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Zoledronic acid significantly enhances radiation-induced
apoptosis against human fibrosarcoma cells
by inhibiting radioadaptive signaling
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Abstract. Zoledronic acid (ZOL), a third-generation bisphos-
phonate, inhibits bone resorption, as well as exhibiting direct
antitumor activity. To date, however, the combined effects
of ZOL and ionizing radiation (IR) have not been assessed
in patients with soft tissue sarcoma. We have, therefore,
assessed the combined effects of ZOL and IR in fibrosarcoma
cells. HT1080 fibrosarcoma cells were treated with ZOL
and/or IR, together or sequentially and the antitumor effects
were assessed. We found that ZOL significantly enhanced
IR-induced apoptosis, especially when cells were treated with
ZOL followed by IR. We, therefore, assessed the detailed
mechanism of sequential treatment with ZOL and IR. Cells
in G2 and M phases, the most radiosensitive phases of the
cell cycle, were not increased by low concentrations of ZOL.
However, the levels of expression of Akt, ERK1/2 and NF-kB
proteins, all of which are related to radioadaptive resistance,
were increased within a short time after irradiation with 3 Gy,
and this expression was inhibited by a low concentration of
ZOL, which blocked the prenylation of small GTPases. This
sequential treatment also increased the generation of reactive
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oxygen species (ROS). These results suggest that the combina-
tion of ZOL with IR may be beneficial in treating patients with
soft tissue sarcoma.

Introduction

Fibrosarcoma is one of the high-grade malignant soft tissue
sarcomas that commonly occurs in persons middle-aged and
older. Fibrosarcoma involves deep soft tissues of the extremi-
ties and trunk. Although the prognosis of these patients has
improved due to the development of surgical treatment and adju-
vant chemotherapies, these therapies are not fully effective. The
probability of local recurrence is related to the completeness of
excision, with recurrence rates of 12-79% (1-3). Fibrosarcoma
metastasizes to the lungs and bone. Metastasis occurs in 9-63%
of patients and the 5-year survival rate of these patients is
39-54% (2,3). To improve treatment outcomes, novel antitumor
therapies are urgently required.

Bisphosphonates (BPs) are effective inhibitors of bone
resorption and have been used in the treatment of metabolic
bone diseases (4). Nitrogen-containing BPs (N-BPs), the
so-called second- and third-generation BPs, induce apoptosis in
osteoclasts by inhibiting protein prenylation in small G proteins
through inhibition of farnesyl pyrophosphate synthase in
the mevalonate pathway (5). It has been reported that third-
generation BPs, such as zoledronic acid (ZOL), the most potent
N-BPs clinically available, may not only reduce bone loss, but
may also exert direct antitumor effects against various malig-
nant cells (6,7). We also reported that the effects of ZOL against
osteosarcoma cells and fibrosarcoma cells (8-11). However,
ZOL is rapidly cleared from the circulation within 1-2 h (6).
Furthermore, following infusion of the standard dose of ZOL,
peak plasma levels were only 1-2 uM (12). It is therefore likely
that peripheral tumors are exposed to a low concentration of
ZOL for only a few hours, and that the effects of ZOL alone
may be insufficient in vivo. Therefore, combination therapy
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consisting of BPs along with other adjuvant therapy seemed to
be required for treatment of soft tissue tumors.

There have been a number of reports regarding the combined
effects of third-generation BPs with antitumor agents in various
cancer cell lines (10,13,14) and we have also reported that
ZOL synergistically augments the effects of antitumor agents
in fibrosarcoma cell lines (8). Another well-established treat-
ment modality for the local treatment of malignant tumors is
radiotherapy. There have been several recent reports regarding
the combined effects of third-generation BPs with radiation in
various cancer cell lines (15,16). However, there have been no
previous reports regarding the combined effects of ZOL with
ionizing radiation (IR) in fibrosarcoma cells. Furthermore, there
have been no reports concerning the detailed mechanisms under-
lying the combined effects even in other cancer cells. Therefore,
this study was performed to clarify the combined effects of BPs
and IR. It has been reported that cells in the G2 and M phases
are more radiosensitive than those in other phases of the cell
cycle (17,18), so the effects of ZOL on the cell cycle were investi-
gated in the present study. In addition, IR can also directly induce
DNA damage causing double-strand breaks (DSB) and single-
strand breaks (19-21), and it also activates specific prosurvival
signaling, including the MAPK pathway, PI3K-Akt pathway and
NF-«B activation (21). It has also been reported that IR induces
cell death by generating reactive oxygen species (ROS). Based
on previous reports, we examined the inhibitory effects of ZOL
on these signal pathways and the effects of cotreatment with
ZOL and IR on ROS generation. Furthermore, taking clinical
application into consideration, we evaluated the differences in
antitumor effects according to dosage method and clarified one
of the mechanisms of action in fibrosarcoma cells.

Materials and methods

Reagents. ZOL [1-hydroxy-2-(1H-imidazole-1-yl) ethylidene-
bisphosphonic acid] was obtained from Novartis Pharma
AG (Basel, Switzerland). Akt inhibitor I'V, Akt inhibitor VIII
(Carbiochem, San Diego, CA), U0126 (Cell Signaling
Technology, Beverly, MA), N-acetylcysteine (Nacalai
Tesque Inc., Kyoto, Japan), the caspase inhibitors zZVAD-fmk,
zDEVD-fmk, zIETD-fmk, zLEHD-fmk and zZAEVD-fmk
(R&D Systems, Minneapolis, MN) were purchased. Akt inhib-
itor IV, VIII, U0126, caspase inhibitors and N-acetylcysteine
were dissolved in dimethyl sulfoxide (DMSO). An equivalent
amount of DMSO was used as a control. The maximum volume
(%) of DMSO in the assays was 0.1%.

X-ray irradiation. Cultured cells were irradiated with 0-8.0 Gy
X-rays (Softex M-150WE; Softex Co. Ltd., Tokyo, Japan). The
irradiation conditions selected were a distance of 1 cm from the
focus to the specimen and an irradiation rate of 0.5 Gy/min in air.

Cell lines and cell culture. The human fibrosarcoma cell line
HT1080 was used. Cells were cultured in RPMI-1640 medium
(Nacalai Tesque Inc.) supplemented with 10% fetal calf serum
and 1% antibiotics.

Cellviability assay. Proliferation of the cell line was determined
using the methylthiazol-diphenyl-tetrazolium (MTT) assay, as
described previously (22). HT1080 cells were cultivated in flat-
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bottomed 96-well plates (Greiner Labortechnik, Frickenhausen,
Germany) at 2x10° cells per well and incubated for 24 h, followed
by incubation with various concentrations/doses of ZOL and/or
radiation for a further 72 h. The mean of six data values for each
treatment were calculated. The linear relationship between the
degree of proliferation and cell number was evaluated within
the range of the experiment. Half-maximal inhibitory concen-
trations (ICs,) were determined using the non-linear regression
program CalcuSyn (Biosoft, Cambridge, UK).

Cell cycle analysis. To analyze alterations in the cell cycle,
nuclear staining with propidium iodide (Sigma-Aldrich, Tokyo,
Japan) was analyzed using a FACSCalibur flow cytometer
(Becton-Dickinson, Franklin Lakes, NJ) as described previ-
ously (8). DNA histograms were created using Cell Quest
software for Apple Macintosh (Becton-Dickinson). The ModFit
LT V2.0 software (Verity Software, Topsham, ME) was used to
analyze the data.

Detection of apoptosis. To analyze apoptosis, hypodiploid DNA
(sub-Gl) populations were assayed using a FACSCalibur flow
cytometer as described previously (8).

Western blot analysis. Western blot analysis was performed
as described previously (8) using antibodies to the following
molecules: extracellular signal-regulated kinase (ERK1/2),
phosphorylated ERK1/2 (p-ERK1/2), Akt, phosphorylated Akt
(p-Akt), glyceraldehyde 3 phosphate dehydrogenase (GAPDH),
caspase-3, -9, -10, cleaved caspase -3, -9 and phosphorylated
Bad (p-Bad) (Cell Signaling Technology), Rapl A, cyclin Bl and
cdc2 (Santa Cruz Biotechnology, Santa Cruz, CA), caspase-8
(Becton-Dickinson) and Bad (Assasy Designs Stressgen, Ann.
Arbor, MI). The membranes were washed thoroughly and
incubated for 1 h with horseradish peroxidase-conjugated
anti-mouse or anti-rabbit IgG (Santa Cruz Biotechnology).
Enhanced chemiluminescence (Amersham Biosciences,
Tokyo, Japan) was used for detection. Optimized detection was
achieved using the Chemi Doc™ XRS* imaging system and
Quantity One analysis software (Bio-Rad, Hercules, CA).

Transient transfection and luciferase assay. To determine
promoter activity, we used a single-luciferase reporter assay
system. HT1080 cells were plated in 24-well plates and incubated
at 37°C. At 70-80% confluence, the cells were washed and incu-
bated with medium containing no serum or antibiotics for 6 h.
The cells were then transfected with the NF-«xB reporter vector
pGL4.32 (Promega, Madison, WI) using Lipofectamine 2000
(Invitrogen, Carlsbad, CA) reagent according to the manufac-
turer's protocol. Twenty-four hours after transfection, the cells
were treated with medium containing 1.2 uM ZOL, and 24 h
after the start of treatment the cells were irradiated at 3 Gy. One
hour after irradiation, HT1080 cells were collected and lysed for
luciferase assay using the ONE-Glo™ luciferase assay system
(Promega). The light intensity was measured using a MicroLumat
Plus LB96V (Berthold Technologies, Bad Wildbad, Germany).
PSV-f plasmid (Promega) was used as an internal control. All
luciferase assays were carried out in triplicate.

Determination of intracellular ROS. Intracellular ROS levels
were measured using 2,7-dichlorodihydrofluorescein diace-
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tate (DCFH-DA) (Nacalai Tesque Inc.) as a probe. Briefly,
cells were loaded with DCFH-DA by incubation in complete
medium containing 20 yM DCFH-DA for 20 min in the dark
at 37°C, 5% CO,. The cells were rinsed with PBS, resuspended
by trypsinization and analyzed by flow cytometry. The results
were analyzed with Cell Quest software. Data are expressed as
(number of positive cells) x (mean of the fluorescence intensity).

Statistical analysis. Data are expressed as means + SD of
triplicate experiments. Statistical evaluation of the data was
performed using Student's t-test for simple comparisons between
groups and treatments. In all analyses, P<0.05 was taken to indi-
cate statistical significance.

Results

Co-treatment with ZOL and IR shows enhanced inhibitory
effects on fibrosarcoma cell growth. The rate of growth inhibi-
tion was evaluated by MTT assay. The individual ICs, values
for ZOL and radiation after 72 h of exposure were 1.77 yuM and
4.08 Gy, respectively (Fig. 1A). Based on the IC, values, we
investigated the combined effects of ZOL at concentrations
lower than the ICs, with radiation at a lower dose than the ICs,.
Concurrent exposure (ZOL and IR): (CE). HT1080 cells
were cultured and incubated for 24 h, followed by incubation
with various concentrations of ZOL combined with various
doses of IR for a further 72 h. The combined treatment induced
significantly greater inhibitory effects than either used alone.
Sequential exposure (ZOL then IR): (SE). After 24 h of
exposure to various concentrations of ZOL, cells were irradi-
ated with various doses of X-rays. Each plate was evaluated a
further 48 h. The concentration/dose of ZOL/radiation were
the same as in CE. Combined treatment induced significantly
greater antitumor effects than either used alone (Fig. 1B).

Co-treatment with ZOL and IR enhances cytotoxic effects.
The cytotoxic effects of co-treatment were evaluated using a
FACSCalibur flow cytometer. Data from three independent
experiments were collected. The combination method was as
follows.

Concurrent exposure (ZOL and IR): (CE). HT1080 cells
were cultured in 6-well plates at 2x10* cells per well and
incubated for 24 h, followed by incubation with various concen-
trations of ZOL and/or IR at various doses. After a further 24 h,
cells were washed with PBS and incubated in fresh medium for
a further 48 h.

Sequential exposure (ZOL then IR): (SE I). After 24 h of
incubation with various concentrations of ZOL, HT1080 cells
were irradiated with X-rays, then washed with PBS and incu-
bated in fresh medium for a further 48 h.

Sequential exposure (IR then ZOL): (SE II). After 24 h of
incubation with various doses of IR, HT1080 cells were incu-
bated with various concentrations of ZOL for 24 h. The cells
were then washed with PBS and incubated in fresh medium for
a further 24 h. The sub-Gl fraction in flow cytometric analysis
was increased by co-treatment with ZOL and IR, especially in
SE I treatment (Fig. 1C).

Co-treatment with ZOL and IR induces apoptosis coupled with
caspase activation and dephosphorylation of Bad. To confirm
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the cytotoxic effect of ZOL combined with IR, especially SE I,
we carried out western blot analysis. After 24 h of incuba-
tion with 1.2 uM ZOL, cells were irradiated at 3 Gy, washed
with PBS and incubated in fresh medium for a further 48 h.
Either ZOL or IR weakly affected Bad and caspases (Fig. 1D).
However, ZOL and IR together resulted in marked cleavage of
caspases-3, -9 and reduced caspases-8, -9. Moreover, co-treat-
ment with ZOL and IR induced dephosphorylation of Bad.

Apoptosis induced by SE I treatment is blocked by caspase
inhibitors. We also found that the pancaspase inhibitor
zVAD-fmk and caspases-3, -8, -9 and -10 inhibitors, efficiently
inhibited the sub-Gl1 population induced by SE I treatment.
These results indicated that the apoptosis induced by co-treat-
ment could be blocked by inhibition of caspases (Fig. 1E).

ZOL does not influence G2/M phase cells. To evaluate the
antitumor mechanism of SE I treatment, cell cycle analysis was
performed on HT1080 cells after 24 h of concurrent exposure
to ZOL and IR. The results indicated an increase in number
of cells in the S phase in a dose-dependent manner, but ZOL
did not change the proportion of cells in the G2/M phase.
In addition, western blot analysis revealed that the levels of
cyclin Bl and cdc2, which are G2/M phase-related proteins,
were not altered after 24 h of exposure to ZOL. Furthermore,
SE I treatment did not change the proportion of cells in G2/M
phase compared to each single treatment (Fig. 2).

ZOL inhibits prenylation of GTP-binding protein, and phos-
phorylation of Akt and ERKI/2 in HT1080 cells. To assess
the involvement of the Akt pathway and MAPK pathway in
apoptosis induced by the SE I treatment, the levels of several
proteins were investigated by western blot analysis. The levels
of unprenylated Rapl A, a small G protein located upstream
of the PI3K-Akt pathway and MAPK pathway and a target of
ZOL, were increased after 24 h of ZOL treatment in HT1080
cells (Fig. 3). P-ERK1/2 levels were decreased in a ZOL
concentration-dependent manner and p-Akt levels began to
decrease markedly 24 h after ZOL treatment.

Akt and ERK1/2 phosphorylated within a few hours after irra-
diation - ZOL pretreatment inhibits phosphorylation of these
proteins. After 24 h of incubation with or without 1.2 uM ZOL,
HT1080 cells were washed with PBS, incubated in fresh medium
and then irradiated at a dose of 3 Gy. After 10, 30 min, 1, 3,
6, 12, 24 and 48 h of incubation, HT1080 cells were lysed and
western blot analysis was performed. Irradiation at 3 Gy resulted
in phosphorylation of Akt and ERK1/2 within 24 h, especially at
1 h, followed by normalization within 24 h. This phosphorylation
was significantly inhibited by pretreatment with 1.2 M ZOL
compared to single radiation treatment alone (Fig. 4).

The cytotoxic effect was enhanced by co-treatment with IR
and inhibition of Akt or MEK activity. Based on previous
reports (23,24) and the present findings, we hypothesized
that the cytotoxic effects induced by SE I treatment may
depend on the inhibition of Akt and/or ERK1/2 activity by
ZOL. To investigate the inhibitory effects of ZOL on Akt
and ERK1/2, HT1080 cells were exposed to Akt inhibitor IV,
Akt inhibitor VIII, a selective inhibitor of Akt with no effect
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Figure 1. SE I treatment-induced apoptosis is blocked by caspase inhibitors in HT1080 cells. (A) ICs, values of ZOL/IR were assessed by MTT assay. (B) Inhibitory
effects of CE and SE treatment were assessed by MTT assay. (C) Cytotoxic effects of CE, SE I and SE II were evaluated by flow cytometry. (D) Protein level was
evaluated by western blot analysis after ZOL/IR alone and SE I treatment. (E) Caspase inhibitors blocked the enhancement of IR-induced apoptosis by ZOL.
HT1080 cells were treated with 1.2 M ZOL and/or 3 Gy IR for 24 h with or without various caspase inhibitors at 20 mM: VAD, zZVAD-fmk pancaspase inhibitor;
C-3, zDEVD-fmk caspase-3 inhibitor; C-8, zZIETD-fmk caspase-8 inhibitor; C-9, zZLEHD-fmk caspase-9 inhibitor; C-10, zZAEVD-fmk caspase-10 inhibitor.

Apoptosis (sub-Gl) was determined by flow cytometry.

on PI3K or PDK1, or U0126, a selective MEK inhibitor. After
24 h of incubation with these reagents, p-Akt and p-ERK1/2
were detected by western blot analysis. We confirmed that
p-Akt and p-ERK1/2 were markedly inhibited by 1.25 yM
Akt inhibitor IV (data are not shown), 1.5 yM Akt inhib-
itor VIII (Fig. 5A), and 10.0 uM U0126 (Fig. 5B). Next, we
evaluated whether these inhibitors enhanced the cytotoxic
effects of IR by flow cytometry. After 24 h of incubation with

or without Akt inhibitor IV, VIII or U0126, cells were irradi-
ated at a dose of 3 Gy and incubated for a further 48 h. In
cultures exposed to a combination of Akt inhibitor IV or VIII
with IR, the sub-Gl1 population was significantly increased
compared to either agent or IR alone (Fig. 5A) (data are not
shown for Akt inhibitor IV). Sequential treatment with U0126
followed by IR tended to augment the sub-G1 population by
IR, but the results were not statistically significant (Fig. 5B).
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Figure 2. Effects of ZOL on cell cycle in HT1080 cells. Cells were treated with ZOL at the indicated concentrations for 24 h. (A) The effect of ZOL on the cell cycle
was evaluated by flow cytometry. (B) The DNA content was analyzed by flow cytometry. (C) Cell cycle-related proteins in HT1080 cells were evaluated by western
blot analysis. Cells treated for 24 h with the indicated concentration of ZOL were lysed and analyzed. (D) SE I treatment did not influence the cell cycle compared

to each single treatment.

ZOL (uM)

CT 04 0.8 1.2 1.6
unprenylated PRg—
Rap1A
Akt —— — — —
p-Akt -—

ERK1/2 — e — — —
p—-ERK1/2 e
GAPDH — —— — ——

Figure 3. HT1080 cells treated with ZOL at the indicated concentrations for
24 h were lysed and analyzed by western blot analysis using antibodies that spe-
cifically recognize unprenylated RaplA, Akt, p-Akt, ERK1/2 and p-ERK1/2.

Furthermore, the cell cycle was not altered by co-treatment
with Akt inhibitor VIIT or U0126 along with IR compared to
each agent or IR alone.

NF-xkB promoter activity stimulated by IR is inhibited by ZOL
pretreatment. We investigated whether ZOL can inhibit the
NF-«B gene promoter activity, which was reported to be acti-
vated by IR (25), using transient transfection with the NF-kB
promoter-luciferase reporter plasmid, pGL4.32 or the empty
vector PSV-f3. Twenty-four hours after transfection, HT1080
cells were treated with or without medium containing ZOL
and 24 h after the start of treatment, cells were irradiated at
a dose of 0 or 3 Gy. Then, 1 h after irradiation, cells were
collected for luciferase assay. IR stimulated NF-xB promoter
activity and ZOL inhibited the promoter activity compared
to controls (Fig. 6). Furthermore, NF-xB promoter activity
stimulated by IR was significantly inhibited by pretreatment
with ZOL.
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Figure 4. (A and B) Western blot analysis revealed phosphorylation of (A) Akt and (B) ERK1/2 by 3 Gy irradiation within 24 h and the phosphorylation was
reduced by pretreatment with ZOL. CT indicates no treatment with ZOL and IR. (C) Percent intensity volume was calculated as mentioned above and normalized
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ROS generation induced by IR is enhanced by ZOL, and the
increasing cell death induced by SE I treatment is inhibited by
N-acetylcysteine (NAC). To determine the involvement of ROS
generation in cell death induced by SE I treatment in HT1080
cells, we monitored ROS generation by flow cytometry. After
24 h of incubation, cells (2x10*) were treated with various
concentrations of ZOL in the presence or absence of | mM NAC
for 24 h, then exposed to IR. Forty-eight hours after IR, cells
were incubated with DCFH-DA, and the fluorescence intensity
was measured by flow cytometry. In comparison to IR alone or
ZOL alone, ROS generation was significantly increased after
SE I treatment and the ROS generation was inhibited by NAC
treatment. Furthermore, the sub-G1 population in the HT1080
cells treated with NAC was significantly reduced compared to
the untreated control group (Fig. 7).

Discussion

New treatment strategies are necessary to improve the prog-
nosis of soft tissue sarcoma. In the search for new treatment
strategies and antitumor agents, as well as from our previous
studies (8-11,26), we found that ZOL was a potent enhancer
of radiation-induced apoptosis in fibrosarcoma cells. First, we
compared three patterns of administration, i.e., CE, SE I, and
SE I, to determine the most effective dosage method for clinical
application. The results indicated that SE I treatment exerted

the most potent antitumor effects, so we performed further
investigation of the cytotoxic effects of SE I. The increase in
proportion of cells in sub-Gl, and the induction of caspase-3
cleavage by SE I treatment suggested that it induced apoptosis,
and we assumed that apoptosis was induced through not only the
mitochondrial apoptotic pathway but also via the death receptor
pathway because caspase-8,-9 and -10 inhibitors decreased the
proportion of cells in sub-GI.

Next, we examined the mechanisms underlying the cyto-
toxic effects of SE I treatment. Based on previous reports that
cells in the G2 and M phases are more radiosensitive than those
in other phases of the cell cycle (17,18), we hypothesized that
synergistic effects could be obtained if ZOL arrested the cell
cycle in G2/M phases. However, the proportion of cells in G2/M
phase was not increased by ZOL.

Based on our results, we investigated another mechanism
for the cytotoxic effects of SE I treatment. Whereas IR is an
effective treatment for malignant tumor cells by directly causing
DNA damage (27,28), radioadaptive resistance, a specific
prosurvival signaling network or radioprotective mechanisms
activated by IR, has also been reported (21,29). The term radio-
adaptive response was originally used to describe a reduced cell
sensitivity to a higher challenge dose when a smaller inducing
radiation dose had been applied earlier (30). NF-«B is a tran-
scription factor that plays a key role in tumor radioadaptive
resistance. It has been reported that DNA binding of NF-xB was
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Figure 6. NF-«xB promoter activity stimulated by IR was inhibited by pretreatment with ZOL in HT1080 cells. (A) Green fluorescent protein (GFP) was transfected
to confirm the efficacy of plasmid transfection. (B) HT1080 cells were transiently transfected with the NF-«B reporter plasmid, and luciferase activity was measured
after incubation with ZOL alone, IR alone or SE I treatment. The raw light units (RLU) from the cell lysates were standardized relative to the protein concentrations.
The fold induction by each treatment was calculated relative to that of DMSO and indicated on the right. Data are shown as means (bars, SD) (n=3). ‘P<0.05.
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Figure 7. (A) ROS generation is increased by SE I treatment. (B) NAC inhibited ROS generation caused by SE I treatment. Data are expressed as (number of FL1-
positive cells) x (mean fluorescence intensity). (C) The increase in sub-Gl fraction induced by SE I treatment was reduced by NAC in HT1080 cells. Equivalent
DMSO was used as a control (CT). Data are shown as means (bars, SD) (n=3). IR, ionizing radiation.

activated by IR (31,32) and was regulated by various signaling
cascades, e.g., the TNF-a pathway, Ras-PI3K-Akt pathway, and
Ras-MAPK pathway (33-36). In addition, several genes, such as
the anti-apoptotic Bcl family, cyclin Bl, cyclin D2, superoxide
dismutases (SOD) that suppress ROS generation and HER-2,
were identified as effector genes of NF-kB and these upregu-
lated both cell proliferation and viability (21). Furthermore, it
has been reported that blocking NF-«kB activation increases
the apoptotic response and decreases growth and clonogenic
survival of several human cancer cell lines (37,38). In the
present study, we evaluated the inhibitory effects of ZOL on
radioadaptive signaling, which was unfavorable in treatment
of malignant tumor cells. We have reported previously that
ZOL inhibited proliferation and induced apoptosis in HT1080
cells by inhibiting activation of small G protein prenylation (8).
In the present study, we showed that ZOL alone inhibited
phosphorylation of Akt and ERK1/2, which are downstream
of the PI3K-Akt pathway and MAPK pathway. Furthermore,
pretreatment with ZOL also inhibited phosphorylation of Akt
and ERK1/2, which were activated by IR and combined treat-
ment with IR and MEK inhibitor/Akt inhibitors augmented the
cytotoxic effects in HT1080 cells. These results supported the
findings of recent studies that inhibition of the Ras-PI3K-Akt

pathway or Ras-MAPK pathway enhanced the cytotoxic effects
of IR (39-41). These results suggested that ZOL inhibited
PI3K-Akt signaling or MAPK signaling via the inhibition
of small G protein prenylation as one mechanism underlying
the combined effects of ZOL and IR treatment. In addition,
ZOL markedly inhibited Akt phosphorylation. These results
suggested that ZOL may directly inhibit phosphorylation of
Akt by regulation of the inositol phospholipid pathway, which
is upstream of AKT, and not via its effects on small GTPases,
because ZOL negatively regulates lipid metabolism.

In the present study, IR induced Akt and ERK1/2 phos-
phorylation in HT1080 cells within 24 h (especially at 1 h) after
irradiation, similar to the findings of previous studies (23,24).
Furthermore, we showed that pretreatment with ZOL also
inhibited the activation of NF-kB in HT1080 cells, although
transcription of NF-kB was activated 1 h after irradiation. These
results suggested a mechanism by which SE I was the most
effective treatment as follows. SE I treatment induced apoptosis
synergistically by ZOL inhibition of the phosphorylation of
Akt, ERK1/2 and activation of NF-xB, which are involved in
radioadaptive signaling, and were upregulated within a very
short time. However, it has been reported that treatment of cells
with a MEK/ERK inhibitor shows either little or no effect on
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IR-induced apoptosis (42,43). Therefore, the role of ERK activa-
tion on cell radiosensitivity has not been clarified, and further
investigations are necessary.

On the other hand, the term ROS refers to a group of mole-
cules such as peroxides and free radicals derived from oxygen
that are highly reactive toward biomolecules. ROS are produced
not only by endogenous sources, but also by exogenous sources,
such as IR, chemicals, toxins and pollutants (44). Elevated
ROS levels can create oxidative stress in the cell and chronic
exposure to this stress can result in permanent changes in the
genome (45). It is well known that the large and sudden increase
in ROS generation in cells by IR can lead to apoptotic cell
death (46). Excessive ROS, e.g., that generated by IR, induces
mitochondrial apoptosis, because mitochondrial DNA is highly
sensitive to mutations caused by endogenous ROS (47,48). DSB
by ROS can arise when ROS-induced DNA damage interferes
with either DNA replication or transcription (49,50). In the
present study, intracellular ROS levels in HT1080 cells were
increased by SE I treatment, and the cytotoxic effects enhanced
by co-treatment with ZOL were reduced by NAC treatment.
These results suggested that ROS generation played a significant
role in the combined effects of ZOL with IR. The mechanism
was thought to be as follows. As a result of unprenylation of
small GTPase by ZOL, NF-«B was inactivated via inhibition
of the PI3K-Akt pathway and MAPK pathway downstream
of small GTPases and then ROS generation was increased by
inhibition of NF-«kB effector genes, e.g., MnSOD and CuSOD.
However, further studies are required as it is difficult to clarify
the precise mechanism underlying the combined effect based
only on our results.

We showed for the first time that ZOL significantly
enhances radiation-induced apoptosis in human fibrosarcoma
cells. Although the detailed mechanism has not been reported,
we demonstrated one of the mechanisms underlying the
synergistic effects of ZOL and IR. Due to inhibition of small
GTPase prenylation, ZOL inhibited phosphorylation of AKT
and ERK1/2, along with the transcriptional activity of NF-«xB,
and synergistic effects were obtained. Furthermore, SE I was
postulated to be the most effective treatment because adaptive
resistance to IR occurred within a few hours. The increased
ROS generation was also one of the mechanisms underlying the
combined effects. Although further studies of the in vivo effects
are required, these results raise the possibility that the combina-
tion of ZOL and radiation may represent a promising type of
therapy for fibrosarcoma.
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