

surface markers, b-galactosidase staining, cell growth
curve, DNA cycle, and the expression of HIF-1a. We

hope to develop a hypoxic cell culture system to

enhance the proliferation of hUCB-MSCs.

Materials and methods

Collection of UCB

UCB units (n = 23) from full-term deliveries were

collected from the unborn placenta with informed

consent of the mothers. A bag system containing

17 ml of citrate phosphate dextrose (CPD) antico-

agulant within the collection bag was used (Cord

Blood Collection System, Eltest, Bonn, Germany) and

processed within 2 h of collection. The collection was

performed in accordance with the ethical standards of

the local ethical committee.

Isolation and culture of mononuclear cells

from UCB

Prior to the isolation of MNC, the anticoagulated cord

blood was diluted 1:2 with PBS. The MNC fraction

was isolated by density gradient centrifugation at

400g for 20 min at room temperature using Ficoll-

Hypaque solution (Haoyang, Tianjin, China) and cell

vitality was assessed by Trypan Blue exclusion. Cells

were seeded at a density of 1 9 106 cell per cm2 in

human umbilical cord mesenchymal stem cell growth

medium (OriCellTM; Cyagen, Guangzhou, China).

Flasks were maintained at 37 �C in 5 %O2/20 %O2 in

humidified atmosphere. To create the hypoxic condi-

tions the cells were cultured in a hypoxia chamber

(Billups Rothenberg, Del Mar, CA, USA). Briefly, the

cultures were enclosed in the chamber and purged with

either 95 % air and 5 % CO2 (normoxia) or 5 % O2,

5 % CO2, and 90 % N2 (hypoxia). Cells were kept in

these conditions for 5 days. Then half of the medium

was changed every 3 days by removing the cells from

the incubators and adding new medium previously

equilibrated for 15 min in the respective incubators.

The cells did not spend more than 5 min outside the

incubators during medium change to prevent a possi-

ble hypoxia/reoxygenation effect. Cells in primary

culture colonies were counted on an Olympus CKX41

inverted microscope.

Immunophenotyping of cultured MSC

To analyze the cell-surface expression of typical

marker proteins, the MSCs were labeled with antihu-

man antibodies against CD44, CD105, CD29 and

CD34 (BD Pharmingen, San Diego, CA, USA).Mouse

isotype antibodies served as respective controls (BD

Pharmingen, San Diego, USA). Ten thousand labeled

sells were acquired and analyzed using a FACScan

flow cytometer running CellQuest software (Becton–

Dickinson).

Proliferation assay

Cell proliferation assay was performed using the Cell

Counting Kit-8 (CCK8; Dojindo Laboratories, Ku-

mamoto, Japan). According to the manufacture’s

protocol, hUCB-MSCs at passage 3 under normoxic

or hypoxic conditions were plated in 96 well plates at

6.25 9 103, 1.25 9 104, 2.5 9 104, 5 9 104, 1 9

105 cells ml-1, respectively, to get a standard curve

relating cell density and optical density values. Cells at

passage 3 were seeded in 96-well flat bottom plates at a

concentration of 3,000 cells per well in 100 ll culture
medium and kept for 1, 2, 3, 4, 5, 6, 7 days under

normoxic or hypoxic conditions. At the endpoint,

10 ll CCK-8 was added to each well for further 2 h.

Then cells number were measured as the absorbance at

450 nm using a microplate reader (TECAN, Gröbig,

Austria).

The doubling time was calculated during the

logarithmic phase of the growth curve. The time of

population doublings was calculated using the

formula:
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Td ¼ T � log 2

log Nt
No

� �

T is the time of the logarithmic phase of the growth

curve, N0 the number of cells after seeding, Nt the

number of cells at the end of the logarithmic growth

phase.

b-Galactosidase staining

b-Galactosidase staining was performed using a senes-

cence-associated b-galactosidase (SA-b-gal) staining

kit (Beyotime, Beijing, Jiangsu, China) following the

manufacturer’s protocol. The treatment methods for the

hUCB-MSCs in each group were the same as described

above.The number of positive cellswas counted under a

phase-contrast microscope. The experiment was repeat-

ed three times in each group.

Cell cycle assay

1 9 106 cells at passage 3 under normoxic or hypoxic

conditions were harvested by trypsinization (0.125 %

trypsin–EDTA) and fixed in 70 % cold ethanol,

respectively. After that, these cells were water-bathed

with RNase A and stained with propidium iodide

according to the manufacturer’s instruction (cell cycle

kit, Beyotime, Jiangsu, China). Then, DNA content

was assessed by flow cytometry.

Western blotting

To evaluate the influence of hypoxia on the expression

of HIF-1a, the cells were cultured under hypoxia or

normoxia. At passage 3, total protein was harvested

from the cultured cells using a total protein extraction

kit (Applygen, Beijing, China) following the manufac-

turer’s protocol. The protein concentration of the cells

was measured with a BCA protein assay kit (Bey-

otime, Jiangsu, China). Cell lysate samples were

separated by 10 % SDS-PAGE and then transferred to

a PVDF membrane. After blocking the membrane

with 5 % skim milk in Tris-buffered saline Tween-20

(TBST) for 1 h, the membranes were incubated with

the following primary antibodies (diluted at 1:1,000)

for 2 h at room temperature: HIF-1a (Cell Signaling

Technology, Danvers, MA, USA) and b-action (Bey-

otime, Jiangsu, China). The membranes were washed

in TBST and incubated with peroxidase-conjugated

secondary antibodies (Jackson ImmunoResearch, Bal-

timore, MD, USA) for 2 h, washed, and developed

with electrogenerated chemiluminescence (ECL)

Western blotting detection reagent (7SeaPharmTech,

Shanghai, China). Proteins were visualized using

X-OMAT film (Kodak, Rochester, NY, USA). Den-

sitometric analysis of the blots was performed with

NIH image software.

Statistical analysis

Data were analyzed using SPSS 17.0. The variable are

expressed as mean ± SD and compared with Stu-

dent’s unpaired t test. Two-tailed P\ 0.05 was

considered statistically significant.

Results

There were 23 human umbilical cord blood samples

which were used in this study, all experiments were

repeated at least three times.

Cell morphology

MSC isolated from human umbilical cord blood

cultured in either 5 or 20 % oxygen were viewed by

phase contrast microscopy. The two groups of hUCB-

MSCs in primary culture formed an adherent hetero-

geneous cell population after 3–5 days in culture,

which consisted of round and spindle shaped cells.

Small colonies of fibroblast-like cells were seen after

18–20 days of primary culture. These colonies in-

creased in size and were subcultured after 20–28 days.

Colonies appeared to be larger and were more numer-

ous in cultures maintained in hypoxia (Fig. 1c).

Individual cells, however, appeared to be identical in

either oxygen condition in these primary colonies.

When the cells were subcultured, the heterogeneous

cell populations changed into a homogeneous one with

flat and fibroblast-like shape. At third passage, cells

from hypoxic condition maintained their spindle

morphologies, exhibited uniform cell orientation with-

in various regions and had a better growth (Fig. 1d),

while cells from normoxia showed an atypical senes-

cent cell morphology (enlarged and flattened cell body

with increased cytoplasmic granularity) (Fig. 1b).
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Flow cytometry analysis

Thecell surface antigenprofile ofhUCB-MSCsat passage

3 in hypoxia or normoxia was analyzed and compared. It

was found that human cord blood-derivedMSCs cultured

under hypoxia expressed CD29 (96.3 ± 0.7 %), CD44

(99.2 ± 0.2 %) and CD105 (77.3 ± 6.7 %), but did not

express CD34 (1.4 ± 1.1 %). Similarly, cells cultured

under normoxia expressed CD29 (98.5 ± 0.8 %), CD44

(99.5 ± 0.3 %) and CD105 (79.3 ± 8.6 %), but showed

little expression of CD34 (1.8 ± 1.0 %). These results

indicate that the two groups of hUCB-MSCs were

negative for the hematopoietic antigenCD34 and strongly

positive for MSC specific surface markers such as CD44,

CD29 and CD105. There was no significant difference in

the percentage of CD expression between the two oxygen

environments (Fig. 2).

Growth kinetics and b-galactosidase staining

We compared the proliferation ability of passage 3

hUCB-MSCs, respectively, cultured at hypoxia and

normal oxygen tension byCCK-8 assay.During the first

2 days of culture there was no significant difference in

the number of cells under the two conditions indicating

that hypoxia did not stimulate hUCB-MSCs to grow

faster. However, from days 3 to 7, cells cultured in

hypoxia had a significantly higher cell count as com-

pared to cells cultured in normoxia (Fig. 3c, P\ 0.05).

Moreover, the cells cultured in normoxia showed

significantly higher population doubling time

(65.72 ± 1.7 h), in comparison to the cells cultured in

hypoxia (49.87 ± 2.0 h) (Fig. 3b, P\ 0.05). These

date indicated that hypoxia promote hUCB-MSCs

proliferation through the reduction of the population

doubling time. In addition, senescence as assayed by the

expressionofSA-b-gal revealed a significant increase in
normoxic cells (Fig. 3b, P\ 0.05), suggesting hypoxic

culture prevented hUCB-MSCs from senescence.

Cell cycle analysis

The cell cycle of hUCB-MSCs cultured in hypoxia or

normoxia condition was detected with flow cytometry.

Fig. 1 Phase-contrast images of hUCB-MSCs show mor-

phology changes with different passages cultured in hypoxia

(5 % O2) or normoxia (20 % O2). a Normoxic cells in primary

culture formed small ‘islets’, b cells of passage 3 cultured in

normoxia showed a typical senescent cell morphology (enlarged

and flattened cell body with increased cytoplasmic granularity),

c hypoxic cells in primary culture formed big ‘islets’, d cells of

passage 3 cultured in hypoxia maintained their spindle

morphologies, exhibited uniform cell orientation within various

regions and had a better growth within the culture
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Fig. 2 hUCB-MSCs cultured in hypoxia or normoxia show a

similar phenotype. Flow cytometry showed that hUCB-MSCs

had high expression of mesenchymal stem cell markers CD44,

CD29, and CD105, whereas low expression of the hematopoi-

etic lineage markers CD 34 (n = 3 per group, P[ 0.05)

Fig. 3 Growth kinetics of hUCB-MSCs of passage 3. a A

standard curve relating cell density and optical density values.

The number of cells was calculated using the formula: number

of cells = 0.00006 9 OD value ? 0.1509. b The proliferation

ability of hUCB-MSCs cultured in normoxia or hypoxia. The

population doubling time of hUCB-MSCs cultured in normoxia

was 65.72 ± 1.7 h, while that of hUCB-MSCs cultured in

hypoxia was 49.87 ± 2.0 h (n = 3 per group, *P\ 0.05).

c Cell growth rates of hUCB-MSCs cultured in hypoxia or

normoxia were statistically different after 3 days (n = 3 per

group, *P\ 0.05). d Cells cultured under normoxia or hypoxia

were stained with b-galactosidase (b-gal). Normoxic cells

increased in the percentage of b-gal expression compared with

hypoxic cells (n = 3 per group, *P\ 0.05)
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The distribution of hUCB-MSCs in percentage were

51.14 ± 5.1 % at G0/G1, 1.96 ± 1.4 % at G2/M and

46.9 ± 3.8 % at S phase of cell cycle in hypoxia.

In normoxia 65.67 ± 3.1 % of hUCB-MSCs were at

G0/G1, 2.83 ± 3.7 % were at G2/M and 31.5 ± 2.9 %

were at S phase of cell cycle. 48.86 ± 5.2 % of hUCB-

MSCs cultured in hypoxia were found in S ? G2/M

phases compared with 34.33 ± 3.1 % in normoxia.

When cells in hypoxia were compared with those in

normoxia, the proportion of cells at theG0/G1 phasewas

lower, and the proportion of cells at S and S ? G2/M

phase were higher (P\ 0.05). But the proportions in

G2/M phase of hUCB-MSCs cultured in the two oxygen

environments were not statistically different (P[ 0.05)

The results imply that hypoxia promote cell prolif-

eration, through the increase of cells in S phase and the

reduction of cells in G0/G1 phase (Fig. 4c).

Western blotting analysis

To clarify if HIF-1a was involved in the hypoxic

effects on proliferation, protein expression of HIF-1a
was investigated by Western blotting. After cultured

under the two oxygen environments, the expression of

HIF-1a in hUCB-MSCs was detected by Western

blotting. As shown in Fig. 5, HIF-1a protein expres-

sion was significantly upregulated under hypoxia in

hUCB-MSCs (P\ 0.05).

Discussion

In present study, hUCB-MSCs were cultivated in

convention oxygen (20 % O2) culture conditions and

in an atmosphere of 5 % O2 that more closely

approximates physiological oxygen levels (Morrison

et al. 2000) in order to determine whether the two

conditions differ in their effect on cell proliferation.

In this research, the morphology of hUCB-MSCs

cultured in 5 %O2 condition resembles that of in 20 %

O2 condition, which both showed typical fibroblast-

like morphology and is characteristic of MSC. More-

over flow cytometric analysis showed that these cells

exhibited the marker profile similar to MSC cultured

in two different oxygen conditions. They were

negative for the haematopoietic antigen CD34 and

strongly positive surface for markers such as CD44,

CD29 and CD105. This indicated that hypoxia main-

tained stemness of hUCB-MSCs. We found that cells

of passage 3 maintained their spindle morphologies,

exhibited uniform cell orientation within various

regions and had a better growth at an oxygen level

of 5 % O2, while cells from normoxia showed atypical

senescent cell morphology (enlarged and flattened cell

body with increased cytoplasmic granularity). In

addition, senescence as assayed by the expression of

SA-b-gal revealed a significant increase in normoxic

cells, suggesting hypoxic culture prevented hUCB-

MSCs from senescence. Consistent with our date, Tsai

and colleagues have found that culturing in 1 %

oxygen reduces MSC senescence (Tsai et al. 2011).

Moreover and importantly, our team also compared

the proliferation ability of hUCB-MSCs cultured

under two different conditions by cell growth curve

and DNA cycle. Then we found that shorter population

doubling time and more cells accumulating in S the

phase indicating an increased proliferation rate of

Fig. 4 Cell cycle of hUCB-MSCs at passage 3 cultured in

hypoxia or normoxia were examined by flow cytometry. a Cell

cycles of hUCB-MSCs cultured in low oxygen tension. b Cell

cycles of hUCB-MSCs cultured in normoxia. c The percentage of
cells in different phases of the cell cycle is presented in the

histogram. Cells in hypoxia were compared with those in

normoxia, the proportion of cells at the G0/G1 phase was lower

(51.14± 5.1 % vs 65.67± 3.1 %), but the proportion of cells at S

(46.9± 3.8 %vs 31.5± 2.9 %) andS ? G2/M (48.86± 5.2 %vs

34.33 ± 3.1 %) phases was higher (n = 3 per group, *p\ 0.05)
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MSCs cultured under hypoxia, and in agreement with

previous studies (Grayson et al. 2007; Mohyeldin et al.

2010). The results suggest that the hypoxic microen-

vironment is crucial in supporting the growth of

hUCB-MSCs.

The mechanism by which reduced oxygen levels

promote stem cell proliferation is uncertain and

probably complex. Although several pathways have

been identified to mediate hypoxic proliferation, the

primary mediator of this response is HIF-1a. Wataru

and colleagues have reported that HIF-1a promoted

neural stem cells (NSC) proliferation (Wataru et al.

2012).

HIF-1a is a transcriptional activator mediating

adaptive cellular responses to hypoxia (Semenza

2012). HIF-1a is degraded under normal tissue O2

conditions. However, under conditions of hypoxia

degradation of HIF-1a is inhibited and levels increase

(Semenza 2012; Roitbak et al. 2011). In the present

study, western blotting demonstrated that the expres-

sion levels of HIF-1a in hUCB-MSCs were upregulat-

ed in hypoxic cells compared with normoxic cells.

Consistent with our date, Ding and colleagues have

found that HIF-1a modulates stem cell proliferation

under hypoxia (Ding et al. 2014), while Co and

colleagues did not observe significant difference in

HIF-1a mRNA levels between 21 and 5 % chondro-

genic culture of equine cord blood mesenchymal

stromal cells in vitro (Co et al. 2014).

HIF-1a is involved in activating its downstream

targets, erythropoietin (EPO), EPO receptor (EPOR) and

vascular endothelial growth factor (VEGF), all of which

are cytoprotective and prolong cell survival (Francis and

Wei 2010). Thus, hypoxia and Hif-1a upregulation

appears to be a features shared by various types of stem

cells and an important regulator of their stem cell

proliferation. These factorsmight also be upregulated by

hypoxia in hUCB-MSCs, the effect of hypoxia on these

factors will be explored in a future study.

A potential limitation of this study is that cultures in

reduced oxygen conditions are subject to transient

exposure to 20 % oxygen during media changes and/

or fluctuations in incubator gas levels, which may not

be representative of a true hypoxic environment.

Although exposure to normoxia was kept to a

minimum, the long-term effect on proliferation cul-

tures is unknown. Furthermore, the selection of 5 %

oxygen to represent a hypoxic environment was based

on values used in the literature.

In conclusion, to our knowledge, this is the first

study by comparing the proliferation of hUCB-MSCs

under normoxic and hypoxic conditions. We found

that hypoxia, in part via HIF-1a, improved the

proliferation efficency, and prevented senescence of

hUCB-MSCs without altering their morphology and

surface markers. However, it is not well understood

what are the molecular mechanisms promoting the

proliferation of hUCB-MSCs and whether hypoxia

increase or decrease hUCB-MSC differentiation into

different mesenchymal lineages in these conditions.

So further investigations are under way to determine

the detailed mechanism involved in this regulation.

Ultimately, we hope that the outcomes of these studies

will well suit for tissue engineering, which requires

large number of conditioned cells.
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Fig. 5 Expression of HIF-

1a in hUCB-MSCs under

normoxia or hypoxia.

a Expression of HIF-1a was

detected by western blot.

b The ratio of HIF-1a to b-
actin band density values.

HIF-1a protein expression

was significantly

upregulated under hypoxia

in hUCB-MSCs (n = 3 per

group, *P\ 0.05)
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