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Abstract The pressure during hyperbaric oxygen treatment
may increase oxygen toxicity via an augmented oxygen
pressure in the gas. Nevertheless, only a few reports have
been published on the effect of cells grown under 2
atmospheric absolute (ATA) pressure. To evaluate the effect
of pressure on oxygen toxicity and to study effects in
addition to oxygen toxicity, we designed an experiment to
compare the effects of normobaric mild hyperoxia (NMH,
40% oxygen) and hyperbaric air condition (HA, air with 2
ATA) on human diploid fibroblasts (HDF) in a hyperbaric
incubator. HDFs in both the NMH and the HA condition
had a similar oxidative stress response and exhibited
premature senescence. To investigate differences in gene
profiling in cells grown in the NMH and HA conditions,

samples from cells exposed to each condition were applied
to microarrays. We found no expression difference in
genes related to aging and deoxyribonucleic acid damage,
but the expression of genes including cell adhesion, stress
response, and transcription were significantly increased in
fibroblasts that were responsive to pressure. Among 26
statistically reliable genes, the expression of apoptosis
related genes such as ADAM22, Bax, BCL2L14, and
UBD, as well as tumor suppressor-related genes like
Axin2 and ATF, and also mitogen-activated protein
kinase-related genes like mitogen-activated protein kinase
kinase kinase 1, histamine receptor, and RAB24, were
significantly changed in cells responsive to pressure-
induced oxidative stress.

Keywords Hyperbaric oxygenation . Atmospheric
pressure . Hyperoxia . Stress-induced premature senescence .
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Introduction

Hyperbaric oxygen (HBO2) therapy has been used for the
treatment of hypoxia and prolonged wounds by applying
95% or higher oxygen concentrations intermittently under a
greater than ambient pressure. The most frequently pre-
ferred pressure range for this treatment is 2–2.5 atmospher-
ic absolute (ATA; Feldmeier 2003; Benedetti et al. 2004).
However, HBO2 also induces strong hyperoxic conditions
and increases oxidative stress. These induced events can
cause cellular damage by oxidizing lipids, proteins, and
deoxyribonucleic acid (DNA), which, in turn, induce
apoptosis (Narkowicz et al. 1993). In addition, the
expression of heat shock protein (HSP) 70 was significantly
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increased in HBO2-treated cells and animals in which it
functioned as a chaperone of oxidative-damaged proteins
(Wada et al. 1996; Dennog et al. 1999; Shyu et al. 2004; Yu
et al. 2005).

Therefore, many studies have looked at oxidative stress,
antioxidant effects, and redox status not only under high
concentrations of oxygen tension (Allen and Balin 2003)
but also under hyperbaric pressure (Gröger et al. 2005; Oter
et al. 2005; Patel et al. 2005).

Most studies on oxygen toxicity in HBO2 compared
the oxidative stress of cells under normoxia (air, 1 ATA),
normobaric oxygen (more than 90% oxygen, 1 ATA), and
HBO2 (more than 90% oxygen, more than 1.5 ATA).
Hyperbaric conditions have been reported to enhance
oxygen toxicity and influence the direction of the negative
effects. Oter et al. (2005) reported that since the amount
of dissolved oxygen (DO) is directly proportional to the
pressure, oxygen toxicity is enhanced due to a pressure-
induced increase in DO when cells are exposed to
HBO2.

However, only a few studies have reported on the
biological effects other than oxygen toxicity that are caused
by hyperbaric pressure. For example, 40 to 120 mmHg
pressure promotes DNA synthesis in cultured rat vascular
smooth muscle cells (Hishikawa et al. 1994). Therefore, 2
ATA of pressure likely has biological effects in addition to
oxygen toxicity. Furthermore, hyperoxic conditions, such as
HBO2 treatment, may not be suited to evaluate the
biological effect of 2 ATA of pressure because of the
dominant effect of oxygen toxicity.

Normal human diploid fibroblasts (HDFs) undergo
oxidative stress-induced premature senescence (SIPS) by
their exposure to mild hyperoxia (40% oxygen; von
Zglinicki et al. 1995). The expression of hsp70 in WI-38
human fibroblasts was attenuated during aging in vitro
(Gutsmann-Conrad et al. 1998). Since the partial pressure of
oxygen in normal air with 2 ATA shows an oxygen pressure
that is similar to the conditions of 40% oxygen, normal air
under 2 ATA may also cause similar oxidative SIPS.

Therefore, stress-induced premature cellular senescence
might be an ideal model for the evaluation of the effect of 2
ATA pressure on both oxygen toxicity and other hither-to-
uncharacterized biological effects, which need to be
elucidated.

The purpose of our present study was to elucidate the
effect of 2 ATA pressure on biological processes in normal
HDFs because the increase in DO by 2 ATA of air might
induce HDF senescence in a manner that is similar to
conditions of 40% oxygen. We compared the senescence-
associated phenotypes, expression of hsp family, and
genomic changes in cells induced by normobaric mild
hyperoxia (NMH; 40% oxygen) and hyperbaric air (HA)
with 2 ATA.

Materials and methods

Cell line and culture

The human diploid embryonic lung fibroblast cell strains WI-
38 (obtained from American Type Culture Collection at the
population doubling [PD] level of 25) were maintained in
Dulbecco’s modified Eagle’s medium (Gibco BRL, Grand
Island, NY, USA) containing 10% fetal bovine serum (Gibco
BRL) as previously described (Hayflick 1965). The subcon-
fluent cells were released from the culture flask and plated at
a seeding density of 0.3×104 cells per cm2. Parallel cultures
were grown under normoxia (air plus 5% CO2; pCO2=
38 mmHg, pO2=146.566–147.288 mmHg), NMH (40% O2

plus 5% CO2; pCO2=38 mmHg, pO2=304 mmHg), and HA
(2 ATA air plus 5% CO2; pCO2=38.228 mmHg, pO2=
305.9–306.66), which were prepared by mixing air, oxygen,
and carbon dioxide at microprocessor-controlled ratios. The
inhibition of proliferation was defined as the inability of the
culture to reach confluence within 2 weeks.

Hyperbaric pressure chamber

We used a custom-made cell incubator that was specially
designed for pressure control. A schematic of the incubator
is shown in Fig. 1. In brief, a small cylindrical chamber,
which is protected by a Korean (10-2007-0016834) and
American (11/942,137) patent, was regulated according to
temperature, pressure, humidity, and CO2. This incubator
was equipped to simultaneously control both injection
pressure and CO2 concentration. Injection pressure was
measured by a digital readout and a Sensys-pressure
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Fig. 1 Schematic of the design for the pressure incubator. Each
designation is as follows: 1, cylindrical pressure chamber; 2 and 16,
thermocouple and sensor; 3, proportional–integral–derivative control-
ler; 4, silica jacket; 5, chamber door; 6, mixed gas; 7 and 8, heat and
pressure regulator; 9 and 12, injection or ventilation metering; 11 and
18, Sensys-pressure transducer and monitoring system; 13, ventilation
pump; 14, electric CO2 sensor; 15, chamber balancer; 17, water
vessel; and 19, power supply

448 S. Oh et al.



transducer, while atmospheric CO2 was measured by an
electric sensor that determined the amount of gas present.
The chamber contained a thermocouple and a heating
element. The heating element was controlled by a propor-
tional–integral–derivative controller.

Determination of pH and dissolved oxygen in the pressure
chamber

The pH and DO concentrations in the medium were measured
using an expandable ion Analyzer EA920 (Orion Research,
Massachusetts, USA) and Sension6 Dissolved Oxygen
Electrode (HACH, Loveland, CO, USA), respectively.

Cell morphology and proliferation assay

Morphological changes of cells under each experimental
condition were examined by a microscope at ×100 and ×40
magnifications. For cell proliferation assays, the cells were
harvested by trypsinization at 24–36-h intervals for a period
of 2 weeks. The harvested cells were stained with trypan
blue, and the viable cells were counted under a microscope
using a hemocytometer. The data are presented as mean±
the standard deviation from six replicates.

Senescence-associated β-galactosidase activity

Senescence-associated β-galactosidase (SA-β-GAL) stain-
ing has been widely used as a biomarker of cellular
senescence in vivo and in vitro (Dimri et al. 1995). To
detect SA-β-GAL staining, cells were washed twice in
phosphate-buffered saline (PBS), fixed in 3% formaldehyde
for 3–5 min at room temperature, and washed again with
PBS. Cells were then incubated overnight at 37°C (without
CO2) with freshly prepared SA-β-GAL staining solution
(1 mg/ml X-gal, 40 mM citric acid/sodium phosphate;
pH 6.0, 5 mM potassium ferrocyanide, 5 mM potassium
ferricyanide, 150 mM NaCl, 2 mM MgCl2). All of the blue-
stained cells that were found in ten fields (5×105 cells)
were counted under a microscope with ×100 magnification
and expressed as the percentage of positive cells. To avoid
cell staining that is caused by cell confluence rather than by
proliferative senescence, the assay was performed in
subconfluent cultures displaying comparable cell density.

Single-cell gel electrophoresis

To measure DNA damage caused by high oxygen tension, a
comet assay was performed according to the method devel-
oped by Singh et al. (1988) but with some modifications. In
brief, after a fully frosted slide was precoated and spread with
1% agarose as a first layer, cells mixed with low melting
agarose (0.5%) were added onto the first layer. The slides

were submersed in the lysing solution (2.5 M NaCl, 100 mM
ethylenediamine tetraacetic acid [EDTA]-2 Na, 10 mM Tris,
and 1% Triton X-100; pH 10) for 2 h. The slides were then
placed in an unwinding buffer (1 mM EDTA and 300 mM
NaOH; pH>13) for 20 min, and electrophoresis was carried
out using the same solution for 20 min at 300 mA (0.8 V/cm).
After electrophoresis, the slides were immersed three times in
neutralization buffer (0.4 M Tris–HCl, pH 7.2) for 10 min
each and were stained with 50 μl of 10 μg/ml ethidium
bromide (EtBr). The slides were examined using a Komet 4.0
image analysis system (Kinetic Imaging, Liverpool, UK)
fitted with an Olympus BX50 fluorescence microscope
equipped with a 515–560-nm excitation filter and a 590-nm
barrier filter. For each treatment group, two slides were
prepared, and 100 randomly chosen cells (for total 200 cells)
were scored, and the parameter of the Olive tail moment
(=tail distance×% DNA in tail), where tail distance=center
position of tail−center position of the head, was calculated
automatically using the Komet 4.0 image analysis system.

Measurement of intracellular reactive oxygen species

Reactive oxygen species (ROS) was measured by a previously
described method with some modifications (Ohashi et al.
2002). Treated cells were incubated for 30 min in culture
medium containing 30 μM 2′,7′-dichlorofluorescein (DCF)
diacetate (DCFH-DA). DCFH-DA penetrates the cells and is
first converted to DCFH by cellular esterase and then is
oxidized to DCF in the presence of ROS. After incubation
with DCFH-DA, the cells were washed twice with PBS and
lysed with 10 mM Tris–HCl buffer, pH 7.4, containing 0.5%
Tween 20. The lysates were centrifuged at 10,000×g for
10 min to remove cell debris. The DCF fluorescence intensity
in the supernatants is an index of intracellular ROS levels, and
can be determined by a fluorescence-spectrophotometer using
excitation and emission wavelengths at 500 and 536 nm,
respectively. The cell number in each sample was counted
and used to normalize the fluorescence intensity of DCF.

Telomere length analysis

Genomic DNA was isolated from cells using a DNA
extraction kit, G-DEX (intron biotechnology), and used
for telomere (terminal restriction fragment [TRF]) length
analysis. Genomic DNA (2 μg) was digested with HinfI
and RsaI, electrophoresed, and transferred onto a positively
charged nylon membrane (Roche, Mannheim, Germany).
Hybridization and detection were performed with a chemi-
luminescent assay kit (TeloTAGGG telomere length assay;
Roche, Mannheim, Germany), and the membrane was
exposed to Hyperfilm ECL (Amersham). To calculate the
TRF, the images were scanned with a densitometer, and the
data were analyzed. The mean TRF length was defined as:
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∑(ODi)/∑(ODi/Li), where ODi is the densitometer output
and Li the length of the DNA at position i.

Western blot analysis

The proteins resolved on gel were transferred to a
polyvinylidene fluoride membrane (Millipore, Bradford,
MA, USA), and the membrane was probed with antibodies
against cell cycle check point proteins such as p21 (sc-397,
Santacruz Biotechnology) and p53 (OP43, Calbiochem)
and some HSPs (the antibodies all from Stressgen Bio-
technologies), hsp27 (SPA-800), hsp60 (SPA-806), hsp70
(inducible, SPA-810), and hsp90 (SPA-830). Immunoreac-
tivities were detected using an electrochemiluminescence
kit (Amersham Biosciences), and quantitative data were
obtained using a densitometry (Image system, Kodak)

Microarray analysis

Duplicates of 2-week HDFs under two hyperoxic condi-
tions (NMH and HA) were generated and used for gene
expression profiling using the Agilent Whole Human
Genome Oligo transcripts. Probe labeling and hybridization
were carried out following the manufacturer’s specified
protocols. Briefly, amplification and labeling of 5 μg of
total ribonucleic acid (RNA) was performed using Cy5 to
label purified RNA and Cy3 to label the reference RNA
(Stratagene UHR). Hybridization was performed for 16 h at
60°C, and the arrays were scanned on an Agilent DNA
microarray scanner. Scanned images were analyzed with a
Micro Array Scanner G2505B (Agilent Technologies, Santa
Clara, CA, USA) to obtain gene expression ratios.

Fluorescence real-time quantitative reverse transcriptase
polymerase chain reaction

Some of the genes identified from the microarray experiment
were validated by fluorescence real-time quantitative reverse
transcriptase polymerase chain reaction (PCR). Real-time
quantitative PCR was performed using the ABI Prism 7900
Sequence Detection System (PE Applied Biosystems). The
fluorescence emission from each sample was collected by a
charge-coupled device camera, and the quantitative data were
analyzed using the Sequence Detection System software (SDS
version 2.0, PE Applied Biosystems).

Primer sequence

The following were the sequences of the primers used in
the study:

KIFAP3 (139 bp): ACC AGT TGG CAT TCT TGG
AC/ACC CAA CCC ACA CAG ATT TC

BAX (100 bp): GAC GGC CTC CTC TCC TAC TT/
CCA TCT TCT TCC AGA TGG TGA
ATF3 (140 bp): TCG GAG AAG CTG GAA AGT GT/
TCT GGA GTC CTC CCA TTC TG

Statistical analysis

Most experiments were conducted at least in triplicate. The
effects of each treatment were analyzed by analysis of
variance, followed by Duncan’s test using the SAS software
package (Version 9.1; SAS, Cary, NC, USA). The level of
significance was defined at p<0.05. The statistical analysis
of gene values from the microarray was performed by
GeneSpring GX 7.3.1 (Agilent Technologies).

Results

Exposing HDF cells to HA and NMH increases oxidative
stress and DNA damage

Although the pH values of the culture media were not
significantly different among the three culture conditions
(7.2–7.3), DO2 levels in both HA and NMH exposure
conditions were significantly increased by twofold more
than when grown under normoxia conditions because of the
augmented partial oxygen in gas (Fig. 2). To study whether
there were differences in the intracellular oxidative stress
level between the HA- and NMH-treated cells, we
fluorospectrometrically measured the amount of deacety-
lated DCFH-DA to assay the concentration of intracellular
hydrogen peroxide in the cells. As seen in Fig. 3, the
relative DCF intensities in cells treated either with HA or
NMH for 4 and 14 days were very similar. These intensities
were 3 and 4.5 times higher than the values from normoxic
cells at 33 PDs (both groups, p<0.001). The intracellular
hydrogen peroxide levels of HA- and NMH-treated cells
were similar to replicatively senescent cells at 58 PDs.
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Fig. 2 The elevated levels of DO in the culture medium exposed to
NMH (black bar) or HA (dashed bar) was statistically significant. The
DO was increased twofold in proportion to the pressure, according to
Henry’s law
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Therefore, the hyperoxic condition induced by HA is
similar to the condition induced by NMH with regard to
the surrounding or intracellular oxygen toxicity and
oxidative stress.

DNA damage in the cells exposed to both HA and NMH
were also similar, with these cells showing higher Olive tail
moment values than control cells (Fig. 4a). In contrast, the
DNA damage of control cells under the condition of
normoxia showed lower values. Furthermore, these values
for DNA damage in the control cells did not change as the
cells grew. The extent of DNA damage, as measured by
percent DNA in the tail, revealed similar results as those
measured by the Olive tail moment. In addition, the
distribution of cells with highly damaged DNA exposed
to HA and NMH was higher than the distribution of cells
grown under the condition of normoxia (Fig. 4b).

Cell proliferation is almost inhibited by exposure to both
HA and NMH

After 1 week of exposure to either HA or NMH, cells no
longer divided (Fig. 5). As shown in Fig. 5b, when compared
to control cells, PDs were significantly decreased in cells
responsive to HA and NMH. This effect did not differ in
cells treated with either of the two hyperoxic conditions.
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Fig. 3 Relative quantities of hydrogen peroxide in HDF under NMH
or HA were measured at 4 and 14 days. The intensity of DCF was
measured fluorospectrometrically and each intensity value was
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senescent cells (white bar)
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Fig. 4 The time dependence of HDF exposed to NMH or HA, as
measured by the comet assay. The comet value of HDF exposed to
HA (triangle) and NMH (square) increased to a significantly high

value, in contrast to HDF exposed to normoxia (circle). Each point
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comets measured in each of three experiments
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Cells exposed to HA or NMH have increased SA-β-GAL
activity but not telomere shortening

Both HA- and NMH-treated cells exhibited the typical
senescent cell morphology, such as cell enlargement, a
reduced cytoplasm-to-nuclear ratio, saturation density, and
increased SA-B-GAL activity, after 7 days of culture (Fig. 6).
After this time point, the cells gradually displayed the
characteristics of replicatively senescent cells in a time-
dependent manner. About 50% blue-stained cells have been

shown after 14 days of culture under both conditions. No
differences were observed between HA- and NMH-
treated cells with regard to the percentage of senescent
cells, percentage of senescent morphologies, and the high
density of positive blue-stained cells. We also performed
a telomere length assay to elucidate whether telomere
shortening occurred during the induction of premature
senescence by HA. We observed that telomere shortening
did not happen when the cells were exposed to both HA
and NMH (Fig. 7).
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Expression of heat shock proteins and cell cycle check
point proteins in HA- and NMH-treated cells

We investigated the differential expression of hsp27, hsp60,
hsp70, and hsp90 in cells treated with HA or NMH at
day 14 when cells showed a significant senescence
phenotype (Fig. 6). Basal levels of hsp27/70 were signif-
icantly decreased, and hsp60 was slightly increased in HA-
or NMH-treated cells compared with control cells (Fig. 8a);
however, there were no significant differences in cultured
cells in response to each hyperoxic condition. With regard
to cell cycle check points, both p21 and p53 were
upregulated in cells exposed to HA or NMH (Fig. 8b).

Gene expression analysis of HA- and NMH-treated cells
by microarray and Real-time PCR

We used an array that contained 44,000 probe sets from
whole human genes for the target hybridization. The
distribution profile of all expressed genes in HA-treated
cells consisted of about 0.091% upregulated genes and
0.034% downregulated genes. The percentage of differen-
tially expressed genes was very small over the entire human
genome. These results suggested that the effect on
messenger RNA (mRNA) transcription was similar in
HA- and NMH-treated cells. Of the differentially expressed
genes, a total of 26 genes were statistically reliable,
including 22 upregulated genes and 4 downregulated genes
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(Fig. 9). The genes associated with cell adhesion, cytoskel-
eton, and antibacterial response were significantly increased in
fibroblasts that responded to pressure. Only HA-exposed cells
exhibited an increase in cell adhesion molecules, like ADAM
metallopeptidase domain 22, apoptosis related genes, like Bax
and BCL2-like 14, antibacterial stress-related genes, like
musin and defensin, mitogen-activated protein kinase
(MAPK)-related genes, like mitogen-activated protein kinase
kinase kinase 1 (MEKK1) and histamine receptor (GPCR). To
confirm the expression of several mRNAs, we performed
fluorescence real-time quantitative PCR (Fig. 10)

These results suggested that 2 ATA of pressure increases
oxidative stress to cause the SIPS of cells, which is similar
to the conditions initiated when cells are exposed to 1 ATA
hyperoxic (40%) air. However, 2 ATA of pressure may have
a different significant biological effect on cell adhesion, the
cytoskeleton, the stress response, and transcription.

Discussion

Although HBO2 therapy is a useful remedy that supplies
sufficient oxygen to tissues and organs, this therapy also
increases oxidative stress, thus causing cellular damage
and death (Narkowicz et al. 1993). The toxicity of high
concentrations of oxygen has been shown in numerous
whole-animal studies and cell culture models (Halliwell
1981; Davies 1999). Furthermore, HBO2 treatment in-
creases oxygen toxicity, such as seizure activity and death
with severe pulmonary edema (Pablos et al. 1997). The
exposure of keratinocytes to normobaric 90% oxygen
induced partial G2/M arrest, and a small population of
cells underwent apoptosis, but in response to hyperbaric
90% oxygen, the cell growth was substantially arrested, and
the number of apoptotic cells increased by more than
sixfold (Patel et al. 2005). In vivo electron paramagnetic
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Fig. 9 Up- and downregulation of genes in HA-treated cells for 14 days. Each function has several genes that have been produced by replicate
analysis with duplication (p<0.05). UBD indicates ubiquitin D (FAT10); HGS, hepatocyte growth factor-regulated tyrosine kinase substrate;
SLC31A1, solute carrier family 31 (copper transporters); KIFAP3, kinesin-associated protein 3; AXIN2, axin 2 (conductin, axil); FKBP1A, FK506-
binding protein 1A (12 kDa); VDAC3, voltage-dependent anion channel 3; ADAM22, ADAM metallopeptidase domain 22; MEKK1, mitogen-
activated protein kinase kinase kinase 1; SLC25A32, solute carrier family 25, member 32; RIPK2, receptor-interacting serine–threonine kinase 2;
ILF3, interleukin enhancer binding factor 3 (90 kDa); BAX, BCL2-associated X protein; BCL2L14, BCL2-like 14 (apoptosis facilitator), FMNL2,
formin-like 2; ARL3, ADP-ribosylation factor-like 3; ING3, inhibitor of growth family, member 3, SRP19, signal recognition particle 19 kDa,
RAB24, member RAS oncogene family; VPS16, vacuolar protein sorting 16 homolog; KALRN, kalirin, RhoGEF kinase; MUC3, mucin-3;
DEFA3, defensin, alpha 3; ATF3, activating transcription factor 3; PCDHB15, protocadherin beta 15; HRH3, histamine receptor H3

Fig. 9 Up- and downregulation of genes in HA-treated cells for
14 days. Each function has several genes that have been produced by
replicate analysis with duplication (p<0.05). UBD indicates ubiquitin
D (FAT10); HGS, hepatocyte growth factor-regulated tyrosine kinase
substrate; SLC31A1, solute carrier family 31 (copper transporters);
KIFAP3, kinesin-associated protein 3; AXIN2, axin 2 (conductin, axil);
FKBP1A, FK506-binding protein 1A (12 kDa); VDAC3, voltage-
dependent anion channel 3; ADAM22, ADAM metallopeptidase
domain 22; MEKK1, mitogen-activated protein kinase kinase kinase
1; SLC25A32, solute carrier family 25, member 32; RIPK2, receptor-

interacting serine–threonine kinase 2; ILF3, interleukin enhancer
binding factor 3 (90 kDa); BAX, BCL2-associated X protein;
BCL2L14, BCL2-like 14 (apoptosis facilitator), FMNL2, formin-like
2; ARL3, ADP-ribosylation factor-like 3; ING3, inhibitor of growth
family, member 3, SRP19, signal recognition particle 19 kDa, RAB24,
member RAS oncogene family; VPS16, vacuolar protein sorting 16
homolog; KALRN, kalirin, RhoGEF kinase; MUC3, mucin-3; DEFA3,
defensin, alpha 3; ATF3, activating transcription factor 3; PCDHB15,
protocadherin beta 15; HRH3, histamine receptor H3
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resonance spectroscopy imaging in mice exposed to HBO2

revealed a shift in the whole-body redox status toward
oxidation (Patel et al. 2005). Therefore, these studies imply
that using pressure with high oxygen for therapy has a
negative effect in vivo and in vitro and suggests that a
lower pressure should be applied. In fact, even more
normobaric topical oxygen therapy has been suggested as
an improvement to HBO2 treatment (Oter et al. 2005).

The effects of hyperbaric pressure have focused mainly
on oxygen toxicity, but few research studies have attempted
to elucidate the biological effects of 2 ATA pressure, which

has predominately been used in HBO2. Depending on the
cell type, pressures less than 2 ATA had diverse effects,
including accelerated aging (Pablos et al. 1997). These
results suggested that this aging effect was directly related
to the level of pressure. Oxidative SIPS caused by HDF has
been reported, and mild hyperoxia (40% oxygen) has been
shown to induce premature senescence in normal HDFs
(Chen and Ames 1994; von Zglinicki et al. 1995; Chen
2000; Toussaint et al. 2000). HA (air with 2 ATA) may
induce premature senescence because of high oxygen
pressure and other biological effects.

In our study, the partial pressure of oxygen in HA and
the air that is 40% oxygen should be similar, and thus the
oxidative stress and the stress-induced senescence features
in cells treated with HDF were almost the same under
conditions of NMH (40% oxygen) and HA (21% oxygen)
(Fig. 2∼6). DO levels and intracellular H2O2 were
significantly increased by more than 2-fold, compared with
cells exposed to normoxia, because of the augmented
partial oxygen (Fig. 2). Moreover, we showed that the
DNA damage to HDFs under NMH and HA treatments
depended on the duration and the manner of exposure
(Fig. 3). Both conditions induced typical cellular senes-
cence phenomena such as the inhibition of cell prolifera-
tion, cell growth arrest, senescence-like-cell morphology,
enhanced SA-B-GAL activity with no significant difference.

Telomere length shortening did not occur under either
HA or NMH. These results suggest that HA and NMH
induced the same oxidative stress and SIPS via similar
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Fig. 10 Real-time reverse transcriptase PCR assay validation for a
subset (PCDHB15, RAB24, BAX, RIPK2, and KIFAP3) of altered
genes in HDF treated with HA compared to NMH-treated cells as a
control. The data shown are the relative quantifications for each target
gene compared to the GAPDH control gene in the HA- or NMH-
treated cells

Table 1 The significantly changed expression of genes that have functions of apoptosis and tumor were summarized

General function Description Gene Significant role Change

Adhesion molecule ADAM metallopeptidase domain 22 ADAM22 Inhibition of cell proliferation (D’Abaco et al. 2006),
migration and invasion (Kang et al. 2000), induction
of apoptosis (Chung et al. 2003)

Increase

Apoptosis BCL2-associated X protein BAX Pro-apoptotic proteins (Adams and Cory 1998),
mitochondrial dysfunction (Gross et al. 1998)

Increase
BCL2-like 14 (apoptosis facilitator) BCL2L14 Increase

Signal transduction Axin 2 (conductin, axil) AXIN2 Negative regulator of Wnt/β-catenin signaling
(Kikuchi 1999; Liu et al. 2000; Hughes and
Brady 2005a), Tumor suppressor (Hughes and
Brady 2005b)

Increase

Member RAS oncogene family RAB24 Triggering the MAPK pathway and ultimately
induction of the expression of factors that
survival or death (Davis 1993)

Increase
Kalirin, RhoGEF kinase KALRN Increase
Histamine receptor H3 HRH3 Increase
MEKK1 MEKK1 Increase

Stress response Ubiquitin D (FAT10) UBD Negative regulator of p53 (Ren et al. 2006;
Zhang et al. 2006), increased sensitivity of
apoptotic cell death (Canaan et al. 2006)

Decrease

Mucin-3 MUC3 Inflammatory, immune response and wound
(Hughes and Brady 2005b).

Increase

Defensin, alpha 3 DEFA3 Increase
Transcription Activating transcription factor 3 ATF3 Maintaining DNA integrity and protecting

against cell transformation (Yan et al. 2005)
Increase
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oxygen toxicities, because both conditions have the same
oxygen partial pressure.

Moreover, the expressions of proteins involved in heat
shock and cell cycle check points were not significantly
different between the two hyperoxic conditions. It is
interesting to note that hsp27 was dramatically decreased
under both conditions. A recent study reported that elevated
levels of hsp27 protected human mammary epithelial cells
from doxorubicin. This protection was associated with
suppression of doxorubicin-induced senescence, whereby
Hsp27 inhibited p53-mediated induction of p21, the major
regulator of the senescence program (O’Callaghan-Sunol et
al. 2007). In other words, the common characteristic of
cells treated with HA or NMH may be that senescence-like
phenotypes are induced by Hsp27 downregulation associ-
ated with the activation of the p53 pathway and the
induction of p21. An attenuated basal level of hsp70 has
also been shown in fibroblasts from old donors compared to
young donors (Gutsmann-Conrad et al. 1998). An increase
in HSP60 protein levels has also been reported to be
associated with a cell cycle slowdown; thus, it may play a
role in cell cycle progression related to cellular senescence
(Di Felice et al. 2005). In addition, hsp60 expression
increased in response to oxidative and cellular stress
(Calabrese et al. 2007). The relationships among various
stress response proteins under stressful conditions that
trigger premature senescence have not yet been elucidated.

Although we found no significantly different effects on
oxidative stress, DNA damage, and SIPS of the cells treated
with HA and NMH, the genomic profiles of these cell
populations were different. When cells underwent pressure
stress with hyperoxia, genes associated with adhesion,
apoptosis, cytoskeleton, and signal transduction were
increased. Cellular adhesion plays an important role in a
variety of biological processes, including embryonic devel-
opment and in tumor cell invasion and metastasis. Among
the changed expression of genes, the following genes that
have a significant function such as apoptosis and tumor
were summarized as a table (Table 1). The ADAM22 gene
that contains disintegrin-like and metalloproteinase-like
domains that potentially have cell adhesion and protease
activities (Blobel 2002; Seals and Courtneidge 2003) was
increased in response to the treatment of HA compared to
normoxia. Its low expression has been suggested to act as a
marker for tumor progression in glioma (D’Abaco et al.
2006). Some apoptosis-related genes, such as the apoptotic
marker Bax (BCL2-associated X protein) and the apoptotic
activator BCL2-like 14, which can trigger a mitochondrial
dysfunction (Gross et al. 1998), were increased in the HA-
treated cells. In addition, tumor suppressor genes like
Axin2 and activating transcription factor (ATF3) under
HA were induced higher than NMH. The genes involving
signal transduction such as MEKK1, GPCR, receptor-

interacting serine–threonine kinase 2, and RAS oncogene
family, which can be trigger the MAPK pathway, were
increased. As bacterial stress-responsive genes, defensin
and mucin were also shown to be increased in HA-treated
cells. However, a decrease in ubiquitin D (FAT10), a
member of the ubiquitin-like modifier family of proteins,
which is also related to apoptosis as a negative regulator of
p53, was observed. In brief, genomic analysis showed that
the genes that induced apoptosis and suppressed tumori-
genesis and the MAP kinase-including genes were all found
in HA-treated cells. Though the oxidative stress response
was very similar between the cells exposed to HA and
NMH conditions expected from the premature senescence-
like phenotype, the genomic changes that reflected the
whole effect of pressure were different.

In the earlier studies, there were some reports that
neonatal fibroblasts grown under elevated static pressure
demonstrated inhibited growth rates, increased fibronectin
production (Healey et al. 2003), and senescent morpholo-
gies in an in vitro model (Stanley et al. 2005). On the other
hand, cardiac growth (hypertrophy of cardiac muscle cell
and nonmuscle cell) in rat can be induced by pressure
(Dowell and McManus 1978; Teiger et al. 1996). The
overloading of static pressure (30–90 mmHg) can enhance
DNA synthesis and matrix synthesis (Mattana and Singhal
1995) through MAPK activation (Kawata et al. 1998) in
mesangial cells.

Our study suggests that mechanical 2 ATA pressure
induces similar SIPS in human fibroblasts like SIPS via 40%
oxygen toxicity. It is nteresting to note that we found no
changes in the gene or protein expression of p53 and heat
shock genes related to cell stress, in response to either HA and
NMH, which both trigger a senescence-like phenotype.
However, the 2-ATA pressure stimulus could affect important
biological processes such as apoptosis and tumorigenesis.
Future study is warranted to elucidate the molecular mecha-
nisms of these processes; such studies should examine the
variety of extracellular ligands, their interaction with cell
membrane receptors, and subsequent downstream signaling
cascades resulting in oxygen toxicity correlated with pressure.
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