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To investigate the influence of chronic hypoxia and anoxia on cell survival after low- and high-LET radi-
ation, CHO-K1 cells were kept for 24 h under chronic hypoxia (94.5% N2; 5% CO2; 0.5% O2) or chronic
anoxia (95% N2; 5% CO2). Irradiation was performed using 250 kVp X-rays or carbon ions with a dose
average LET of 100 keV/μm either directly under the chronic oxygenation states, or at different time points
after reoxygenation. Moreover, the cell cycle distribution for cells irradiated under different chronic oxic
states was measured over 24 h during reoxygenation. The measurements showed a fairly uniform cell cycle
distribution under chronic hypoxia, similar to normoxic conditions. Chronic anoxia induced a block in G1
and a strong reduction of S-phase cells. A distribution similar to normoxic conditions was reached after 12
h of reoxygenation. CHO cells had a similar survival under both acute and chronic hypoxia. In contrast,
survival after irradiation under chronic anoxia was slightly reduced compared to that under acute anoxia.
We conclude that, in hamster cells, chronic anoxia is less effective than acute anoxia in inducing radioresis-
tance for both X-rays and carbon ions, whereas in hypoxia, acute and chronic exposures have a similar
impact on cell killing.
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INTRODUCTION

Hypoxia is known as a major reason for the resistance of
tumor cells to radiation, and also to some O2-dependent
cytotoxic agents, by directly depriving cells of oxygen.
Hypoxia also ultimately leads to an enhanced locoregional
spreading of malignant cells and enhances the risk of meta-
static formations. For more than 50 years it has been
known that the response of cells to ionizing radiation is
strongly dependent upon oxygen concentration [1, 2].
Acute hypoxia is caused by a temporary occlusion of a

tumor blood vessel. Regions of such transient hypoxia in
the tumor can vary within a short time. Chronic hypoxia is
induced by insufficient oxygen supply due to the increasing

distance of cells in a growing tumor from the blood
vessels, slowing reoxygenation. The oxygen gradient in
such a tumor will normally range from oxic to complete
anoxia, i.e. to a necrotic level, in around 150 µm [3]. The
range of hypoxia in which cells can still proliferate, thus in-
creasing the tumor radioresistance, depends on the hist-
ology of the tissue [4].
Acute hypoxia has no direct influence on the metabolic

status of the cells, whereas chronic hypoxia induces signifi-
cant changes [5]. These changes may also influence the
radiosensitivity. Some researchers have found that chronic
hypoxia reduces radioresistance compared to acute hypoxia
[6, 7]; others contend that chronic and acute hypoxia simi-
larly modulate radiosensitivity [8]. Besides the increased
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radioresistance, a direct result of oxygen deprivation,
hypoxia has also been shown to affect cell cycle kinetics
[9, 10].
During recent decades, several basic strategies have been

considered for overcoming tumor hypoxia, and these have
had promising results in some tumors in clinical trials, yet
hypoxia-specific strategies are often disappointing because
of the imbalance between efficiency and safety in unse-
lected patient cohorts [11, 12]. Having an extremely precise
distribution of physical doses and enhanced relative bio-
logical effectiveness (RBE), heavy ion beams are highly at-
tractive for treating resistant or otherwise non-operable
malignant tumors [13–15]. In particular, several studies
suggest that the effectiveness of high linear energy transfer
(LET) radiation on tumor-cell killing is less dependent on
oxygen concentration than low-LET [15–18].
We studied the effect of chronic hypoxia on radiosensi-

tivity and on cell cycle distribution to explore the role of
LET on this influence.

MATERIALS AND METHODS

Hypoxic conditions and irradiation
For these experiments, a specially designed hypoxia expos-
ure chamber was used, which can simulate different oxy-
genation situations with cell cultures and which allows for
irradiation under hypoxic or anoxic conditions with X-rays
as well as with ion beams. The construction and exact func-
tion of the chamber is described elsewhere (W. Tinganelli
et al., submitted for publication). Briefly, cells were grown
on a gas-permeable foil in special designed rings. The rings
were closed, transferred into the hypoxic chamber and
gassed for 2 h with 95% nitrogen and 5% CO2 to reach
anoxic conditions, or with 94.5% nitrogen, 0.5% oxygen
and 5% CO2 to reach hypoxic conditions. To induce
chronic hypoxia or anoxia afterwards, cells were kept for
24 h under hypoxic or anoxic conditions inside the cham-
bers in the incubator. For measurements of the influence of
reoxygenation, the rings were exposed to air again for the
specified time.
Low-LET irradiation was carried out with an X-ray 250

kVp tube at 16 mA. Carbon irradiation was performed at
the GSI synchrotron (SIS18) using a 1-cm spread-out
Bragg-peak (SOBP) at a dose-averaged linear energy trans-
fer LETD = 100 keV/µm. Survival measurements of X-ray
irradiation were usually performed 3–5 times, while those
of carbon ions were only performed twice.

Cell culture and sample processing
We irradiated CHO-K1 (Chinese hamster ovary) cells, ori-
ginally obtained from ATCC (No. CCL 61). Cells were cul-
tivated in Ham’s F12 medium supplemented with 10%
fetal calf serum (FCS), and 1% Penicillin/Streptomycin (all
Biochrom AG, Berlin, Germany) and maintained in a

humidified atmosphere of 5% CO2 at 37°C. The cells were
routinely checked for mycoplasma contamination and sub-
cultured twice a week with 5 × 104 cells in 25-cm2 culture
flasks with 5 ml culture medium.
For these experiments, 5 × 104 cells were plated into spe-

cially designed rings and incubated for 24 h prior to
gassing. After irradiation, cells were plated for a colony-
forming assay according to standard procedures.
Cell data were fitted using the least-squares method by

the linear-quadratic equation for X-ray irradiation and by a
linear equation for carbon ion irradiation. Oxygen enhance-
ment ratio (OER) and RBE values were calculated accord-
ing to the usual formulas:

OERS ¼ dosehypoxic=doseoxic; and

RBES ¼ dosex�ray=doseions;

where S represents the survival level.

Realtime imaging of hypoxic cells
To observe directly the effect of the aerobic state on prolif-
eration, a special chamber had to be designed that allowed
us to keep the cells under controlled oxygen conditions
while under the microscope. This chamber was adapted to
an inverse phase-contrast microscope (Leica DM IRBE) to
improve the image quality. For these experiments, 1000
CHO-K1 cells were seeded into ø 35 mm Petri dishes and
kept in a humidified atmosphere at 37° with 5% CO2. After
24 h the samples were transferred to the chamber and kept
either under aerobic or hypoxic conditions. The chamber
was placed on a remote-controlled microscope stage and
the relevant positions in the cultivation vessels were first
manually selected and stored. Then, during 24 h the micro-
scope automatically took pictures from these positions. The
number of cells was counted for each time point, and the
local doubling time calculated using at least 10 areas per
dish on three independent dishes. Results from different
areas were statistically compatible with a Gaussian distribu-
tion, and data were therefore pooled to calculate the mean
and standard error.

Fluorescent Activated Cell Sorting
A standardized flow cytometry protocol was used to
measure the cell cycle fractions of CHO-K1 cells. Around
1–5 × 105 cells were washed with PBS, fixed with ice cold
70% (v/v) ethanol and stored at –20°C for a maximum of
4 weeks. Before measuring, the ethanol inside the samples
was removed, and the cells were stained for a minimum of
30 min with 1 µg/ml 4′,6-diamidino-2-phenylindole (DAPI)
solution at room temperature while protected from light.
The samples were measured with a PASIII flow cytometer
(Partec, Münster, Germany) and analyzed with the Flowjo
Program (Tree Star Inc., Ashland, USA).
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RESULTS

Effects on clonogenic survival
Cell proliferation
To investigate the influence of the oxygenation state on cell
proliferation, cells were kept for various durations under
hypoxic or anoxic conditions. Afterwards, they were plated
for a colony-forming assay. Growth under hypoxia did not
differ significantly from aerobic conditions, resulting in an
average plating efficiency (PE) of 0.80 ± 0.09 after 2–30 h
of chronic hypoxia, compared to 0.79 ± 0.06 under oxic
conditions. Real-time imaging measurements also showed
no essential influence of hypoxia on the proliferation be-
havior of CHO-K1 cells. Data are shown in Table 1.
In contrast, cell proliferation was nearly stopped under

anoxia. With real-time imaging, the doubling time for the
totally anoxic cells exceeded the measurement time and
could not be determined. After 2–30 h of anoxia, the
plating efficiency showed a constant decrease to around
50% of the initial PE, indicating that only a certain sub-
group of the cells recovered.

OER after X-ray irradiation
In Fig. 1, the clonogenic survival of CHO-K1 cells after
X-ray irradiation for the chronic states of oxygenation is
shown and compared to data under acute oxygenation

conditions from (W. Tinganelli et al., submitted for publi-
cation). All the experiments described here and in
(W. Tinganelli et al., submitted for publication) were per-
formed simultaneously. Cell survival under chronic anoxia
is significantly reduced compared to acute anoxia, but there
is no statistically relevant difference between the survival
curves under acute and chronic hypoxia. In Table 2, the
alpha and beta values of a linear–quadratic fit are shown
for these curves.
In consequence of their decreased survival, the resulting

OER values under chronic anoxia are decreased compared
to acute anoxia. In both cases, the OER after X-ray irradi-
ation depends on survival level, but this effect seem to be
less expressed under chronic anoxia. For chronic and acute
hypoxia the OER values are similar. In Table 3 the OER
values are shown for a survival level of 50, 10 and 1%.

OER and RBE after carbon irradiation
In addition to the X-ray experiments, we measured survival
after C-ion irradiation under chronic oxygenation states. For
irradiation with carbon ions, a 1-cm extended Bragg peak
with a dose-averaged LETD = 100 keV/μm was used.
Survival curves after irradiation under chronic anoxia and
hypoxia are shown in Fig. 2 and compared to data from
acute anoxia and hypoxia from (W. Tinganelli et al., sub-
mitted for publication), where experiments were performed
simultaneously. Survival curves at this LET value can be
regarded as exponential and fitted with a linear polynomial.
Survival after carbon ion irradiation under chronic anoxia
compared to acute anoxia is reduced in the same range as
after X-ray irradiation. Survival under chronic and acute
hypoxia is also similar after carbon irradiation. The result-
ing RBE and OER values are shown in Table 3. As the
curves after carbon irradiation are exponential for oxic,

Table 1. Doubling times of CHO-K1 cells under oxia or
hypoxia

oxic state local doubling time (h)

oxic 11.5 ± 1.0

hypoxic 12.6 ± 3.4

Fig. 1. Survival of CHO-K1 cells after X-ray irradiation under different states of oxygenation. Data for acute states are from
(W. Tinganelli et al., submitted for publication) (simultaneous experiments).
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hypoxic and anoxic survival, the OER does not depend on
survival level.

Effects of reoxygenation
To investigate the effect of reoxygenation on survival the
cells were kept for 24 h under chronic anoxia or hypoxia,
then the chambers were opened and the cells were kept for
various durations in the incubator under normoxic condi-
tions. Measurement of the oxygen concentration with an
Oxygen Microsensor (NTH) showed that an oxygen con-
centration >3% was reached within 8–10 min after chronic
anoxia and 7–9 minutes after chronic hypoxia, respectively.
Full normoxic concentration of around 21% was reached
after 60 min of reoxygenation.
Exposure to X-rays of formerly chronic anoxic cells was

performed after 0 h (medium change for fast reoxygena-
tion), 1 and 15 h of reoxygenation. Additionally, irradiation
with carbon ions was performed after 1 h of reoxygenation.
Formerly chronic hypoxic cells were X-ray irradiated after
1 and 24 h of reoxygenation. Furthermore, cells that had
been incubated for 72 h under chronic hypoxia were irra-
diated after 1 h of reoxygenation. The results are shown in

Fig. 3 and compared to measurements under normoxic con-
ditions from (W. Tinganelli et al., submitted for
publication).
After chronic anoxia the survival after 0 and 1 h reoxy-

genation is reduced compared to normoxia. After 15 h of
reoxygenation the enhanced sensibility has disappeared.
The slightly higher survival, compared to cells irradiated
under normoxia, may be due to the fact that only a sub-
group survived 24 h of anoxia. Cells irradiated with carbon
ions after 1 h of reoxygenation showed a similar increase in
radiosensitivity. Chronic hypoxia does not affect the re-oxic
sensibility of CHO-K1 cells even after longer treatment
periods, as can be seen after the hypoxic treatment of 72 h.

Effects on cell cycle distribution
The cell cycle distribution was measured after 2–30 h of
chronic anoxia and hypoxia to investigate the correlation
between anoxia-induced changes in cell cycle and OER.
Hypoxia did not significantly change the cell cycle distribu-
tion compared to cells grown under oxic conditions.
During the first 6 h the cell cycle distribution did not

differ significantly from that under normoxic conditions.
Afterwards, chronic anoxia led to an accumulation of cells
in the G1 phase and a marked decrease in cells in S-phase.
After 20 h a stable state was reached. Therefore, 0 and 24 h
after gassing, were chosen as acute and chronic states. In
Fig. 4 the cell cycle distribution after 24 h of chronic
anoxia and hypoxia compared to normoxia is shown.
In addition, the cell cycle distribution for cells reoxyge-

nated after chronic anoxia and hypoxia was measured over
a 24-h period and compared to normoxic cells. The results
show a block in G1, a smaller block in G2 and a strong
reduction of S-phase cells directly after chronic anoxia.
The distribution changes rapidly in the first 12 h and is
comparable to aerobic cells after 15–20 h. In contrast, for

Table 3. OER and RBE values of CHO-K1 cells after X-ray and carbon ion irradiation under different states of oxygenation

oxic state RBE50 RBE10 RBE1 OER50 OER10 OER1

X-ray-acute oxic – – – – – –

hypoxic – – – 1.31 ± 0.04 1.4 ± 0.04 1.45 ± 0.04

anoxic – – – 2.12 ± 0.07 2.31 ± 0.08 2.41 ± 0.08

X-ray-chronic hypoxic – – – 1.36 ± 0.24 1.46 ± 0.10 1.51 ± 0.11

anoxic – – – 1.90 ± 0.39 1.97 ± 0.16 2.00 ± 0.18

C-100-acute oxic 3.59 ± 0.11 2.60 ± 0.07 2.04 ± 0.06 –

hypoxic 3.73 ± 0.27 2.88 ± 0.21 2.33 ± 0.17 1.27 ± 0.09

anoxic 3.84 ± 0.24 3.03 ± 0.19 2.45 ± 0.15 1.98 ± 0.12

C-100-chronic hypoxic 3.71 ± 0.53 2.92 ± 0.26 2.39 ± 0.20 1.31 ± 0.12

anoxic 4.06 ± 0.77 3.07 ± 0.35 2.46 ± 0.28 1.68 ± 0.18

Data for acute states are from (W. Tinganelli et al., submitted for publication).

Table 2. Alpha and beta values of CHO-K1 cells after
X-ray irradiation under different states of oxygenation

oxic state α[Gy−1] β[Gy−2]

acute oxic 0.164 ± 0.005 5 0.020 ± 0.001

hypoxic 0.140 ± 0.017 0.007 9 ± 0.001

anoxic 0.089 ± 0.01 0.002 7 ± 0.0005

chronic hypoxic 0.141 ± 0.014 0.007 0 ± 0.001

anoxic 0.095 ± 0.023 0.004 5 ± 0.001

Data for acute states are from (W. Tinganelli et al., submitted
for publication).
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Fig. 2. Survival of CHO-K1 cells after carbon ion irradiation under different states of oxygenation. Data for acute states are from
(W. Tinganelli et al., submitted for publication) (simultaneous experiments).

Fig. 3. Survival of CHO-K1 cells after irradiation under normoxia and at different times of reoxygenation from chronic anoxia
or hypoxia. Data for acute states are from (W. Tinganelli et al., submitted for publication).

Fig. 4. Cell cycle distribution in CHO-K1 cells under acute and chronic anoxic and hypoxic conditions.
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cells reoxygenated after chronic hypoxia a fairly uniform
distribution was measured, which was similar to control
cells (Fig. 5a, 5b).
To determine the influence of irradiation on the cell

cycle, X-ray irradiation was performed with 2 and 6 Gy

under oxic conditions, and 2, 6 and 11.6 Gy under chronic
anoxia. This reduced the cell survival to 64 and 18%, and
80, 50 and 18%, respectively. The induced cell cycle distri-
bution was measured over 24 h (Fig. 6). After X-ray irradi-
ation under aerobic conditions, a dose-dependent reduction

Fig. 5. Cell cycle distribution in CHO-K1 cells (A) during reoxygenation after chronic anoxia and hypoxia (closed symbols) compared
to normoxic conditions (open symbols). (B) under reoxygenation after chronic anoxia and hypoxia. Time-points correspond to the
survival curves in Fig. 3.
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of cells in G1 and S phase, and a dose-dependent accumu-
lation of cells in G2/M phase resulting in a G2-block of
several hours were found. The distribution of irradiated
cells treated with 2 and 6 Gy after chronic anoxia changed
rapidly in the first 12 h in a way similar to the unirradiated
cells without a detectable dose-dependence, and was com-
parable to normoxic cells after 15–20 h. Irradiation with
11.6 Gy induced a small G2-block after 12–20 h.

DISCUSSION

We found that radiosensitivity depends on the time of
oxygen deprivation: a small, but significant difference in
sensitivity was found for chronic—compared to acute—
anoxia. Cells irradiated under chronic anoxia are more
sensitive compared to acute anoxia, indicating that the
deprivation of oxygen is triggering two opposite effects: a
‘chemical effect’, which reduces the diffusion of the free
radicals not fixed by the oxygen [19], and then leads to a
higher survival; and a ‘biological effect’, producing
changes in the cell metabolism [20], reducing the entity of
the chemical effect. The latter can be seen in the smaller
number of cells starting to proliferate again, which is
expressed by the very low plating efficiency. This effect

reduces the X-ray OER10 from 2.3 under acute to 2.0 under
chronic anoxia (Table 3). Chronic hypoxia, with 0.5%
oxygen, did not show an equivalent effect in CHO-K1
cells. Real-time imaging showed that 24 h under 0.5%
oxygen did not significantly affect cell proliferation. OER
values were around 1.4 under acute as well as under
chronic conditions. CHO-K1 cells seem to be more resist-
ant to hypoxia, and sensitive only to values < 0.5% oxygen,
and thus behaved more like tumor stem cells than like
normal cells. Additionally, previous chronic anoxic cells
which were irradiated in the first 2 h of reoxygenation
showed enhanced radiosensitivity compared to normoxia.
Irradiation with carbon ions with a LETD of 100 keV/µm

show similar results. Under anoxic conditions the OER is
reduced from 2 under acute anoxia to 1.7 under chronic
anoxia. The difference in OER between acute and chronic
oxygen depletion seems to be in the same order and inde-
pendent from the radiation quality. Again in the corresponding
hypoxic case of 0.5% oxygen tension, the oxygen enhance-
ment ratio decreases to OER = 1.3, and does not differ for
chronic or acute oxygen depletion. The sensitivity of reoxyge-
nated cells is enhanced similarly for both C-ions and X-rays.
Possible reasons for the decreased radioresistance under

chronic anoxia could be general metabolic changes and

Fig. 6. Cell cycle distribution after X-ray exposure under normoxia (open symbols) or chronic anoxia (closed symbols). In the last
column to the right, data are shown for cells exposed to 6 Gy (normoxic) or 11.6 Gy (chronic anoxia), corresponding to the same
survival level.
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changes in the cell cycle distribution, which strongly
depends on the oxygenation status. It is evident that a
sudden change in the oxygen tension—i.e. acute hypoxia
or anoxia—cannot change the distribution of the cells in
their cycle, which has a turnover time of many hours.
Therefore, in the situation of acute changes, the cell cycle
distribution stays close to the uniform distribution of nor-
moxic cycling cells. A uniform distribution of cell cycle
under hypoxia and reoxygenation after chronic hypoxia
resulted in similar survival for both acute hypoxia and
chronic hypoxia between 1 h and 24 h of reoxygenation.
In contrast, 24 h of anoxia induced an arrest in cell cycle

progression, a block in G1 and a strong reduction of
S-phase cells. An influence of the oxygen tension on the
cell cycle has been reported by several authors. Spiro et al.
[21] analyzed cell cycle distributions with bromodeoxyuri-
dine (BrdU)-labeled V79 cells, finding a nearly complete
arrest in G1 and S, but not in G2. Similar results were seen
with the G1 phase and early and mid S phase of synchro-
nized NHIK 3025 cervical carcinoma cells, which were
completely arrested under hypoxic conditions [22]. A
slightly different behavior has been described in xenografts
from six different human tumors in nude mice [23]. The
fraction of quiescent S-phase cells was correlated to the
oxygenation levels. Inactive S-phase cells have also been
reported in a study with p53 mutant human tumor cell lines
where chronic hypoxia has been shown to delay G1 and S
phase. The increased radiosensitivity over time under
chronic hypoxic was regarded as a result of a breakdown in
the cellular energy metabolism, which was attributed to the
occurrence of inactive S-phase cells [7].
Freyer et al. [24] found a lower OER for G1 phase (2.3–

2.4) compared to G2 phase (2.6–2.7) or cells in S phase
(2.8–2.9). These data from literature confirm our measured
imbalance in cell cycle distributions after chronic oxygen
depletion. The reduced OER for chronic anoxia in our
X-ray measurements could then be interpreted as the OER
for a cell population that consists mainly of G1 cells, which
are in general more sensitive than S cells.
At 0 and 1 h of reoxygenation after chronic anoxia the

cell cycle distribution was the same as under chronic
anoxia, and the high number of G1 cells was not reduced
in this first stage of reoxygenation. Cell survival was
decreased compared to constant normoxia, and the low
plating efficiency showed that only a subpopulation sur-
vived 24 h of chronic anoxia. The reduced cell survival
could be explained with the generally higher radiosensitiv-
ity of G1 cells to X-ray irradiation compared to S cells, and
thus it might be more appropriate to compare these reoxy-
genated populations to chronic anoxia to calculate the
OER. With this procedure, OER is 2.1 with only slight de-
pendence on survival level. This is still smaller than the
OER under acute anoxia and is more comparable to the
results reported in reference [24].

Cell cycle progression starts again after ca. 1 h of reoxy-
genation, and after 15 h the cell cycle distribution is similar
to oxic cells again. Cell survival measured 15 h after reoxy-
genation showed no decreased sensitivity compared to nor-
moxic cells. Similar results were found in human squamous
carcinoma cells irradiated after 10 min and 12 h of reoxy-
genation [25]. The slightly higher survival could then prob-
ably express a higher radioresistance of the surviving
subpopulation compared to the original CHO-K1 line, as
has also been found in glioma cells [26].
One rationale for introducing heavy ions into radiother-

apy is the declining OER by increasing LET [15–18]. It
has been previously shown that the yield of DNA double-
strand breaks depends on oxygen concentration, but is the
same after X-rays and C-ions [27], whereas rejoining
kinetics reflects the OER [28]. We found a reduction of the
OER after irradiation with carbon ions with a dose aver-
aged LETD of 100 keV/µm under acute anoxia
(W. Tinganelli et al., submitted for publication), but irradi-
ation with the same beam under chronic anoxia and after 1
h of reoxygenation produced a similar decrease in radiore-
sistance for X-ray irradiation. As the cell cycle dependence
of cell inactivation is definitely reduced with increasing
LET [15, 29], the difference in cell cycle distribution cannot
be the only explanation for this increased sensitivity. Other
reasons may be metabolic changes due to the reduced
oxygen pressure. A range of these changes are reported in
more recent literature, e.g. Kato et al. [30] found that the
radiosensitivity of chronic hypoxic cells was significantly
enhanced by reoxygenation; whereas in acute hypoxia the
mRNA expression of BRCA1 and BRCA2 was reduced in
cancer cells, reoxygenation increased the expression of
BRCA1 and BRCA2. The hypoxia-inducible factors
HIF-1α and HIF-2α, critical mediators of the hypoxia re-
sponse, act differently in acute and chronic hypoxic condi-
tions: HIF-1α is more active in acute and transient hypoxia,
whilst HIF-2α is activated after 24 h of chronic hypoxia in
most cell types [31]. The induced metabolic changes should
therefore influence radiosensitivity to both high- and
low-LET radiation in a similar way. In summary, these
experiments showed that chronic anoxia reduced radioresis-
tance compared to acute anoxia. For X-ray irradiation this
can be explained partially by the strong reduction of
S-phase cells or, more probably in compact tumors, by the
high proportion of quiescent S-phase cells. The difference
in OER was in the range of 10–20%. For adapted treatment
planning this may play a minor role as the differences due
to changes in the oxygen pressure in the different parts of
the tumor will certainly be higher [32].
Reoxygenation induced a sensitivity, which for a time

was also increased compared to normoxic cells. In radio-
therapy, fractionated irradiation is normally one source of
reoxygenation. As in an irradiated hypoxic tumor region
the time of reoxygenation is greatly prolonged compared to
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cell culture, there could be a window for enhanced radio-
sensitivity during one of the next fractions.
The enhanced sensitivity after reoxygenation was also

seen for carbon irradiation. Therefore the benefit from frac-
tionated irradiation could also be expected for particle
irradiation.
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6. Denekamp J, Daşu A. Inducible repair and the two forms of
tumour hypoxia—time for a paradigm shift. Acta Oncol
1999;38:903–18.

7. Zölzer F, Streffer C. Increased radiosensitivity with chronic
hypoxia in four human tumor cell lines. Int J Radiat Oncol
Biol Phys 2002;54:910–20.

8. Vordermark D, Menke DR, Brown JM. Similar radiation sen-
sitivities of acutely and chronically hypoxic cells in HT 1080
fibrosarcoma xenografts. Radiat Res 2003;159:94–101.

9. Krempler A, Deckbar D, Jeggo PA et al. An imperfect G2M
checkpoint contributes to chromosome instability following
irradiation of S and G2 phase cells. Cell Cycle
2007;6:1682–6.

10. Geldof AA, Plaizier MA, Duivenvoorden I et al. Cell cycle
perturbations and radiosensitization effects in a human pros-
tate cancer cell line. J Cancer Res Clin Oncol
2003;129:175–82.

11. Bache M, Kappler M, Said HM et al. Detection and specific
targeting of hypoxic regions within solid tumors: current

preclinical and clinical strategies. Curr Med Chem
2008;15:322–38.

12. Rischin D, Hicks RJ, Fisher R et al. Prognostic significance
of [18F]-misonidazole positron emission tomography-
detected tumor hypoxia in patients with advanced head and
neck cancer randomly assigned to chemoradiation with or
without tirapazamine: a substudy of Trans-Tasman Radiation
Oncology Group Study 98.02. J Clin Oncol
2006;24:2098–104.

13. Fokas E, Kraft G, An H et al. Ion beam radiobiology and
cancer: time to update ourselves. Biochim Biophys Acta
2009;1796:216–29.

14. Okada T, Kamada T, Tsuji H et al. Carbon ion radiotherapy:
clinical experiences at National Institute of Radiological
Science (NIRS). J Radiat Res 2010;51:355–64.

15. Durante M, Loeffler JS. Charged particles in radiation oncol-
ogy. Nat Rev Clin Oncol 2010;7:37–43.

16. Wambersie A, Hendry J, Gueulette J et al. Radiobiological
rationale and patient selection for high-LET radiation in
cancer therapy. Radiother Oncol 2004;73 Suppl 2:S1–14.

17. Antonovic L, Brahme A, Furusawa Y et al. Radiobiological
description of the LET dependence of the cell survival of
oxic and anoxic cells irradiated by carbon ions. J Radiat Res
2012;epub ahead of print.

18. Furusawa Y, Fukutsu K, Aoki M et al. Inactivation of aerobic
and hypoxic cells from three different cell lines by accelerated
(3)He-, (12)C- and (20)Ne-ion beams. Radiat Res
2000;154:485–96.

19. Prise KM, Gillies NE, Michael BD. Evidence for a hypoxic
fixation reaction leading to the induction of ssb and dsb in
irradiated DNA. Int J Radiat Biol 1998;74:53–9.

20. Born R, Hug O, Trott KR. The effect of prolonged hypoxia
on growth and viability of Chinese hamster cells. Int J Radiat
Oncol Biol Phys 1976;1:687–97.

21. Spiro IJ, Rice GC, Durand RE et al. Cell killing, radiosensiti-
zation and cell cycle redistribution induced by chronic
hypoxia. Int J Radiat Oncol Biol Phys 1984;10:1275–80.

22. Amellem O, Sandvik JA, Stokke T et al. The retinoblastoma
protein-associated cell cycle arrest in S-phase under moderate
hypoxia is disrupted in cells expressing HPV18 E7 oncopro-
tein. Br J Cancer 1998;77:862–72.

23. Zölzer F, Stuben G, Knühmann K et al. Quiescent S-phase
cells as indicators of extreme physiological conditions in
human tumor xenografts. Int J Radiat Oncol Biol Phys
1999;45:1019–24.

24. Freyer JP, Jarrett K, Carpenter S et al. Oxygen enhancement
ratio as a function of dose and cell cycle phase for radiation-
resistant and sensitive CHO cells. Radiat Res
1991;127:297–307.

25. Kwok TT, Sutherland RM. The relationship between radi-
ation response of human squamous carcinoma cells and spe-
cific metabolic changes induced by chronic hypoxia. Int J
Radiat Oncol Biol Phys 1989;16:1301–5.

26. Hsieh CH, Lee CH, Liang JA et al. Cycling hypoxia
increases U87 glioma cell radioresistance via ROS induced
higher and long-term HIF-1 signal transduction activity.
Oncol Rep 2010;24:1629–36.

27. Hirayama R, Uzawa A, Matsumoto Y et al. Induction of
DNA DSB and its rejoining in clamped and non-clamped

Influence of chronic hypoxia and radiation quality on cell survival i21



tumours after exposure to carbon ion beams in comparison to
X rays. Radiat Prot Dosimetry 2011;143:508–12.

28. Hirayama R, Furusawa Y, Fukawa T et al. Repair kinetics of
DNA-DSB induced by X-rays or carbon ions under oxic and
hypoxic conditions. J Radiat Res 2005;46:325–32.

29. Hamada N, Imaoka T, Masunaga S et al. Recent advances in
the biology of heavy-ion cancer therapy. J Radiat Res
2010;51:365–83.

30. Kato Y, Yashiro M, Fuyuhiro Y et al. Effects of acute
and chronic hypoxia on the radiosensitivity of gastric

and esophageal cancer cells. Anticancer Res 2011;31:
3369–75.

31. Koh MY, Lemos R, Jr, Liu X et al. The hypoxia-associated
factor switches cells from HIF-1alpha- to HIF-2alpha-
dependent signaling promoting stem cell characteristics, ag-
gressive tumor growth and invasion. Cancer Res 2011;71:
4015–27.

32. Wenzl T, Wilkens JJ. Modelling of the oxygen enhancement
ratio for ion beam radiation therapy. Phys Med Biol
2011;56:3251–68.

N.-Y. Ma et al.i22



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /JPXEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG2000
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /JPXEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG2000
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


