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Introduction 

Under in vivo conditions, stem cells exist in a hypoxic 
environment, which is thought to be an important factor for the 
maintenance of its phenotype

[1]
. In addition, in vitro cell culture 

exposed to normoxia is subjected to oxidative stress, and 
causes cell senescence

[2]
. Therefore, to maintain stemness 

and avoid oxidative stress, the use of a hypoxic culture, 
resembling in vivo environments, has been recommended

[3, 4]
. 

 
Mesenchymal stem cells (MSCs) are somatic stem cells, and 
are promising candidates for applications in cell therapies due 
to their multipotency and immunotolerance

[5, 6]
. Hypoxic 

conditions have been previously reported to promote MSC 
proliferation

[7–9]
, maintain the undifferentiated state of the    

cell
[9–11]

, and induce differentiated state when cultivated under 
differentiative culture conditions

[9]
. In addition, hypoxic 

conditions have been shown to suppress cell       
senescence

[9, 12]
. However, there have been contrasting 

reports stating that the hypoxic conditions exert little effect on  
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A hypoxic environment is thought to be important for the maintenance of stemness and suppressing cell senescence, in stem 
cells. Therefore, a hypoxic condition is induced during cell expansion and/or induction of intended differentiation. However, the 
induction of these conditions requires a specially equipped hypoxia chamber and expensive gas mixtures, which are expensive 
and space-consuming. Owing to these restrictions, appropriate hypoxic conditions cannot be provided during cell transportation, 
which is increasingly required for regenerative medicine. Hence, a simple and economical culture system is required. The purpose 
of this study was to investigate the effects of short-term hypoxic conditions on human mesenchymal stem cell (MSC) proliferation, 
viability, and senescence, utilizing the CulturePal system (CulturePal-Zero and CulturePal-Five), a novel and simple hypoxic 
culture system with a built-in deoxidizing agent. The O2 concentration in the CulturePal-Zero was observed to reduce to <0.1% 
within 1 h, and to 5% within 24h in the CulturePal-Five system. Cell proliferation under these hypoxic conditions showed a sharp 
increase at 5% O2 concentration, and no noticeable cell death was observed even at severe hypoxic conditions (<0.1% O2) up to 
72h. The p16

INK4A
 (cell senescence marker) mRNA expression was retained under hypoxic conditions up to 72h, but it was up-

regulated under normoxic conditions. Interestingly, the p16
INK4A

 expression altered proportionately to the O2 concentration. These 
results indicated that the short-term hypoxic condition, at an approximate O2 concentration of 5%, would be suitable for promoting 
cell proliferation and repressing cell senescence, without aggravating the MSC viability. Therefore, the CulturePal systems may be 
suitable for providing an appropriate hypoxic condition in stem cell research and transportation. 
 

cell proliferation or induction of differentiation
[11, 13, 14]

. 
Therefore, the effect of hypoxia on MSCs remains 
controversial, necessitating further research. However, it is 
clear that the regulation of gas concentrations, such as that of 
oxygen (O2) and carbon dioxide (CO2), is an essential 
parameter for the modulation of cell phenotype and 
metabolism. 
 
In general, hypoxic conditions are induced by exchanging 
atmospheric air with a gas mixture (95% N2/5% CO2) within a 
specially equipped hypoxia chamber. However, such 
equipment is expensive and requires a lot of space, when 
several gas concentrations and/or other conditions are 
investigated simultaneously. 
 
With the development in regenerative medicine there has 
arisen an increasing need for an effective cell transportation 
protocol, in order to deliver manufactured cells such as stem 
cells   and   primary   cells   to   patients.   Although  the  use  of  
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appropriate gas conditions are considered important to 
maintain or improve cell quality, its regulation is quite 
cumbersome because it requires the use of complicated 
equipment. Therefore, the control of cell quality by the 
regulation of gas conditions during transportation is still a 
difficult process.  
 
To overcome these issues, a simple culture system that does 
not require gas incubators and gas cylinders must be 
developed. The AnaeroPack (Mitsubishi Gas Chemical 
Company Inc., Tokyo, Japan) and the AnaeroGen (Oxoid, 
Basingstoke, United Kingdom) systems are currently being 
applied for the simple cultivation of anaerobes

[15]
, or to induce 

hypoxic injury in mammalian cells
[16, 17]

. However, these 
systems have been unable to control and modulate the O2 
concentration in mammalian cell cultivations, although some 
methods have been reported where the AnaeroPack system 
has been applied for the induction of hypoxic conditions

[18, 19]
. 

The CulturePal system (Trial Products; Mitsubishi Gas 
Chemical Company Inc.) is a novel gas concentration 
regulating reagent for the induction of a hypoxic atmosphere. 
This reagent contains sodium ascorbate as the principal 
constituent, which absorbs O2 and generates CO2 by 
oxidative degradation, as well as a CO2 absorber to control 
the CO2 levels. Two series of the CulturePal system have 
been developed—the CulturePal-Zero and CulturePal-Five. 
CulturePal-Zero is designed to modulate the O2 and CO2 
concentration levels to <0.1% and 3–7%, while the 
CulturePal-Five regulates the concentration to 3–7% and              
3–7%, respectively. We hypothesized that the CulturePal 
systems would be a suitable and simple system providing 
short-term hypoxic conditions, and for the regulation of gas 
concentrations during cell transportation. However, the 
capacity of this system to induce hypoxic responses, 
replicating the results obtained in a conventional gas 
atmosphere-controlling chamber, remains to be tested. 
 
Therefore, the purpose of this study was to investigate the 
effects of short-term hypoxic conditions induced by the 
CulturePal hypoxic culture system with a built-in deoxidizing 
agent, on MSC proliferation, viability, and senescence. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Materials and methods 
 

Induction of hypoxic conditions and measurement of O2 and 
CO2 concentrations 
 
The general procedure for use of the CulturePal system is as 
demonstrated in Figure 1. The foil package was opened 
(Figure 1A), the reagent placed in an air-tight jar containing 
the culture (Figure 1B), and the lid closed immediately 
(Figure 1C). 
 
The reagent is activated upon contact with air, and the 
hypoxia is initiated (Figure 1D). In order to assess the time-
lapse changes in O2 and CO2 concentration under hypoxia 
conditions induced by the CulturePal-Zero and CulturePal-
Five systems, the reagents were placed in a 2.5-L airtight jar 
(Mitsubishi Gas Chemical Company Inc.) each. The O2 and 
CO2 concentrations were measured at 1, 4, 24, 72, and 168h 
after induction of hypoxia using a CheckMate II (PBI-
Dansensor A/S, Ringsted, Denmark). The experiments were 
repeated four times. 
 
Cell culture and hypoxic exposure 
 
Human MSCs derived from the bone marrow were 
purchased from PromoCell (C-12974; Heidelberg, Germany) 
and expanded in MEM alpha + GlutaMAX medium (Gibco 
[Life Technologies], Carlsbad, CA, USA) supplemented with 
10% fetal bovine serum (Hyclone [Thermo Fisher Scientific], 
Waltham, MA, USA), 50 U/mL penicillin and 50 μg/mL 
streptomycin (Nacalai Tesque Inc., Kyoto, Japan). The 
culture was incubated in a CO2 incubator (95% air 
atmosphere, 5% CO2, 37°C, and 95% humidity: defined 
normoxia) up to the third or fourth passage. The medium was 
changed at 3-day intervals. Following the third/fourth 
passage, the culture plates or dishes were placed in a 2.5-L 
airtight jar with CulturePal-Zero, CulturePal-Five (hypoxia), or 
without the CulturePal reagent (normoxia). The lid of the 
airtight jar was closed immediately, except for that of the 
normoxia sample. These jars were placed in the CO2 

incubator and incubated for 24 or 72h. The cell cultures in 
some of the culture dish samples were observed under a 
phase-contrast microscope (OLYMPUS, Tokyo, Japan) in 
order to observe the morphological changes in the cell. 
 
Cell proliferation under differing O2 concentrations 
 
The MSCs were harvested from the culture dishes using 
phosphate buffer saline (PBS) with 0.25% trypsin and 0.02% 
ethylene diamine tetraacetic acid (EDTA). These were then 
re-seeded on 96-well culture plates at a density of 5.0 × 10

3
 

cells/well (n = 15 wells/group). The cells were pre-cultured in 
normoxia for 20h. Subsequently, the culture plates were 
exposed to hypoxia for 24 or 72h using the procedure 
described in the previous section. The cell count was 
quantified using the cell counting kit-8 (Dojindo Molecular 
Technologies, Rockville, USA), according to manufacturer’s 
instructions. Briefly, 10 µL of the cell counting kit-8 solution 
was added to each well, and the plate included for 2h in the 
CO2 incubator. The absorbance was measured at 450 nm 
using a microplate reader (Multiskan FC Microplate 
Photometer; Thermo Fisher Scientific).  
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Figure 1. Use of the CulturePal system for hypoxial cell culture 
(A) The foil package was opened, and (B) placed in the airtight jar containing 
the culture medium. (C) The lid was then closed immediately. (D) The 
hypoxia was initiated in this culture system. 
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Cell viability at varying O2 concentrations 
 
The MSCs were re-seeded on 35 mm glass-bottom culture 
dishes (CELLview Glass Bottom Dish; Greiner Bio-One Co. 
Ltd., Tokyo, Japan) at a seeding density of                                        
1.0 × 10

4
 cells/well, and pre-cultured at normoxia for 20h. 

Subsequently, the culture dishes were exposed to hypoxia 
conditions using the procedure described in the previous 
section.  Cell viability was assessed using a LIVE/DEAD 
Viability/Cytotoxicity Assay Kit (Life Technologies), as per the 
manufacturer’s instructions, 24 or 72h after induction of 
hypoxia. Briefly, the cells were washed twice with PBS, and 
treated with 0.5 µM of calcein AM and 4µM of ethidium 
bomodimer-1 (EthD-1) for 30 min at room temperature. The 
live cells, labeled with calcein AM, produce a green 
fluorescence, whereas the dead cells, labeled with EthD-1, 
fluoresce a red color. The labeled cells were observed under 
a fluorescence microscope (FluoView FV10i; OLYMPUS), 
and the live (green) and dead (red) cells from 16 views 
(1272.8 µm × 1272.8 µm/view) were counted from four wells 
per group. Cell viability was calculated as the proportion of 
the number of the live cells to the total number of cells 
counted. 
 
Utilizing p16

INK4A
 mRNA expression at varying O2 

concentrations as a cell senescence marker 
 
The MSCs were re-seeded on 60 mm culture dishes at a 
density of 3.0 × 10

5
 cells/well (n = 3 wells/group), and pre-

cultured in normoxia conditions for 2 days. Subsequently, the 
culture dishes were exposed to hypoxia using the procedure 
detailed in the previous section. At 24 or 72h after induction 
of hypoxia, the total RNA was extracted using the RNeasy 
Mini Kit, according to the manufacturer’s protocol (Qiagen, 
Limburg, Netherlands). The purity of the extracted RNA was 
tested using the NanoDrop2000 (Thermo Fisher Scientific). 
The total RNA (1 µg) was reverse-transcribed to synthesize 
cDNA. A real-time quantitative polymerase chain reaction 
(qRT-PCR) was performed on the Applied Biosystems 7500 
Real-Time PCR System (Life Technologies) using the 
commercially available, TaqMan gene expression assays 
(Life Technologies): the p16

INK4A
 (Hs00923894_m1), and 

eukaryotic 18S rRNA (18S: Hs03003631_g1). Standardized 
enzyme and cycling conditions developed for the 7500 Real-
Time PCR System were used for PCR cycling. 18S was used 
as the control housekeeping gene. Template cDNA, 
corresponding to 10 ng of RNA, was added to each PCR 
reaction mix, and all biological samples were run in technical 
duplicates, for each gene. The data obtained by qRT-PCR 
was analyzed by the comparative threshold cycle method. 
Briefly, the quantity of p16

INK4A
 was normalized to that of 

18S, the value of the calibration sample (the cells cultured in 
normoxia for 24h) was set to 1, and the values for each of the 
other conditions were determined relative to that of the 
calibration sample. 
 
Statistical analysis 
 

All values are presented as mean ± standard deviation. 
Statistical significance was determined by one-way analysis 
of variance, with the post-hoc multiple comparison Tukey-
Kramer test. The differences observed were considered 
significant if the p value was less than 0.05. 
 
 
 
 
 
 
 

Results 
 

Changes in O2 and CO2 concentrations 
 
The O2 and CO2 concentrations (mean ± standard deviation) 
are displayed in Table 1. The O2 concentration in the 
CulturePal-Zero system was observed to drop to less than 
0.1% within 1h, and was maintained up to 168h after hypoxia 
induction (Figure 2A).  The O2 concentration in the 
CulturePal-Five system dropped to approximately 7.6% 
within 1h, 6.4% in 4h, and reached 5% 24h-post incubation 
(Figure 2B).   This was maintained until 168h after hypoxia 
induction. The CO2 concentration in this system rose to 
approximately 4.8% and 5.2% within 1 and 4h, respectively, 
gradually dropping to approximately 4.4% at 24h, 3.9% within 
72h, and 2.4% at 168h after hypoxia induction (Figure 2B). 
Based on these results, we classified O2 conditions as 
follows: normoxia, 21% O2; CulturePal-Five, 5% O2; and 
CulturePal-Zero, <0.1% O2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Changes in the O2 and CO2 concentrations in the hypoxial culture 
jar. Changes in O2 and CO2 concentrations in the (A) CulturePal-Zero and (B) 
Culture-Pal-Five hypoxial culture systems. Circles represent O2 
concentration; triangles represent CO2 concentration. Values are presented 
as mean of four independent experiments. 
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Table 1. Mean and standard deviations of O2 and CO2 concentrations in the hypoxial culture jars 

% Time      1h 4h 24h 72h 168h 

CulturePal-Zero           

O2 0.02 ± 0.005 <0.10 <0.10 <0.10 <0.10 

CO2 3.90 ± 0.141 4.00 ± 0.141 3.45 ± 0.100 3.35 ± 0.100 3.35 ± 0.100 

CulturePal-Five 
     

O2 7.55 ± 0.238 6.43 ± 0.206 5.01 ± 0.155 4.53 ± 0.222 4.41 ± 0.248 

CO2 4.75 ± 0.173 5.23 ± 0.095 4.35 ± 0.191 3.38 ± 0.206 2.38 ± 0.206 
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Morphological changes in the cells at varying O2 
concentrations 
 
The MSCs displayed a fibroblast-like morphology at all 
conditions, 24h after the induction of hypoxia (Figure 3). On 
the other hand, 72h after hypoxia induction, the MSCs 
exposed to <0.1% O2 displayed morphological alterations 
such as a rounded shape. No apparent morphological 
changes were seen in the cells maintained in 21% O2 and 
5% O2 conditions (Figure 3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Cell proliferation at different O2 concentrations 
 
No significant differences were observed in the cell 
proliferation pattern between the groups, 24h after hypoxia 
induction (Figure 4). The MSC cell count increased in all 
groups at 72h. A comparison of cell counts between the 
groups at  72h revealed that 5% and <0.1% O2 conditions 
resulted in the highest and lowest cell counts, respectively 
(Figure 4). 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Cell viability at varying O2 concentrations 
 
The cell morphology was visualized by calcein AM staining 
(green). We observed a shrunken shape in the cells 
incubated at <0.1% O2 conditions, 72h after the induction of 
hypoxia (Figure 5A). However, the cell viability at 24 and 72h 
was observed to be very high (over 94%) even under <0.1% 
O2 conditions. However, cells cultured at <0.1% O2 
conditions were slightly, but significantly less viable than 
those cultured in 21% O2, 72h post-induction (p < 0.05, 
Figure 5B). 
 
p16

INK4A
 mRNA expression at different O2 concentrations 

 
At 24h after the induction of hypoxia, p16

INK4A
 mRNA 

expression was observed to be significantly down-regulated 
in <0.1% O2,   compared    to   21%  O2  and   5%  O2   culture  

P28 

Figure 3. Cell morphological changes at different O2 concentrations 
Scale bar = 20 µm; magnification, ×40. 
 

Figure 4. Cell proliferation at different O2 concentration states 
Values are presented as mean ± standard deviation (n = 15 wells/group; 
**P < 0.01). 
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conditions (Figure 6). The p16
INK4A

 expression was higher 
when cultured for 72h in 21% O2, when compared to the 24h 
incubation. However, the mRNA expression maintained a 
similar level when incubated at 5% O2 and <0.1% O2 for 
different time intervals. A comparison between the groups at 
72h post-induction of hypoxia revealed the significant down-
regulation of p16

INK4A
 expression proportional to the 

decrease in O2 concentration (Figure 6). 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 

Discussion 
 

In this study, we employed the CulturePal trial reagents for 
the simple induction of hypoxic conditions, and investigated 
the time-lapse changes in O2 and CO2 concentrations in the 
systems. Furthermore, we also investigated the effects of 
short-term hypoxia on human MSC proliferation, viability, and 
p16

INK4A
 mRNA expression, by utilizing the CulturePal 

systems. The CulturePal-Zero was able to induce severe 
hypoxia (<0.1% O2) within 1h, which was maintained at least 
up to 168h. The CulturePal-Five system showed a drop in O2 
concentration down to approximately 5% within 24h, which 
was maintained up to 168h. The CO2 concentration was also 
regulated to 3–5%, between 1h and 72h post-induction, in 
both systems. Simultaneous investigations utilizing several 
different gas concentrations necessitate an equivalent 
number of CO2 incubators. Additionally, when other 
conditions such as culture temperature are altered, more 
incubators are required. In the case of investigations 
requiring a heat or cold shock stimulus, which is provided by 
a temperature-controlled water baths, the containers have to 
be hermetically sealed in order to prevent contaminations. 
This can cause alteration in the chamber gas concentrations. 
Therefore, control of the gas concentration within the 
container is imperative, although difficult. These issues could 
be overcome by application of the CulturePal systems as a 
single unit can be used for simultaneous investigations at 
three different O2 conditions (21%, 5%, and <0.1% O2). In 
addition, if the experiment requires 5% O2 or <0.1% O2 
environment only, a conventional thermal incubator can be 
used for incubation, dispensing the need for expensive gas 
chambers and incubators. Based on these observations, we 
conclude that, although the CulturePal systems cannot be 
used to maintain a standard gas concentration during a 
culture medium exchange, it could be efficiently used to 
provide short-term hypoxic conditions or hypoxic stress. This 
system is also suitable for cell transportation, as a gas-
atmosphere regulating reagent. 
 
In our experiment, the rate of proliferation of MSCs was 
observed to be highest in 5% O2 and the lowest in <0.1% O2 

conditions (Figure 4). These results are consistent with those 
of previous studies, where physiological hypoxia was 
observed to enhance MSC proliferation

[7–9]
. We also 

evaluated the cell viability at the three gas concentrations, 
and discovered that MSCs could maintain their viability even 
at <0.1% O2 concentration conditions up to 72h after 
induction of hypoxia (Figure 5B), although some 
morphological alterations were observed (Figure 3), and the 
proliferative ability was observed to decrease under these 
severely hypoxic conditions (Figure 4). These results are also 
consistent with those of previous studies

[17, 20, 21] 
where MSCs 

were reported to withstand severe hypoxia (<1% O2) for at 
least 48h by increasing the availability of glucose, which 
facilitates the generation of energy under limited O2 
availability conditions. Therefore, MSCs, which are extremely 
durable under hypoxic conditions, could be utilized in cell 
therapies. 
 
Cell senescence occurs in primary cells with long-term in 
vitro cultivation as a result of telomere shortening, oxidative 
stress, DNA damage, and aberrant mitogenic signaling

[22]
.  

The senescent cells demonstrated decreased cell 
proliferation and differentiation abilities

[23]
, which decreased 

their potential for tissue regeneration. Hence, it is 
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Figure 5. Cell viability at different O2 concentrations (A) Representative 
images from the LIVE/DEAD viability assay. Live cells display green 
fluorescence, while the dead cells appear red in color. (B) Percentage of cell 
viability seen at different O2 conditions. Values are presented as mean ± 
standard deviation (n = 16 views/group; *P < 0.05). 
 

Figure 6. Expression of p16
INK4A

 mRNA at different O2  concentrations. 
Values are presented as mean ± standard deviation (n = 3 wells/group; *P < 
0.05, **P < 0.01). 
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important to prevent cell senescence during cell culture and 
transportation. p16

INK4A
 is a well-known marker for cell 

senescence, as well as a tumor suppressor gene
[24]

. It has 
been reported that the down-regulation of p16

INK4A
 mRNA 

expression resulted in a decrease in senescence, and 
restoration of the proliferative activity

[24]
. Our results have 

shown retained p16
INK4A

 expression up to 72h at 5% O2 and 
<0.1% O2 conditions, demonstrating the reduced cell 
senescence characteristics. p16

INK4A
 was up-regulated at 

21% O2 conditions, indicating an induction of cell 
senescence. Therefore, we demonstrated that a hypoxic 
condition prevents the induction of cell senescence, which is 
consistent with the results of previous studies using O2 
concentration-controlled chamber

[9, 12]
. Furthermore, p16

INK4A
 

expression was significantly down-regulated in <0.1% O2 
conditions compared to that in 5% O2 conditions, indicating 
that the repression of p16

INK4A
 expression by hypoxic 

stimulus is correlated with the O2 concentration. To the best 
of our knowledge, ours is the first study reporting this 
phenomenon. Therefore, we suggest that 5% O2 
concentration conditions would be suitable for maintenance 
of MSC quality. In addition, we have confirmed that this 
hypoxic culture system could easily replicate the 
experiments, using a short-term gas concentration-controlled 
chamber. 
 
We have, however, identified two limitations in this study. 
First, the actual gas concentrations within the culture medium 
could not be measured. The O2 has to diffuse through the 
culture medium to reach the cells, which causes lower O2 
tension near the cell surface compared to that controlled in 
the gas phase

[25]
. Second, our experiments were conducted 

on commercially available cells. It is important to confirm the 
reproducibility of our study results in cells obtained from 
individuals, and from different pathological states. 
 
Conclusion 
 

A short-term hypoxic condition induced at 5% O2 
concentration promotes cell proliferation and represses up-
regulation of the p16

INK4A
 expression, without aggravating the 

cell viability of human MSCs. Furthermore, the mRNA 
expression of cell senescence marker p16

INK4A
 might be 

altered proportionally to O2 concentration. Finally, we believe 
the CulturePal systems are suitable for providing an 
appropriate hypoxic condition for stem cell research and 
stem cell transportation. 
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