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Standard cell culture conditions do not reflect the physiological environment in terms of oxygen
tension (20% vs 3%). The effects of lowering oxygen tension on cell proliferation in culture can be
beneficial as well as detrimental depending on the cell line studied, but the molecular mechanism

underlying such effects is not fully understood. We observed that the proliferative capacity of the
rat cell lines NRK and INS-1 was inhibited when cultured under 3% oxygen as compared to 20%
oxygen. Suppression of proliferation in NRK cells was accompanied by induction of DNA double
strand breaks whereas in INS-1 cells it was accompanied by up-regulation of p53 and p27.
Although Sirt1 was up-regulated in both cell lines by 3% oxygen the effects on antioxidant enzymes
(MnSOD, CuZnSOD and catalase) were cell line specific. Marked up-regulation of heme oxygenase-
1 (HO-1) was detected in both NRK and INS-1 cells when cultured in 3% oxygen. HO-1 expression
can be readily induced by exposure to hydrogen peroxide in culture. These results suggest that
reduced oxygen tension suppresses the proliferative capacity of these two cell lines through a
stress response that is similar to an oxidative stress response but the molecular events that lead to
the reduced cell proliferation are cell line specific.

© 2008 Elsevier Inc. Open access under CC BY-NC-ND license.
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Introduction

Standard in vitro culture is generally performed at atmospheric
oxygen tension (∼20% O2) which is higher than that of the in vivo
environment [1]. There is increasing evidence showing that such
higher than physiological levels of oxygen tension can affect the
growth, metabolism and functions ofmany cell lines in vitro [2]. For
example, oxygenmodulates growth of human skin fibroblasts with
elevated oxygen tensions being inhibitory [3]. Furthermore,
proliferative life span of human fibroblasts is inversely related to
ambient oxygen tension [4,5]. Elevation of oxygen tension from 5%
to atmospheric oxygen level can significantly alter morphology,
growth and function of skin microvascular endothelial cells [6].
598.
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Moreover, mouse embryonic fibroblasts (MEFs) undergo senes-
cence when cultured under standard culture conditions whereas
such senescence can be abolished by culturing them in 3% O2

which is closer to physiological oxygen levels [7]. Increased
oxidative stress may play a role in the effects observed in in vitro
cultures under atmospheric oxygen tension. Indeed, MEFs accu-
mulate high levels of oxidative DNA damage when cultured in 20%
oxygen as compared to 3% oxygen [7].

Recently, however, adverse effects of reduced oxygen tension
on the growth of some cell lines have been observed. Human T cell
clones showed shorter lifespans and reduced proliferative capa-
cities under reduced oxygen tension when compared to clones
grown under standard culture conditions [8]. Similarly, culture
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under a low oxygen tension (5% O2) suppressed the proliferation of
mouse embryonic stem cells [9]. However, it is poorly understood
as to how reduced oxygen tension adversely affects cell prolifera-
tion in culture.

The aim of this study was to investigate the effects of low
oxygen culture conditions on cell proliferation of two rat cell lines
and examinemolecular events thatmay underlie such effects. Here
we show that the proliferative capacity of two rat cell lines, NRK (a
kidney cell line) and INS-1 (an insulin-secreting cell line), was
suppressed under 3% O2 conditions. This was accompanied by a
stress responsewhich is similar to that induced by oxidative stress.
We also show differential effects of ambient oxygen tensions on
DNA damage, cell-cycle regulatory proteins and some key
antioxidant enzymes in these two cell lines.
Fig. 1 – Proliferation of NRK and INS-1 cells cultured under
3% and 20% oxygen tensions. Cells were seeded 1×104 cells/
60 mm dish and the cell number was then counted at the
indicated times. Means of three experiments are shown.
Closed square, 20% O2; open square, 3% O2 (±SEM indicated by
error bars).
Materials and methods

Cell culture

NRK cells were obtained from the America Type Culture Collection
(CRL-6509, ATCC). The NRK cells were grown in Dulbecco'smodified
Eaglemedium (DMEM; D6546, Sigma) supplementedwith 10% fetal
bovine serum (F7524, Sigma), 2 mM L-glutamine (G7513, Sigma)
and 1% penicillin–streptomycin (P0781, Sigma). The INS-1 cells
were grown in RPMI medium (R5886, Sigma) containing 10% fetal
bovine serum, 2 mM L-glutamine, 1 mM sodium pyruvate, 10 mM
HEPES, 50 μM 2-mercaptoethanol, and 1% penicillin–streptomycin.
The NRK and INS-1 cells were seeded at 1×104 cells per 60mmdish
andmaintained in a humidified CO2 incubator (37 °C, 5% CO2) under
oxygen tension of 3% and 20% respectively. 3% O2 conditions were
achieved by using nitrogen gas to suppress the ambient oxygen in a
multi-gas cell culture incubator (Sanyo Biomedical). The cells were
cultured under these two oxygen conditions for 5 weeks and the
cell number was determined from direct cell counts obtained using
a hemocytometer. A sufficient number of dishes were prepared at
the beginning of the experiments so that weekly cell counting did
not involve repeated passage and splitting for the duration of
5 weeks. Thus the only variable for comparison of cell growth was
the difference in oxygen tensions.

H2O2 treatment

IMR-90 cells at population doubling (PD) 24.5 were obtained from
the America Type Culture Collection (ATCC). The cells were grown
in ATCCmodified Eagle's minimal essential medium supplemented
with 10% fetal bovine serum (FBS, ATCC), 100 U/ml penicillin and
0.1 mg/ml streptomycin (penicillin–streptomycin solution from
Invitrogen). Cells for H2O2 treatment were prepared from the
exponential phase around PD 30. H2O2 treatment was carried out
24 h after seeding by incubating 2×106 cells in 100-mm dishes in
13 ml of the culture medium containing 600 μM H2O2 for 2 h. The
cells were then re-fed with medium containing no H2O2 and
incubated until harvesting.

NRK cells (5×105 cells/60 mm dish) were treated with H2O2 for
2 h and then cultured in H2O2-free medium for additional 5 h
before harvesting. INS-1 cells tended to detach from the dish
surface upon H2O2 treatment. Therefore INS-1 cells were treated
with lower concentrations of H2O2 (60 and 120 μM) and incubated
without changing the H2O2-containing medium until harvesting.
All the above H2O2 treatment experiments were carried out under
culture conditions of 20% oxygen tension.

Western blotting

Whole cell lysates were prepared by scraping and then homo-
genizing cells in Laemmli buffer [0.12 M Tris, pH 6.8, 4% (w/v)
SDS, 20% (v/v) glycerol with protease inhibitors (cocktail from
Sigma)]. Protein concentration was determined by the bicincho-
ninic acid (BCA) method (Sigma) with BSA as a standard. Protein
(15 μg) was separated by SDS-PAGE and electrophoretically
transferred to nitrocellulose membranes. Blots were probed
with the following antibodies: anti-γH2AX (JBW301, Upstate),
anti-p53 (MAB1746, R&D Systems), anti-p27 (ab7961, Abcam),
anti-heme oxygenase-1 (ab13243, Abcam), anti-Sirt1 (07-131,
Upstate), anti-MnSOD (06-984, Upstate), anti-CuZnSOD (AF3787,
R&D Systems), anti-catalase (ab16731, Abcam) and anti-PDGF
receptor α (sc-338, Santa Cruz). The bound primary antibodies
were detected by horseradish peroxidase-conjugated secondary
antibodies (Amersham Biosciences), followed by enhanced che-
miluminescence (Amersham Biosciences). The densities of the
bands were quantified using an Alpha Imager (Alpha Innotech
Corporation, San Leandro, CA).

Immunofluorescence analysis

Cells on coverslips were fixed in 4% paraformaldehyde in PBS for
10 min followed by one wash with TBS [50 mM Tris–HCl (pH7.4),



Fig. 2 – Effects of oxygen tension on γH2AX, cell-cycle
regulatory proteins and Sirt1 levels. After culturing under 3%
and 20% oxygen tensions for 5 weeks NRK and INS-1 cells were
harvested and two replicates for each condition were analysed
by Western blotting using primary antibodies as indicated.
Equal loading was confirmed by Coomassie blue staining.

Fig. 3 – Detection of DNA double strand breaks in NRK cells. After cu
were fixed and stained with antibodies against γH2AX. Nuclei were
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150 mM NaCl], permeabilization in 0.2% Triton X-100 in PBS for
5 min, three washes with TBS and quenching in fresh 0.1% sodium
borohydride in TBS. Coverslips were blocked with blocking buffer
(10% horse serum,1% BSA, 0.02% NaN3,1×PBS) for 1 h, washedwith
TBS and incubated with anti-γH2AX (07-164, Upstate) in 1% BSA in
TBS overnight at 4 °C. After washing, the cells were incubated with
1:400 dilution of Alexa Fluor®555 (A21428, Molecular Probes) in
the presence of DAPI for 45 min at room temperature in the dark,
washed with TBS, air dried in the dark, mounted on glass slides
using the ProLongTM Antifade Kit (Molecular Probes) and
inspected with a Zeiss LSM510 Meta confocal laser scanning
microscope.
Results

Effects of oxygen tension on cell proliferation

Comparison of cell proliferation under 3% and 20% oxygen tensions
revealed that the proliferative capacity of NRK and INS-1 was
suppressed by 3% oxygen tension (Fig. 1). The suppression of cell
proliferation was not apparent in the first week of culture but
became increasingly significant in the subsequent 4 weeks (Fig. 1).
lturing under 3% and 20% oxygen tensions for 5 weeks NRK cells
revealed by DAPI staining.



Fig. 4 – Induction of heme oxygenase-1 (HO-1) by H2O2

treatment and by 3% oxygen tension. (A) Human fibroblast
IMR-90 cells were treated with 600 μM of H2O2 for 2 h and then
cultured in H2O2-free medium and harvested at the indicated
time points for Western blotting. Culture conditions for this
experiment were 20% oxygen tension. (B) NRK and INS-1 cells
were cultured under 3% and 20% oxygen tensions for 5 weeks
and then harvested for Western blotting. Two replicates for
each condition were analysed. (C) NRK cells were treated with
the indicated concentrations of H2O2 for 2 h and then cultured
in H2O2-free medium for a further 5 h until harvested for
Western blotting. INS-1 cells were treated with the indicated
concentrations of H2O2 for 7 h before harvested for Western
blotting. Culture conditions for this experiment were 20%
oxygen tension. Equal loading was confirmed using an
anti-actin antibody and Coomassie blue staining respectively.

Fig. 5 – Effects of oxygen tension on expression levels of
antioxidant enzymes. After culturing under 3% and 20% oxygen
tensions for 5weekNRK and INS-1 cells were harvested and two
replicates for each conditionwere analysed byWestern blotting
using primary antibodies as indicated. Equal loading was
confirmed by Coomassie blue staining.
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Effects of oxygen tension on DNA double strand breaks

Western blot analysis revealed that γH2AX was markedly
induced (19-fold increase) in NRK cells when cultured under 3%
oxygen tension, but this induction was absent in INS-1 cells (Fig.
2). γH2AX is a phosphorylated histone protein H2AX, which is a
biomarker of DNA double strand breaks [10]. Consistent with the
observation by Western blotting, DNA damage foci were readily
detected in the nuclei of NRK cells when cultured under 3%
oxygen tension but absent in INS-1 cells (Fig. 3, data not shown
for INS-1 cells). The appearance of some fainter foci in the NRK
cells at 20% oxygen is likely due to the potential DNA replication-
associated lesions that may occur in S-phase during the cell
cycle [11].

Effects of oxygen tension on Sirt1 expression

Sirt1 is a deacetylase that regulates various physiological responses
including cell fate, stress and ageing [12]. The above finding that 3%
oxygen tension induced DNA double strand breaks, together with
recent observations that Sirt1 is involved in DNA damage response
and DNA repair [13,14] prompted us to determine the expression of
Sirt1 in these two cell lines. As shown in Fig. 2, the expression of
Sirt1 was elevated by 3% oxygen tension in both NRK (1.8-fold
increase) and INS-1 cells (1.4-fold increase).

Effects of 3% oxygen tension on the protein levels of p53 and
p27

As γH2AX and DNA damage foci were not detectable in INS-1 cells
despite their proliferation being suppressed in 3% oxygen (Figs. 1
and 2), we then investigated levels of cell-cycle regulatory
proteins p53 and p27. As shown in Fig. 2 levels of p53 and p27
were elevated in INS-1 cells by 3% oxygen tension (1.6- and 1.7-
fold increase respectively). However, these two proteins were
barely detectable in NRK cells (Fig. 2). We failed to detect p21 in
these two cell lines under the two different oxygen tensions (data
not shown).

Effects of oxygen tension on expression of heme oxygenase-1
and induction of the enzyme by oxidative stress

We previously demonstrated that oxidative stress by hydrogen
peroxide induced DNA double strand breaks which resulted in
premature senescence in human fibroblasts [15,16]. As shown in
Fig. 4A oxidative stress rapidly induced heme oxygenase-1
expression in human fibroblast IMR-90 cells. Interestingly heme
oxygenase-1 was markedly induced by 3% oxygen tension in both
NRK (6.4-fold increase) and INS-1 cells (13.2-fold increase) (Fig.
4B). Similar to the observation in IMR-90 cells heme oxygenase-1
in NRK and INS-1 cells were also readily induced by H2O2

treatment (Fig. 4C).

Effects of 3% oxygen tension on antioxidant enzymes

The above observation that heme oxygenase-1 was induced in 3%
oxygen prompted us to assess the effects of the two different
oxygen tensions on expression of antioxidant enzymes. Western
blot analysis revealed that levels of MnSOD, CuZnSOD and catalase
in NRK cells were not affected by the two different oxygen tensions
(Fig. 5). However, the expression of catalase and MnSOD in INS-1
cells were noticeably up-regulated by 3% oxygen tension: whilst
undetectable under 20% oxygen conditions, catalase became
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clearly detectable under 3% oxygen and MnSOD showed a 1.4-fold
increase (Fig. 5).
Discussion

In this study we investigated the effects of two ambient oxygen
tensions on cell proliferation of a rat kidney epithelial cell line, NRK
and a rat insulinoma cell line, INS-1. Contrary to our expectations
3% oxygen tension suppressed the proliferative capacity of these
two cell lines as compared to the standard 20% oxygen culture
conditions. This is surprising considering the fact that 3% oxygen
tension more accurately reflects physiological oxygen levels
whereas atmospheric oxygen tension of 20% is regarded as
hyperoxic and can cause oxidative stress to cells [17]. Nevertheless,
similar suppressive effects of low oxygen tensions on cell
proliferation have been observed in human T cell clones [8] and
mouse embryonic stem cells [9]. Interestingly molecular mechan-
isms that underlie the suppression of the proliferative capacity in
NRK and INS-1 cell lines are different. The suppression of
proliferation of NRK cells is accompanied by induction of DNA
double strand breaks whereas in INS-1 cells the suppression was
related to the elevation of inhibitory cell-cycle regulatory proteins
p53 and p27.

Although the molecular pathways linking low oxygen tension
and induction of DNA double strand breaks in NRK cells and
elevation of p53 and p27 in INS-1 cells remain to be established,
the induction of heme oxygenase-1 (HO-1) in both cell lines
suggested that a stress response pathway is activated. HO-1 is an
enzyme that catalyzes the degradation of heme by opening its
tetrapyrrole ring structure to yield biliverdin, free iron and carbon
monoxide [18]. Biliverdin is rapidly reduced by biliverdin reduc-
tase to bilirubin, which has antioxidant effects [18]. HO-1 can be
induced by various stressors including oxidative stress and the
induction of HO-1 is suggested to have some beneficial effects on
protection of cells against oxidative stress as an adaptive cellular
defense mechanism [19-23]. The induction of HO-1 by hydrogen
peroxide together with the observation that HO-1 was induced in
both rat cell lines under 3% oxygen suggest that 3% oxygen tension
may cause a stress response that is similar to an oxidative stress
response in these two rat cell lines. In agreement with this
suggestion we observed elevated expression of Sirt1 in these two
cell lines cultured in 3% oxygen. As Sirt1 is involved in promoting
DNA repair and cell survival [13,24], it is likely that Sirt1 is up-
regulated to mitigate the adverse effects imposed by 3% oxygen
tension. However, it is worth noting that HO-1 has an antiproli-
ferative effect which is likely to be mediated by the production of
carbon monoxide [23]. The antiproliferative effect of HO-1 was
reported in vascular smooth muscle cells and was suggested to be
through the activation of cGMP and p38 MAP kinase [25] and by
autocrine regulation of specific components of the cell-cycle
machinery to limit vascular smooth muscle cell proliferation [26].

Changing ambient oxygen tension has frequently been used as
a method of applying a controlled level of oxidative stress to cells
[27,28]. However, the results obtained in this study demonstrated
that 3% oxygen tension exerted deleterious effects on cell
proliferative capacity suggesting that low oxygen tension, despite
being closer to physiological levels, is not always beneficial to cell
growth in culture. It has been reported that low oxygen tension can
cause a down-regulatory effect on receptor binding and expression
in certain cell lines [29]. We previously observed that PDGF
receptor α decreased markedly in human fibroblasts during
cellular senescence and suggested that this decrease might
account for, at least in part, the loss of proliferative capacity in
the senescent cells [30]. When we measured the expression of
PDGF receptor α in these two rat cell lines in this study we found
that its expression was not affected by the two different oxygen
tensions used (data not shown). However, it remains to be
investigated whether binding of PDGF to its receptor, or indeed
binding of other growth factors to their receptors, or the
expression of other growth factor receptors in these two cell
lines are affected by different ambient oxygen tensions.

Superoxide dismutase (MnSOD and CuZnSOD) and catalase are
enzymes that catalyze the breakdown of superoxide into hydro-
gen peroxide and further into water and oxygen and thus are the
major antioxidant defense system for protection of oxidative
damage in the cells. The lack of effects of the two different oxygen
tensions on three major antioxidant enzymes (MnSOD, CuZnSOD
and catalase) in NRK cells may suggest that alteration in meta-
bolism of reactive oxygen species (ROS) is not responsible for the
reduced cell proliferative capacity in this cell line. However, 3%
oxygen tension caused up-regulation of MnSOD and catalase in
the INS-1 cell line. As INS-1 is a cell line derived from rat
insulinoma, this is in line with an earlier report that antioxidant
enzyme activities respond differently to ambient oxygen tension
in tumor and normal cells with MnSOD being more readily
inducible in transformed cells [31].

The observations made in this study suggest that the cellular
response to oxygen tension is not as straightforward as often
assumed. 3% oxygen may indeed be closer to physiological oxygen
levels for most cells in vivo, except some cell types such as lung
fibroblasts and corneal epithelia which normally reside in tissues
with physiological oxygen pressures much closer to atmospheric
20%. Such a physiologically appropriate oxygen tension does not
always result in a growth superior to that attainable under any
other conditions in which the cells could be grown.

In summary, this study demonstrated that low oxygen tension
suppressed the cell proliferative capacity in NRK and INS-1 cell
lines. This is accompanied by induction of DNA double strand
breaks in NRK cells and up-regulation of p53 and p27 in INS-1 cells.
Thus, although low oxygen tension induced a common stress
response pathway (up-regulation of heme oxygenase-1) that is
similar to an oxidative stress response in both cell lines, the
molecular events that lead to the reduced cell proliferation in these
two cell lines are cell line specific.
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