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Abstract

Gamma-irradiation (γ-IR) is extensively used in the treatment of
hormone-resistant prostate carcinoma. The objective of the present
study was to investigate the effects of 60Co γ-IR on the growth, cell
cycle arrest and cell death of the human prostate cancer cell line DU
145. The viability of DU 145 cells was measured by the Trypan blue
exclusion assay and the 3(4,5-dimethylthiazol-2-yl)-2,5,diphenyltet-
razolium bromide test. Bromodeoxyuridine incorporation was used
for the determination of cell proliferation. Cell cycle arrest and cell
death were analyzed by flow cytometry. Superoxide dismutase (SOD),
specifically CuZnSOD and MnSOD protein expression, after 10 Gy γ-
IR, was determined by Western immunoblotting analysis. γ-IR treat-
ment had a significant (P < 0.001) antiproliferative and cytotoxic
effect on DU 145 cells. Both effects were time and dose dependent.
Also, the dose of γ-IR which inhibited DNA synthesis and cell
proliferation by 50% was 9.7 Gy. Furthermore, γ-IR induced cell cycle
arrest in the G2/M phase and the percentage of cells in the G2/M phase
was increased from 15% (control) to 49% (IR cells), with a nonsignifi-
cant induction of apoptosis. Treatment with 10 Gy γ-IR for 24, 48, and
72 h stimulated CuZnSOD and MnSOD protein expression in a time-
dependent manner, approximately by 3- to 3.5-fold. These data sug-
gest that CuZnSOD and MnSOD enzymes may play an important role
in the γ-IR-induced changes in DU 145 cell growth, cell cycle arrest
and cell death.
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Introduction

Prostate cancer is the first in incidence
and the second leading cause of cancer-re-
lated mortality in the human male population

(1,2). Advanced disease is mostly treated by
radiation therapy, sometimes in combination
with hormone therapy or chemotherapy, but
hormone withdrawal often leads to the selec-
tion of hormone-independent clones (3). The
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most desirable aim of radiotherapy is to
efficiently eradicate tumor cells with mini-
mal deleterious effects to the surrounding
normal tissues and minimal consequent dam-
age to the whole organism. Accordingly,
induction of apoptotic cell death plays an
important role (4-6). Radiation biology stud-
ies in rat prostate adenocarcinoma have
shown that irradiation-induced apoptosis
occurred at a higher rate in well-differenti-
ated tumors compared to anaplastic ones (7).
Thus, increased radiosensitivity, judged by
apoptotic cell death as an end point, was
observed for well-differentiated tumors (7).
However, the results obtained for other sys-
tems demonstrated that gamma-irradiation (γ-
IR) is an inefficient inducer of apoptosis (8,9).

In addition to IR-induced cell killing,
other clinically important effects of IR are
related to cell proliferation and cell cycle
arrest, i.e., to the control of tumor growth.
Most normal cells exposed to IR characteris-
tically activate cell cycle checkpoints, re-
sulting in cell cycle arrest at the G1/S or G2/
M checkpoints (10). Cancer cells are typi-
cally highly sensitive to radiation killing late
in the G2 phase of the cell cycle (11). Also,
when IR treatment with a high dose is used,
the cell cycle checkpoints tend to be acti-
vated after exposure to IR, whereas for low
dose IR this activation occurs during the
radiation treatment. Thus, the effect of IR on
the cell cycle should be defined as a function
of time (11).

Radiation damage to cells invariably oc-
curs via an increase in the local concentra-
tion of reactive oxygen species (ROS). The
ROS increase also leads to induction of anti-
oxidant defense mechanisms in the cell (12,
13). The first factor of enzymatic defense in
the cell cytosol compartment is CuZn-super-
oxide dismutase (CuZnSOD), whereas its
mitochondrial counterpart is MnSOD (13).
On the basis of these findings, it appeared
inviting to investigate the relationship be-
tween antioxidant enzymes and various γ-
IR-induced end points in cancer cells. Few

data are available about carcinoma of the
prostate, especially regarding the enzymatic
antioxidant system. Only one or a few en-
zymes have been measured in normal and
cancer prostatic tissue of men and rats, or in
permanent cell lines (14-18). Therefore, in
the present study we determined CuZnSOD
and MnSOD protein expression in DU 145
cells exposed to γ-IR in order to investigate
whether these enzymes participate in γ-IR-
induced changes in DU 145 cell growth, cell
proliferation, cell cycle, and cell death.

Material and Methods

Cell culture

The human prostate cancer cell line DU
145 was purchased from the American Type
Culture Collection (Rockville, MD, USA).
The cells were grown as monolayers in
Eagle’s medium supplemented with 10%
heat-inactivated fetal calf serum, 100 IU/mL
penicillin/streptomycin and 2 mM L-gluta-
mine (Sigma Aldrich Chemie, Taufkirchen,
Germany) at 37ºC under a 5% CO2 atmos-
phere.

Cell irradiation

Cell IR was performed during the expo-
nential phase of cell growth, with 2, 10 or 20
Gy γ-rays from a 60Co source (dose rate of 20
Gy/h).

Determination of cell growth and the cell
viability index by the Trypan blue exclusion
assay

For analysis of cell growth, DU 145 cells
were plated onto 6-well plates (2 x 104 cells/
well) and exposed to γ-IR, and the Trypan
blue exclusion (TBE) assay was performed
24, 48, and 72 h after γ-IR as previously
described (19). The viability index (VI) for
each sample was calculated in relation to the
corresponding control taken to be 100%.
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Determination of cell proliferation
(bromodeoxyuridine assay) and cell
cytotoxicity (3(4,5-dimethylthiazol-2-yl)-
2,5,diphenyltetrazolium bromide assay)

Following IR, γ-IR and control cells were
seeded in 96-well microtiter plates (5 x 103

cells/well). After 96 h, the cells were incu-
bated with either the thymidine analogue
bromodeoxyuridine (BrdU; Roche Diagnos-
tic, Mannheim, Germany) or 3(4,5 dimeth-
ylthiazol-2-yl)-2,5,diphenyltetrazolium bro-
mide (MTT; Sigma-Aldrich). The BrdU as-
say was performed according to the manu-
facturer’s protocol, and the relative incorpo-
ration of BrdU was determined by measur-
ing absorbance at 450 nm. After incubation
with 20 µL of 1 mg/mL MTT for 4 h, the
medium was removed, 100 µL of 0.1 M HCl
in isopropanol was added and incubation
was continued for an additional 1 h. Relative
viability was determined by measuring ab-
sorbance at 550 nm.

Flow cytometry

For cell cycle analysis, the DU 145 cells
were resuspended in 250 µL cold PBS and
fixed with 0.5 mL ice-cold 70% ethanol.
After the ethanol was washed out, the fixed
cells were treated with 50 µg/mL RNAse A
at 37ºC, incubated with 50 µg/mL propidium
iodide (PI) at 4ºC for 30 min and then ana-
lyzed with a FACS Calibur flow cytometer
(Becton Dickinson, San Jose, CA, USA).
Cell cycle distribution was determined using
ModFIT software (Verity Software House,
Inc., Topsham, ME, USA). In order to ana-
lyze cell death, approximately 1 x 105 DU
145 cells were mixed with 100 µL PBS
containing 5 µL/mL annexin V-FITC and 5
µg/mL PI (Travigen Inc., Gaithersburg, MD,
USA) before incubating at room tempera-
ture for an additional 15 min. After dilution
with 400 µL of binding buffer, multiparam-
eter measurements were performed. A mini-
mum of 10,000 events were collected for

each sample. The data were further pro-
cessed with the LYSIS II software (Becton
Dickinson).

Western immunoblotting analysis

Equal amounts of protein (20 µg) were
separated on a 10% SDS-polyacrylamide
gel and electrophoretically transferred to a
nitrocellulose membrane (Schleicher and
Schuell, Inc., Keene, NH, USA). Membranes
were blocked in blocking buffer with 5%
BSA in TBS-buffered saline (20 mM Tris,
137 mM NaCl, pH 7.6, containing 0.3%
Tween 20), washed in TBS and incubated
with the appropriate primary antibody against
CuZnSOD, MnSOD and actin (1:3500;
Stressgene Biotechnologies, Victoria, BC,
Canada). The immunoblots were subse-
quently washed and incubated with anti-
rabbit antibody (Oncogene Research Prod-
ucts, San Diego, CA, USA) covalently linked
to alkaline phosphatase (1:4000) for 1 h.
Signals were electronically digitalized by
scanning and image intensity was quanti-
tated with the ImageQuant software, version
1.2 (Molecular Dynamics, Sunnyvale, CA,
USA).

Statistical analysis

Values are reported as means ± SEM,
with N being the number of experiments.
Statistical significance was evaluated by one-
way (MTT, BrdU assay and Western blot)
and two-way analysis of variance (ANOVA).
If statistical significance was found, the
Tukey post hoc test was used. The level of
significance was set at P < 0.05.

Results

Effects of γγγγγ-IR on DU 145 cell growth

The effects of γ-IR on cell growth were
analyzed by viable cell counts using the
TBE assay, 24, 48, and 72 h after treatment
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with different doses of γ-IR (2, 10, and 20
Gy). As the results show (Table 1), cell
growth was significantly reduced after ex-
posure to γ-IR treatment and this reduction
was time and dose dependent. The ratio
between viable cell numbers in γ-IR cells
and control cells was reported as the VI
(Table 1). We determined that the greatest
effect of γ-IR occurred at a dose of 20 Gy,
which significantly decreased the viable cell
number 72 h after treatment compared to
control (control = 18.7 ± 0.6 x 105 cells/well;
γ-IR = 4.7 ± 0.4 x 105 cells/well, P < 0.001,

N = 3). Thus, the calculated VI was 26%. γ-
IR treatment, also significantly decreased VI
in a time- (F = 20, P < 0.001) and dose- (F =
32, P < 0.001) dependent fashion. In addi-
tion, the γ-IR dose that induced a decrease of
cell viability from 100 to 50% (IC50) was
calculated to be 9.6 ± 0.9 Gy.

Cytotoxic and antiproliferative effects of γγγγγ-IR
on DU 145 cells

To determine whether γ-IR had a cyto-
toxic effect on DU 145 cells, we performed
the MTT assay on DU 145 cells treated with
γ-IR (2, 10 and 20 Gy) and used for experi-
ments 96 h after treatment (Figure 1). In
these experiments the EC50 value, required
to decrease viability from 100 to 50%, was
not achieved. We determined that inhibition
of cell viability was in the 14 to 45% range
(for 2 and 20 Gy, respectively; Figure 1).
Furthermore, when we increased the dose of
γ-IR to 30 Gy, the induced inhibition of cell
viability was 46%. However, cell viability
was significantly decreased in a dose-de-
pendent manner (F = 38, P < 0.001, N = 3),
with the maximum effect reached at a dose
of 20 Gy (45 ± 1%, P < 0.001, N = 3).

We also determined whether or not γ-IR
had an antiproliferative effect on DU 145
cells using the BrdU incorporation assay.
The γ-IR dose of 20 Gy (Figure 2) inhibited
DNA synthesis by 77 ± 2% (P < 0.001, N =
3). The ID50 value obtained was 9.7 ± 1.3
Gy, and this dose inhibited cell viability by
34 ± 2% as determined by the MTT assay,
whereas the inhibition of γ-IR DNA synthe-
sis was statistically significant for all doses
applied (F = 27, P < 0.001, N = 3).

Cell cycle arrest and cell death under the
influence of γγγγγ-IR

Since γ-IR prevented cell growth, prolif-
eration and DNA synthesis, we next used
flow cytometry to test whether γ-IR had an
effect on cell cycle arrest. A gradual increase

Table 1. Time- and dose-dependent effects of γ-
irradiation on the viability index (VI) of DU 145
cells.

γ-irradiation Viability index (%)

  24 h   48 h 72 h

2 Gy 87 ± 2* 77 ± 2* 80 ± 3*
10 Gy 65 ± 1* 53 ± 1*** 49 ± 1***
20 Gy 64 ± 2* 54 ± 2*** 26 ± 2***

Data are reported as the mean ± SEM for three
experiments in duplicate. Cells were exposed to γ-
irradiation (2, 10 and 20 Gy) and analyzed at 24,
48, or 72 h. VI (%) is the ratio between viable cell
number in γ-irradiated cells vs control cells times
100.
*P < 0.05, ***P < 0.001 for γ-irradiated cells vs
control (100%; two-way ANOVA followed by the
Tukey post hoc test).

Figure 1. Effect of different doses
of gamma irradiation (γ-IR) on
DU 145 cell viability. Cells were
exposed to different doses of γ-
IR (2, 10, and 20 Gy) and ana-
lyzed after 96 h. Cell viability
was measured by the diphenyl-
tetrazolium bromide assay. Un-
treated control samples were ar-
bitrarily assigned a value of
100% and the results of all treat-
ments were normalized to 100%
(i.e., % of control). Data are re-
ported as the mean ± SEM for
three separate experiments per-
formed in quadruplicate. ***P <
0.001 for γ-IR cells vs control
(one-way ANOVA followed by
the Tukey post hoc test).
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in the percentage of cells in the G2/M phase
of the cell cycle occurred at 24, 48, and 72 h
after a dose of 20 Gy (Figure 3). This in-
crease was paralleled by a decrease in the
cell population in the G0/G1 phase and was
dose- (F = 844, P < 0.001, N = 2) and time-
(F = 63, P < 0.001, N = 2) dependent. The
changes in S phase only depended on the
dose applied (F = 19, P < 0.001, N = 2), but
not on the time after treatment (F = 3, p =
0.06, N = 2). In addition, the percentage of
cells in the G2/M phase, 72 h after IR treat-
ment (20-Gy dose) was significantly in-
creased from 15.1 ± 2.0 (control cells) to
49.2 ± 1.3% (IR cells), whereas the number
of cells in the G0/G1 phase was decreased
from 71.2 ± 0.4 (control cells) to 29.1 ±
1.8% (IR cells; P < 0.001; Table 2).

The percentage of control cells in the
subG0/G1 phase was low (8 ± 1%). No

reproducible or consistent increase in the
fraction of cells in the subG0/G1 phase was
observed after γ-IR. Furthermore, when the
cells were treated for 24 h with 300 µM
hydrogen peroxide, 100 µM etoposide, 1 µM

Figure 2. Cell proliferation after
different doses of gamma irra-
diation (γ-IR). DU 145 cells were
exposed to different doses of γ-
IR (2, 10, and 20 Gy) and ana-
lyzed after 96 h. Cell prolifera-
tion was measured on the basis
of bromodeoxyuridine incorpo-
ration during DNA synthesis.
Untreated control samples were
arbitrarily assigned a value of
100% and the results of all treat-
ments were normalized to 100%
(% of control). Data are reported
as the mean ± SEM for three
separate experiments performed
in quadruplicate. ***P < 0.001
for γ-IR cells vs control (one-
way ANOVA followed by the
Tukey post hoc test).

Figure 3. Representative flow
cytometry histograms of the DU
145 cell cycle. A, Control cells.
B, C, and D, 24, 48, and 72 h
after treatment with 20 Gy gam-
ma irradiation, respectively. The
arrows indicate the phases of the
cell cycle: G0/G1, S and G2/M.
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doxorubicin, or UV light (50 J/m2), the per-
centage of cells in the subG0/G1 phase sig-
nificantly increased, with the highest increase
detected 48 h after treatment (data not shown).
Thus, these cell treatments validated our
method for analysis of the cell cycle.

Since previous results have indicated that
γ-IR inhibited cell growth, viability, prolif-
eration, as well as cell cycle arrest, we tested
the effect of γ-IR on cell death. As shown in
Table 3, γ-IR significantly decreased viabil-
ity in a time- and dose-dependent manner (F
= 47 and F = 22, P < 0.001, N = 3), with the
exception of the lowest dose, 2 Gy. The
evidence for early apoptosis was minimal in
both control and γ-IR cells. Paralleling the
increase in the radiation dose applied, the
percentage of cells classified as early apop-
totic increased from 0.3 ± 0.1 to 0.9 ± 0.2%
(Table 3), but neither time- nor dose-de-
pendent statistical significance was observed.
Furthermore, the lack of apoptosis was con-
firmed by DNA gel electrophoresis, demon-
strating no DNA ladder (data not shown).
However, the radiation had dose- and time-
dependent effects on the number of PI-posi-
tive cells in late apoptosis or necrosis (F =
20, P < 0.001; F = 54, P < 0.001, N = 3) and
was not markedly increased after 2 Gy of IR,
but was significantly increased after irradia-
tion with 10 or 20 Gy (Table 3).

Effects of γγγγγ-IR on CuZnSOD and MnSOD
protein expression in DU 145 cells

To determine whether γ-IR induces SOD
expression, we exposed DU 145 cells to 10
Gy γ-IR for 24, 48, and 72 h. Western immu-
noblotting analysis with anti-CuZnSOD and
MnSOD antibodies demonstrated that γ-IR
markedly enhanced both CuZnSOD (Figure
4) and MnSOD protein expression (Figure
5) in a time-dependent manner. No changes
in loading (checked with anti-actin antibody)
were detected.

Taken together, these data suggest that
these SOD enzymes, CuZnSOD and MnSOD,

Table 3. Time- and dose-dependent effects of γ-irradiation on DU 145 cell viability and
cell death.

γ-irradiation Quadrant 24 h 48 h 72 h

Control V 95.8 ± 0.3 93.4 ± 0.3 89.8 ± 0.4***
EA 0.3 ± 0.1 0.8 ± 0.1 0.4 ± 0.1
N 3.8 ± 0.4 5.9 ± 0.3 9.8 ± 0.4***

2 Gy V 92.9 ± 0.2 92.8 ± 0.5 89.4 ± 0.3***
EA 0.8 ± 0.3 0.8 ± 0.1 0.8 ± 0.2
N 6.4 ± 0.2 6.3 ± 0.4 10.6 ± 0.7***

10 Gy V 92.4 ± 0.9 89.8 ± 0.5*** 84.0 ± 0.4***
EA 0.6 ± 0.2 0.8 ± 0.1 0.8 ± 0.1
N 7.1 ± 0.8 9.4 ± 0.5** 15.3 ± 0.4***

20 Gy V 91.2 ± 0.9* 88.2 ± 0.9*** 80.5 ± 2.7***
EA 0.9 ± 0.3 0.8 ± 0.2 0.6 ± 0.2
N 7.4 ± 0.3 10.8 ± 0.8*** 18.9 ± 2.5***

Data are reported as the mean ± SEM for three separate experiments performed in
duplicate. DU 145 cells were exposed to different doses of γ-irradiation (2, 10, and 20
Gy) and analyzed at 24, 48, or 72 h. Flow cytometry analysis of cells stained with
annexin and propidium iodide (PI) was used for analysis of cell viability and cell death.
V = viable cells (annexin-/PI-); EA = early apoptosis (annexin+/PI-); N = late apopto-
sis/necrosis (annexin+/PI+).
*P < 0.05, **P < 0.01 and ***P < 0.001 for γ-irradiated cells vs control (two-way ANOVA
followed by the Tukey post hoc test).

Table 2. Time- and dose-dependent effects of γ-irradiation on the distribution of the DU
145 cell cycle.

γ-irradiation Time (h) G0/G1 (%) S (%)  G2/M (%)

Control 24 63.7 ± 1.1 11.6 ± 2.1 17.9 ± 0.4
48 71.2 ± 0.2* 10.5 ± 0.6 13.1 ± 0.8*
72 71.2 ± 0.4* 9.8 ± 0.7 15.1 ± 2.0

2 Gy 24 56.3 ± 0.3* 12.6 ± 1.2 24.2 ± 0.5**
48 64.6 ± 0.8 10.1 ± 0.7 17.7 ± 0.6
72 66.2 ± 0.5 9.0 ± 1.4 18.9 ± 0.8

10 Gy 24 51.6 ± 2.1*** 13.3 ± 1.2 26.6 ± 0.3***
48 45.3 ± 1.7*** 11.8 ± 0.2 37.2 ± 0.7***
72 42.0 ± 0.6*** 11.5 ± 0.5 40.1 ± 0.6***

20 Gy 24 41.6 ± 0.9*** 17.5 ± 1.4 31.2 ± 1.0***
48 26.0 ± 2.1*** 18.5 ± 1.3* 48.3 ± 0.7***
72 29.1 ± 1.8*** 15.6 ± 1.8 49.2 ± 1.3***

Data are reported as the mean ± SEM for two experiments. Cells were exposed to γ-
irradiation (2, 10, and 20 Gy) and analyzed at 24, 48, or 72 h. G0/G1, S and G2/M
indicate the phases of the cell cycle.
*P < 0.05, **P < 0.01 and ***P < 0.001 for γ-irradiated cells vs control (two-way ANOVA
followed by the Tukey post hoc test).
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may be involved in γ-IR-mediated cell growth
and proliferation.

Discussion

We believe that our data on DU 145 cells
demonstrate that 60Co γ-IR is an effective
anticancer agent leading to the induction of a
G2/M cell cycle arrest and inhibition of pro-
liferation of the hormone-refractory human
prostate cancer cell line DU 145.

In the present study, we selected the doses
of 2 and 10 Gy as representative of the 1.8-
to 2-Gy daily clinical fractions given during
curative radiotherapy and of the 8- to 10-Gy
single doses given in palliative radiotherapy.
We also applied a higher (20 Gy) dose that
was in the range of the cumulative curative
dose for carcinomas.

The data regarding viable cell counts
(TBE assay) showed a significant decrease
in the cell viability index, i.e., in the number
of viable cells in γ-IR DU 145 cells com-
pared to control. These changes were dose
and time dependent. This observation was
confirmed by the MTT and BrdU assays.
The inhibitory doses obtained in these ex-
periments (EC50 and ID50) were significantly
different (>20 and 9.7 Gy). The ID50 value
was in accordance with the IC50 dose ob-
tained from VI calculations (9.6 Gy). How-
ever, the EC50 dose was markedly higher
than the ID50 dose. Thus, IR treatment within
a clinically relevant dose range would pre-
dominantly express antiproliferative effects
rather than cell killing. The significance of
the IR-induced antiproliferative effects has
been often underestimated compared to cell
death (4,6-9), but in the present study we
showed that a decrease of proliferation is the
most prominent effect of γ-IR on DU 145
cells.

Apoptotic cell death plays an important
role in the death of both normal prostate and
androgen-dependent malignant prostate tis-
sue following androgen withdrawal, leading
to a decrease in glandular or tumor volume,

Figure 4. Effect of gamma irra-
diation (γ-IR) on the CuZn-su-
peroxide dismutase (CuZnSOD)
protein level. A, A representa-
tive Western blot. CuZnSOD
behaves as a 16-kDa protein.
Actin is indicated as a loading
control. B, Results of densitom-
etry analysis of separate West-
ern blots (each bar is the mean
± SEM). ***P < 0.001 for γ-IR
cells vs control (one-way
ANOVA followed by the Tukey
post hoc test).

Figure 5. Effect of gamma irra-
diation (γ-IR) on Mn-superoxide
dismutase (MnSOD) protein
level. A, A representative West-
ern blot. MnSOD behaves as a
22-kDa protein. Actin is indi-
cated as a loading control. B,
Results of densitometry analy-
sis of three separate Western
blots (each bar is the mean ±
SEM). ***P < 0.001 for γ-IR cells
vs control (one-way ANOVA fol-
lowed by the Tukey post hoc
test).

respectively. However, recent data support
the hypothesis that apoptosis may not be the
dominant mode of cell death following ra-
dio- and chemotherapy in stromal (i.e., fi-
broblast) and epithelial tissues (5,20). One
mechanism by which cancer cells become
resistant to IR or chemotherapy is disruption
of the pathways that lead to apoptosis (21,
22). Alternately, permanent cell cycle arrest
or senescence-like terminal growth arrest
may also be factors in determining prostate
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cell death following radiotherapy.
Contrary to normal cells exposed to IR,

which usually results in cell cycle arrest at
the G1/S and G2/M checkpoints, cancer cells
are typically sensitive to radiation killing in
the late G2 phase of the cell cycle, especially
if they have the mutant p53 gene (23). De-
pending on the extent of IR-induced dam-
age, cells either repair the damage during
cell cycle arrest and return to the normal cell
cycle or die. Our results demonstrated sig-
nificant dose- and time-dependent changes
in the cell cycle. DU 145 cells exhibited a
persistent G2/M arrest after exposure to IR.
This correlates with a mutation in the p53
gene present in DU 145 cells (23). Radia-
tion-induced accumulation of the cells in the
G2/M phase of the cell cycle was most promi-
nent 72 h after exposure to 20 Gy. The appear-
ance of a subG0/G1 peak, representing apop-
totic cells, was hardly detectable. Further-
more, it has been reported (24) that combined
treatment with IR and genistein synergisti-
cally increased the radiosensitivity of DU 145
cells. Genistein plus IR could lead to more
cells arrested in the G2/M phase, with a time-
dependent increase in hyperdiploid cells and
induction of apoptosis (24). Thus, the evalua-
tion of potential signaling pathways having a
role in IR regulation of the cell cycle will be
further explored in our laboratory.

Changes of the enzymatic and nonenzy-
matic antioxidative systems in different hu-
man tissues due to malignant processes have
been described (25-27). A correlation be-
tween the activity of free radicals and malig-
nant changes is considered to be certain (25,
28). For example, free radical-induced DNA
base modifications have been reported in
cancerous tissues (29). It is possible that
these changes may be important for the de-
velopment of new therapeutical approaches
(30). The antitumor effect of oxygen radi-
cals has recently been proven (26). A re-
duced content of antioxidant enzymes in
tumor tissue compared with normal tissue
seems to be responsible for this effect (30).

Overexpression of CuZnSOD correlated with
increased IR resistance (31). Also, overex-
pression of MnSOD both at the mRNA and
protein level was correlated with increased
radiation resistance (32,33), whereas defi-
ciency or a low level of the enzyme activity
was associated with increased radiosensitiv-
ity (32,34). In our study we found signifi-
cantly increased CuZnSOD and MnSOD
expression in DU 145 cells after IR treat-
ment. Based on the notion that IR affects
biological systems by increasing the intra-
cellular concentration of ROS, i.e., intracel-
lular concentration of O2·- (12,35-37), it was
expected that an in vitro IR challenge would
result in the induction of CuZnSOD and
MnSOD in DU 145 cells. Leach et al. (37)
demonstrated increased ROS concentration
in DU 145 cells after 1- to 10-Gy IR. In
addition, treatment of DU 145 cells with the
nucleoside analog, 8-Cl-cAMP, also induced
a G2/M arrest with a poor induction of apop-
tosis, but with time-dependent stimulation
of both CuZnSOD and MnSOD protein ex-
pression (data not shown). The increase in
SODs may be the cause of the relatively high
radiation resistance of DU 145 cells reflect-
ed in high IC50, EC50 and ID50 values. Also, it
has been reported that MnSOD is often over-
expressed in cancer tissues, especially in the
presence of the mutant p53 gene (38). It is
known that overexpression of human MnSOD
substantially protects cells from IR injury
(32) and this could be the main reason why
DU 145 cells are unable to execute the apop-
totic cell death program following IR, as
observed in our results. In addition, as hy-
drogen peroxide is known to be an important
mediator of cell cycle regulation (39) and as
its overproduction may lead to cell cycle
arrest in the G2 phase (40), the IR-induced
SOD expression and G2/M arrest in DU 145
cells may be the crucial processes, linked via
a similar hydrogen peroxide signaling mech-
anism.

Our study identifies some of the potential
molecular mechanisms involved in the DU
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145 cell response to γ-IR. The results indi-
cate that the specific response of DU 145
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