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Interleukin(IL)-1 is a multifunctional 

cytokine that plays important roles in the 

immune system and inflammation and is 

able to survive from death of mice irradiated 

at lethal doses of X-rays.  We previously 

reported that the induction of the IL-1� 

gene, not only in the late phase, but also in 

the immediate-early phase after exposure to 

ionizing radiation at transcriptional level in 

primary cultures of mouse spleen cells and 

macrophage.  Since the immediate-early 

phase of induction probably reflects early 

responsive mechanisms against radiation in 

mammalian cells, we explored the molecular 

events in the macrophage.  To demonstrate 

the immediate-early induction of the IL-1� 

gene, an electrophoretic mobility-shift assay 

(EMSA) was used to detect specific binding 

of nuclear proteins to the upstream region of 

the gene, since the analysis using 

conventional reporter assay was intercepted 

by the late phase induction.   

 In the consideration of the 

possibility that the gene is regulated by a 

far-upstream region from the transcriptional 

starting site, as in other cytokine genes, we 

focused on a DNA locus including the IL-1� 

gene with an upstream region of 9.5 kb that 

was isolated from the C3H mouse genomic 

library.  Binding activity to the nuclear 

extract of macrophage-line leukemia cell 

line L8704 was analyzed using its upstream 

region that was fragmented by restriction 

endonuclease.  Specific binding activity 

was detected in three DNA fragments 

corresponding to the 8500, 8000 and 2500 

bases upstream of the gene named B10, B02 

and F19, respectively (Fig. 17, lanes 2 and 

3).  When the nuclear extract from the 

L8704 cells immediately after irradiation of 

20Gy X-rays was used, the binding 

disappeared (lanes 5 and 6).  When 

non-labeled oligoDNA was added as a 

competitor or the nuclear extract was 

replaced by that from non-irradiated cells, 

the retardation was blocked and the free 

DNA bands reemerged (lane 4).  The 

retardation effect also vanished upon a 

pretreatment of the nuclear extract from the 

irradiated cells with proteinase K (lane 7).  

These results indicate that the nuclear 

proteins in the extract contribute to the 

specific binding to the DNA fragments.   

 Nucleotide sequences essential for 

the binding to the nuclear extract in B10, 

B02 and F19 fragments were shown to be 79, 

118 and 137 bases in size, respectively.  

However, further elimination of the sizes 

lost the binding activity, unlike target motifs 



for transcriptional activators with 

short-target motifs and giving single 

retardation bands.  It is speculated that the 

disappearance of binding activity reflects 

conformational change(s) of DNA-protein 

complexes besides the IL-1� gene locus 

during immediate-early induction.  The 

identification of the nuclear components 

would be important to understand the 

immediate-early response after exposure to 

ionizing radiation. 

 

 

 

Publication: 
Ishihara, H., Tanaka, I. Wan, H. and 
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Figure Legend 

 Fig. 17.  Binding of nuclear 

extract to the upstream region of the IL-1� 

gene.  Short DNA fragments of B10, B02 

and F19 correspond to the upstream region 

of IL-1� gene (upper).  The fragments 

were end-labeled and incubated with stock 

(c, lanes 2, 4 and 6) and 10-fold-diluted (d, 

lanes 1, 3 and 5) solutions of the nuclear 

extract from non-irradiated cells (lanes 2, 3 

and 4) or irradiated cells (lanes 5, 6 and 7).  

During incubation, a 10-fold molar amount 

of non-labeled DNA was used as a 

competitor in lane 4.  Before incubation, 

the nuclear extract from irradiated cells was 

pretreated with proteinase K (final 

concentration, 100 �g/ml) at 37℃ , 10 min 
(lane 7).  After the incubation, mixtures 

were applied onto 6% agarose gel for 

electrophoresis.  The arrows indicate the 

areas shifted by the retardation of the DNA.  

Nucleotide sequences showing binding 

activity on similar analyses (underlined) of 

these fragments are placed at the bottom.   
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The generation of hydroxyl radical believed to be one of 
the major triggers of radiation injury was monitored in live 
rats by spin-trapping the secondary radical, methyl radical 
formed by the reaction of hydroxyl radical with dimethyl 
sulfoxide (DMSO).  The X-ray irradiation of rats 
administered with a DMSO solution of the spin trap, 
�-phenyl-N-tert-butylnitrone (PBN) resulted in a 
remarkable increase in the six-line ESR signal in bile.  
The increase of the signal was dependent on the X-ray 
irradiation.  No increase was observed under sham 
irradiation.  The apparent hyperfine splitting constants for 
the six-line signal were very close to those reported for 
PBN/･CH3.  Replacement of DMSO with [13C2]DMSO, 
whose 12C (I=0) was substituted with a magnetic 13C 
(I=1/2), gave the ESR spectrum with another hyperfine 
structure.  Simulation of this spectrum revealed that the 
observed spectrum was composed of signals for 4 different 
species: PBN/･13CH3; the adduct of the C-centered radical 
(probably produced by the reaction of intrinsic fatty acid 
with ･OH); the unknown radical adduct with broad triplet 
lines; and ascorbyl radical.  The spin ratio calculated from 
these components strongly indicated that the signal 
observed in the bile samples collected from rats during 
X-ray irradiation mainly included the signal of PBN/･CH3.  
The concentration of the radical adduct in bile was 
determined by double integration of the doublet line at the 
lower magnetic field.  The strengthened signal was 

detectable above 20 Gy, and there was a fairly linear 
relationship between the dose of radiation and the 
concentration of the radical adducts.  Preadministration of 
cysteamine (4 mmol/kg-b.w.), a radioprotective agent, 
prevented the signal increase caused by X-ray irradiation at 
78 Gy.  The effect of cysteamine on the formation of 
radical adducts was dose-dependent.  Cysteamine hardly 
reduced the signal intensity of the PBN adducts in vitro, 
indicating that the in vivo effect of cysteamine resulted 
from its activity as a radical scavenger.  This is the first 
study of the in vivo demonstration of the generation of 
hydroxyl radical at a radiation dose close to accidental 
doses and the radical scavenging by a radioprotective 
agent. 
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Glutathione (�-Glu-Cys-Gly) is a major antioxidant 
peptide existing mainly in cytosol at the concentration of 
1-11 mM.  It occurs as a redox equilibrium between GSH 
(reduced form) and GSSH (oxidized dimer form) and 
oxidative stress to living organisms is thought to change 
the redox balance to a more oxidizing equilibrium (smaller 
GSH/GSSG ratio).  However, experimental evidence 
proving such an idea is insufficient.  In the present study, 
we tried to establish the method to measure simultaneously 
the amount of GSH and GSSG in tissue samples with 
HPLC and to investigate the effect of oxidative stress on 
the amount of GSH and GSSG in mouse liver and brain. 
For the simultaneous detection of both GSH and GSSG, 
we adopted HPLC using a derivatizing method.  Samples 
were derivatized with 2,4-dinitrofluorobenzene and then 
applied to HPLC system equipped with an UV/visible 
detector.  Sample pH (authentic GSH and GSSG, mouse 
liver homogenate, mouse brain homogenate in 6% 
meta-phosphoric acid and 1 mM bathophenanthroline 
disulfonic acid) was adjusted to 8.5 with 2.4 M KHCO3 
and then the solution was reacted with 
2,4-dinitrofluorobenzene for 2 hours at 40°C in the dark.  
After treatment with 70% perchloric acid, the solution was 
centrifuged at 5,600 x g for 5 min at 4°C.  The resultant 
supernatant was filtered with a membrane filter (0.22 �m) 

and the filtrate was used as the HPLC sample.  The 
HPLC system (Shiseido Co.) consisted of an auto-sampler 
(SI-2/3023), two pumps (SI-1/2001 and SI-2/3001), a 
degasser (SI-2/3009), a column oven (SI-1/2004), an 
UV/visible detector (SI-1/2002), and a computer-assisted 
system controller with a data processing software (S-MC).  
A reverse-phase column (Shiseido Capcel Pak C18 
MG120, 2 mm� x 250 mm) was used.  The mobile 
phase had a gradient of hydrophobicity by appropriate 
mixing of two solutions, 0.1% trifluoroacetic acid in 
acetonitrile and 0.1% trifluoroacetic acid in water. 
After establishment of the analytical conditions using 
HPLC, we measured GSH and GSSG content in liver and 
brain tissues of normal mice or vitamin E deficient mice to 
which oxidative stress was applied or not.  Two kinds of 
oxidative stresses, X-ray irradiation (8 Gy) or iron 
overloading, were applied.  Samples were prepared 2 
hours post X-ray irradiation and 1 hour post iron injection.  
Contrary to our initial expectation, neither oxidative stress, 
X-ray irradiation and iron overloading, changed the 
GSH/GSSG ratio in the liver and the brain of both normal 
and vitamin E deficient mice.  On the other hand, total 
glutathione (GSH plus 2GSSG) significantly decreased in 
the brain of vitamin E deficient mice for both oxidative 
stresses.  Significant change, however, was observed only 
in this sample.   
Since glutathione is in a dynamic equilibrium in living 
tissues, transient change in the GSH/GSSG ratio might 
disappear after a certain period of time or the change might 
be too slow to be detected after a certain period of time.  
Therefore, it would be better to measure the glutathione 
content at various timing after applying the oxidative 
stress. 
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 Heme oxygenase-1 (HO-1) is an enzyme which 
decomposes heme to biliverdin, Fe2+ and carbon 
monoxide.  The transcription of the gene of HO-1 is 
activated by various stimuli, such as oxidative stress, 
UVA radiation, heat shock and metal cations. 
   We had previously reported that the activity of 
heme oxygenase in the rat liver was stimulated 2.5 
times as measured at 7 h after a whole-body irradiation 
of 17 Gy X-rays, and that the amount of HO-1 protein 
was also increased after irradiation, reached the 
maximal level at 4 h and then was decreased slightly 
until 10 h after irradiation.   
   In the present study we examined the HO-1 mRNA 
expression in the livers of irradiated rats by northern 
blotting to investigate the transcriptional activation of 
this gene.  Male rats were irradiated with X-rays (17 
Gy), and the mRNA fraction was prepared from the 
liver at 2, 4, 7 and 10 h after irradiation.  As shown in 
Fig.18, the mRNA of HO-1 was increased significantly 
2 h after irradiation, reached the maximal value at 4 h, 
and then was declined until 10 h.  When the X-ray 
dose was varied from 4.0 to 21.7 Gy, the transcription 
of the gene was enhanced with all doses and the level 
of activation was dependent upon the doses of the 
X-rays. 
   Thus in this study, we observed a transient 

activation of the transcription of HO-1 gene shortly 
after irradiation, and demonstrated that ionizing 
radiation is a stressor which induces activation of the 
HO-1 gene and increases enzyme activity in the liver.  
It is possible that the products of the heme oxygenase 
reaction, biliverdin and bilirubin, might scavenge 
reactive oxygen species produced by radiation to 
protect tissues from oxidative stress, and might 
contribute to some extent to attenuate the secondary 
injuries. 
 
Publication:  
Suzuki, K., Mori, M., Kugawa, F. and Ishihara, H.: J. 
Radiat. Res., 43, 205-210, 2002. 
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Fig.18.  Transient upregulation of rat HO-1 mRNA after 
17 Gy X-ray irradiation. a, P<0.01; b, P<0.02.
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   Reported studies of DNA breakage induced by 

radiation of various qualities have generally shown a 

higher fraction of unrejoined residual breaks after 

high-LET exposure. This observation is supported by the 

argument that high-LET radiation induced DNA breaks 

that are more complex in nature and, thus, less likely to be 

repaired. In most cases the doses used in these studies were 

very high. We have studied unrejoined chromosome 

breaks by analyzing chromosome aberrations using a 

fluorescence in situ hybridization (FISH) technique with a 

combination of whole chromosome specific probes and 

probes specific for the telomere region of the 

chromosomes. Confluent human fibroblast cells 

(AG1522) were irradiated with �-rays, 490 MeV/nucleon 

Si, or with Fe ions at either 200 and 500 MeV/nucleon, 

and were allowed to repair at 37°C for 24 hours after 

exposure. A chemically induced premature chromosome 

condensation (PCC) technique was used to condense 

chromosomes in the G2 phase of the cell cycle. Results 

showed that the frequency of unrejoined chromosome 

breaks was higher after high-LET radiation, and the ratio 

of unrejoined to misrejoined chromosome breaks 

increased steadily with LET up a peak value at 440 

keVµm. 

 

Publication:  
Wu, H., Furusawa, Y., George, K., Kawata, T., and 

Cucinotta, F.A.: J. Radiat. Res. 43, s181-s185, 2002. 
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     Suzuki presented models for mixed irradiation with 
two and multiple types of radiation by extending the 
Zaider and Rossi model, which is based on the theory of 
dual radiation action. In these models, the repair function 
was simply assumed to be semi-logarithmically linear (i.e., 
monoexponential), or a first-order process, which has been 
experimentally contradicted. Fowler, however, suggested 
that the repair of radiation damage might be largely a 
second-order process rather than a first-order one, and 
presented data in support of this hypothesis. In addition, a 
second-order repair function is preferred to an 
n-exponential repair function for the reason that only one 
parameter is used in the former instead of 2n-1 parameters 
for the latter, although both repair functions show a good 
fit to the experimental data. However, according to a 
second-order repair function, the repair rate depends on the 
dose, which is incompatible with the experimental data. 
We, therefore, revised the models for mixed irradiation by 
Zaider and Rossi and by Suzuki, by substituting a 
`reciprocal-time' pattern of the repair function, which is 
derived from the assumption that the repair rate is 
independent of the dose in a second-order repair function, 
for a first-order one in reduction and interaction factors of 
the models, although the underlying mechanism for this 
assumption cannot be well-explained. The reduction factor, 
which reduces the contribution of the square of a dose to 

cell killing in the linear-quadratic model and its derivatives, 
and the interaction factor, which also reduces the 
contribution of the interaction of two or more doses of 
different types of radiation, were formulated by using a 
`reciprocal-time' pattern of the repair function. Cell 
survivals calculated from the older and the newly modified 
models were compared in terms of the dose rate by 
assuming various types of single and mixed irradiation. 
The result implies that the newly modified models for 
mixed irradiation can express or predict cell survival more 
accurately than the older ones, especially when irradiation 
is prolonged at low dose rates. 
 
Publication: Suzuki, S., Miura, Y., Mizuno, S., and 
Furusawa, Y.: J. Radiat. Res. 43, 257-267, 2002.  
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     We investigated the sensitizing effect of the 

2-nitroimidazole analogue doranidazole, a new hypoxic 

radiosensitizer, on radiation-induced apoptosis in L5178Y 

cells. Apoptosis was assessed by checking DNA ladder 

formation, the presence of sub-G1 peaks in flow cytometry, 

and chromatin condensation. A radiosensitizing effect of 

doranidazole was also confirmed by a soft-agar colony 

assay of surviving cells. In the assay of DNA ladder 

formation, DNA fragmentation was observed following 

irradiation under an aerobic or hypoxic condition with or 

without doranidazole. The proportions of the cells at the 

sub-G1 peak in a flow cytometric measurement was not 

very different among the irradiations at 5 Gy under the 

aerobic condition, 15 Gy under hypoxia, and 10 Gy with 1 

mM doranidazole under hypoxia. The fraction of cells 

with chromatin condensation was found to be significantly 

increased with doranidazole up to 3 mM when applied 

under hypoxic irradiation, but did not increase even at 10 

mM. The sensitizer enhancement ratio was estimated to be 

about 1.7 with a concentration of 1 mM. This 

enhancement ratio was not different from that observed by 

assaying cell survivals. On the other hand, doranidazole 

showed no radiosensitizing effect under aerobic conditions 

with 1 mM. In conclusion, the radiation-induced apoptosis 

of L5178Y cells was enhanced by doranidazole under 

hypoxia. 

 

Publication:  
Aoki, M., Furusawa, Y., Shibamoto, Y., and Tsujitani, M.: J. 
Radiat. Res. 43, 161-166, 2002.  
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     In order to develop new imaging markers for brain 
hypoxia, 4-bromo-1-(3-fluoropropyl)-2-nitroimidazole 
(4-BrFPN) was designed based on molecular orbital 
calculations, synthesized and labeled with fluorine-18 as a 
lipophilic nitroimidazole analog with a lower energy 
LUMO orbital than those for fluoromisonidazole 
(FMISO) and 1-(3-fluoropropyl)-2-nitroimidazole (FPN). 
In an in vitro radiosensitization study, the sensitizer 
enhancement ratio for 4-BrFPN was found to be 1.65 at a I 
mM concentration, in comparison to 1.81 for FMISO. The 
preparation of 18F-labeled 4-BrFPN (4-Br18FPN) was 
achieved by [18F]fluoride ion displacement reaction of the 
tosylate precursor, in a reasonable radiochemical yield 
(33%, not corrected for decay). Metabolites in tumor and 
muscle extracts from methylcholanthrene-induced 
fibrosarcoma mice, as well as the tissue distribution of 
4-Br18FPN in normal rats, were studied. The initial uptake 
into rat brain of 4-Br18FPN was significantly higher 
relative to 18F-labeled FMISO (18FMISO), followed by a 
rapid washout from the brain. The tumor uptake of 
4-Br18FPN was somewhat enhanced compared to those 
obtained with 18FMISO and 18F-labeled FPN (18FPN), but 
with lower tumor localization than 18FMISO. Analyses of 

tumor and muscle extracts showed metabolites remaining 
on he base line on the radio-TLC plates, and they were 
produced to a greater extent in tumor than muscle. The use 
of two drugs which increase hypoxic cell fraction in tumor, 
hydralazine or nitro-L-arginine, produced a significant 
increase in tumor levels of 4-Br18FPN, suggestive of a 
hypoxic mechanism of accumulation. The results imply 
that lowering of the LUMO energy of a molecule alone is 
not sufficient to improve its biodistribution properties for 
better imaging of regions of hypoxia. 
 
Publication:  
Yamamoto, F., Aoki, M., Furusawa, Y., Ando, K., 
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It would be useful to develop a tissue equivalent gel, to 
improve the uniformity of the electromagnetic field in the 
human body, and for making a tissue equivalent dielectric 
human phantom. 

In this study, solid-type water-based gelatin-honey gels 
were developed which have the electrical characteristics of 
skin tissue. It was demonstrated that a stable and 
homogeneous gel, with a relative dielectric constant (ε’) 
chosen from desired ranges found in skin, can be made.  
 Above 300 MHz, acquiring MR images of high quality is 
difficult because of the increase in operating RF (radio 
frequency). The main factor affecting image quality is a 
dielectric resonance phenomenon, which can cause 
distortion. Electromagnetic wave impedance mismatching 
of the air/tissue interface may also cause dielectric 
inhomogeneity, especially at the epidermal surface. 
 We expect that three things will occur when an 
electromagnetic field propagating in the air encounters 
human tissue such as the dermis; the RF wave should be 
reflected, transmitted, and absorbed. All three are related to 
the dielectric properties of the material. Using suitable 
impedance-matched materials should reduce the dielectric 
mismatch between air and the human body. 
 The simulation and the trial to form phantom for muscle 

tissue were reported previously. We developed a bolus 
phantom gel which functions by suppressing the 
non-uniformity of RF due to impedance mismatching 
inside the skin at 200MHz up to 400MHz. Data on the 
dielectric specificity of several human skin conditions were 
already reported in our previous article. 
The basic materials prepared for developing gels are 
gelatin produced from pigskins, honey syrup, NaCl 
(100%) and distilled water. Solid-type water-based 
gelatin-honey gels were developed which have the 
electrical characteristic of skin tissue. It was demonstrated 
that stable and homogeneous gels can be made in which 
values of the relative dielectric constant (ε’) can be 
chosen from desired ranges found in skin. Still, ε’and σ 
can be varied almost independently, ε’ depending on 
gelatin and honey concentrations, and σ on the salt 
concentration. 
  The usage of developed gels would not only improve 
diagnoses with high Tesla MRI, but also have potential for 
hyperthermia or the study of the safety of electromagnetic 
fields. 
 
Publication 
 
Sunaga T, Ikehira H, Furukawa S, Tamura M, et al.:  
Bioelectromagnetics 24, 214-217,2002. 
 
 


