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ABSTRACT 

The intracellular glutathione (GSH) content in HeLa, CHO 

and V79 cells was reduced by incubating the cells in growth 

medium containing buthionine sulfoximine (BSO) or diethyl maleate 

(DEM). Clonogenicity, single strand DNA breaks (ssb) and double 

strand DNA breaks (dsb) were used as criteria for radiation 

induced damage after X- or Y irradiation. In survival experiments 

DEM gave a slightly larger sensitization although it gave a smaller 

reduction of the intracellular GSH. In general, sensitization was 

larger for dsb than for ssb, also the reduction of the CER was gene

rally larger for dsb than for ssb. This may be due to the higher dose 

rate in case of dsb experiments resulting in a higher rate of radio

chemical oxygen consumption. In general, no effect was found en 

post-irradiation repair of ssb and dsb. 
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SAMENVATTING 

Titel: De invloed van een verlaging van de hoeveelheid intracellu

lair glutathion op de stralingsgevoeligheid. 

Auteurs: 0. Vos, G.P. van der Schans en W.S.D. Roos-Verheij 

De hoeveelheid intracellulair glutathion (GSH) in HeLa, CHO en V79 

cellen werd verlaagd door de cellen te incuberen in kweekmedium waaraan 

buthionine sulfoximine (BSO) of diethyl maleaat (DEM) was toegevoegd. 

Als criteria voor stralingsschade teweeggebracht door blootstelling aan 

röntgen- of gammastraling, werden gebruikt: het afnemen van de capaci

teit van de cellen tot het vormen van kolonies (overleving) en de in

ductie van enkelstreng- en dubbelstreng breuken in DNA. In de over-

levingsexperimenten bleek DEM de cellen iets sterker stralingsgevoelig 

te maken dan BSO, hoewel het een geringere verlaging van de hoeveelheid 

intracellulair GSH veroorzaakte. In het algemeen was de sensibilisatie 

voor het optreden van dubbelstreng breuken groter dan voor enkelstreng 

breuken; ook was de reductie van de OER (oxygen enhancement ratio • 

verhoging van de stralingsgevoeligheid door aanwezigheid van zuurstof) 

in het algemeen groter voor dubbelstreng- dan voor enkelstreng breuken. 

Mogelijk werd dit veroorzaakt door de hogere exposie snelheid in de 

dubbelstreng-breuk experimenten, waardoor het chemische zuurstofver

bruik tijdens bestraling groter was. In het algemeen werd geen invloed 

waargenomen van een verlaging van de GSH inhoud van de cellen op het 

herstel van enkelstreng- en dubbelstreng breuken na bestraling. Gecon

cludeerd kan worden dat een verlaging van de intracellulaire GSH-con-

centratie wel een verhoging van de stralingsgevoeligheid veroorzaakt, 

in het bijzonder bij een lage zuurstofconcentratie, maar dat de GSH-

concentratie niet de enige factor is die de stralingsgevoeligheid 

bepaalt. 
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Motivering en Toelichting 

Er zijn aanwijzingen dat de normaal in de cel voorkomende SH-ver-

binding glutathion (GSH) van belang is voor de stralingsgevoeligheid 

van de cel. Het is als het ware de belangrijkste endogeen voorkomende 

stralingsbeschermer. Omdat wij na wilden gaan of een verhoging van de 

intracellulaire GSH-concentratie tot bescherming kan leiden, was het 

van belang de invloed van de GSH-concentratie in het algemeen te 

onderzoeken. Hierbij werd gebruik gemaakt van gekweekte cellen van mens 

en dier. Aangezien het verhogen van de intracellulaire GSH-concentratie 

experimenteel niet eenvoudig te verwezenlijken bleek, werd allereerst 

het effect van verlaging bestudeerd. In dit rapport worden de effecten 

van het verlagen van de GSH-concentratie in een drietal cellijnen be

schreven. Twee methoden voor het bereiken van een verlaagde GSH-con

centratie werden gebruikt: (1) incubatie van de cellen in een buthio-

nine sulfoximine (BSO) oplossing (BSO remt het enzym gamma glutamyl-

cysteine synthetase en daardoor de GSH synthese) en (2) incubatie in 

een DEM oplossing (DEM bindt het in de cel aanwezige GSH). 
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INTRODUCTION 

After the first reports which showed that a low endogenous 
glutathione (GSH) level markedly sensitizes anoxic bacteria and 
diploid human cells to low LET radiation, thereby reducing the 
oxygen enhancement ratio (OER) (Morse and Dahl, 1978; Deschavanne 
et al., 1981), the effect of a low cellular GSH content has been 
studied more extensively in various cell lines, and with different 
techniques to diminish the intracellular GSH level. In some experi
ments the effect of GSH depletion on the OER could be confirmed. 
For example, Bump et al. (Ю82) reduced the GSH content in CHO cells 
by exposure to diethyl maleate (DEM) and found sensitization after 
irradiation under nitrogen, but no effect on survival after X-
irradiation under air. Clark et al. (1984) also using CHO cells 
obtained similar results with buthionine sulfoximine (BSO) an agent 
that inhibits the enzyme y-glutamylcysteine synthetase and thus 
prevents the replenishment of metabolically exhausted intracellular 
GSH pools. These authors further described tnat the degree of sensi
tization was related to the degree of GSH reduction. On the other 
hand, Mitchell et al. (1983) found no appreciable alteration of the OEF 
in V79 Chinese hamster lung cells and A549 human lung carcinoma cells 
after DEM or BSO treatment. Both agents se.nsit.ized under air cr hypo
xic condition::. Similar results were reported by Eiaglow et al. (1983a) 
with A-4 9 re-", s; only a combination of BSO and DEM treatment decreased 
the OER. Asto1- П984) working with human skin fibroblasts from 
patie.-.t2 a:f--.-e: with an inborn error of metabolism, found that 
only when GSH levels reached extremely low values a reduction of 

http://se.nsit.ized
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the OER was observed. In V79 Chinese hamster cells Astor et al. (1984 

observed that only a long term incubation with BSO produced a large 

change in OER. They suggested that other biochemical pathways using 

GSH and amino acids had to be affected. 

The effect of intracellular GSH is mostly explained by a radio

chemical model in which competitive reactions between oxidizing and 

reducing species for radiation-induced radicals in critical molecules 

are involved (Alexander and Charlesby, 1954; Alper and Howard Flander 

1956; Chapman et al., 1973). By formation of peroxy radicals, oxygen 

would lead to damage fixation, whereas hydrogen atom donation from 

a thiol group would give damage repair. However, oxidation of GSH to 

GSSG caused by a diamide treatment after irradiaton also has some 

sensitizing effect (Martin et al., 1981; Vos et al., 1976), so it 

is not excluded that enzymatic repair mechanisms too are affected 

by a low GSH level. 

Radiation-induced cell death must be considered as a biological 

endpoint which is determined by initial damage and the capability of 

the organism for enzymatic repair. We therefore decided to study the 

effect of a low intracellular GSH content on primary damage (single 

and double strand DNA breaks) and on survival, and also to investigate 

the effect of intracellular GSH on repair of single strand breaks 

(ssb) and double strand breaks (dab). To diminish the intracellular 

GSH level we exposed the cells either to BSO or to DEM. Sinc«. 

different results on OER were obtained with CHO and V79 cells, we 

used both cell lines and for comparison also included HeLa colls in 

this investigation. Preliminary results with the latttr ĉ 1 . .=ve 

been published before (Vos et al., 1984). 
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MATERIAL AND METHODS 

Cell cultures 
HeLa cells, CHO cells and V79 cells were cultured in F10 medium, 

supplemented with 6% new born calf serum; 100 IU penicillin and 0.10 
mg streptomycin per ml were added. The cell lines were maintained on 
polystyrene culture flasks (Costar, Cambridge, Mass.). For survival 
studies cells were cloned after irradiation in polystyrene petri dishe 
diameter б cm (Greiner, Nürtingjn, FRG), which were provided with 
a feeder layer of 150,000 cells of the same cell line 20 hr before 

cloning. Cell suspensions were prepared with a 0.25% trypsine concen

tration in PBS (8.1 mM Na.HPO., 15 raM KH2 DO., 2.6 mg M KC1, 140 mM 

NaCl). Cells for the feeder layer were irradiated with 40 Gy X-tays. 

Colonies were counted after 7 days of culturing in a humidified atmos

phere of 5% C02 in air. Before counting, cultures were stained with 

methylene blue. 

Treatment with BSO and DEM 

Buthionine sulfoximine (BSO) inhibits glutathione synthesis 

by blocking the enzyme y-glutamylcysteine synthetase (Griffith 

and Meister, 1979; Meister, 1983). Due to this inhibition the cellu

lar GSH content is exhausted and its level declines within a few 

hours. The inhibition is specific and the agent has a low toxicity 

in mice as well as on cells in culture (Griffith, 1981; Clark et al., 

1984). We tested the effect on HeLa cells and found a saturation of 

the inhibition at concentrations above 0.05 mM. This is in agree--:..-.-. 

with data from other authors (Clark et al., 1984). 
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Diethyl maleate (DEM) lowers the intracellular GSH level by 

conjugating with GSH as well as other thiols. Its effect on GSH is 

less specific (Plummer et al., 1981; Mitchell et al., 1983). The 

cellular GSH decreases more rapidly than after BSO exposure. It is 

more toxic than BSO. With HeLa cells we found about 50% cell death 

at an exposure time of 2 hr and a concentration of 1 mM, but no 

toxicity was observed under the same circumstances in CHO and V79 

cells. 

Log phase cultures on petri dishes were before irradiation 

exposed to 0.2 mM BSO (for 16 hr at 37°C), or to 1.0 mM DEM (for 1 hr 

at room temperature) both in growth medium. BSO and DEM solutions 

were washed off immediately after irradiation and subsequently cell 

suspensions were made for plating. These BSO and DEM treatments did 

not affect colony formation of non-irradiated cells. Before plating 

the cells were washed twice with growth medium at room temperature. 

Anoxia 

In case of survival studies humidified nitrogen, purified with 

an oxygen filter (Chromopack, Middelburg, The Netherlands) , was 

flushed over monolayer cultures, with adhering culture fluid only, 

during 90 min at room temperature. The oxygen content of the gas 

leaving the system was measured with a Hersch cell and was less than 

10 ppm. In case ;f DliA break studies purified humidified nitrogen was 

flushed over cultures on ice to prevent repair during irradiation for 

60 min before arv:i during irradiation. As described by Chapman et al. 

(1970) , due tc .- '.ease of oxygen from the plastic, low oxygen levels 

but no complete »:,cxia may be expected under these conditions in the 

immediate envirc-r.r.cnt of cells cultured on polystyrene. However, 
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according to the same authors, the oxygen release is rather constant 

during a long period of time. This makes that, after a flushing period 

in which most of the oxygen is removed from the gas phase, the con

centration of oxygen at the petri dish surface, will be in equilibrium 

and rather constant too. Since as a first approximation the diffusion 

constant of oxygen is linearly related to the absolute temperature, it 

is reasonable to expect that at the cell level the oxygen concentration 

at 0°C and at room temperature differs at most by a factor of 1.1, 

under conditions where radiochemical oxygen consumption can be ignored. 

Based on new experiments (van der Schans et al., manuscript in prepa

ration) it can be estimated that the oxygen concentration in the 

immediate cellular environment is about 500 ppm. 

Irradiation 

Cells in log phase monolayer cultures on polystyrene petri dishes 

were irradiated with a Philips 300 kVp X-ray machine (dose rate 5 Gy/ 

min) when survival or ssb were studied and with a Co gamma source 

(Gamma Cell 200, Atomic Energy of Canada Ltd., Ottawa, Canada) when 

dsb were investigated (dose rate 50-60 Gy/min). Radiation constants for 

the X-rays were: 300 kVp; 10 mA; filtration 1.5 mm Cu (corrected, hvl 

2.9 mm Cu, distance to target 24 cm. In case of the X-irradiation, the 

dishes were placed in a perspex container and during >-irradiation in 

a brass container. For breakage measurements both containers w-: n- pre-

cooled in ice; for survival experiments the container was k°p- at room 

temperature. For survival studies under air and under nitroaer. radia

tion doses of 2-8 and 8-24 Gy were used, respectively. : r r.r. . csb 

studies the used radiation doses were 2-10 and 20-200 Gy, respectively. 
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In all cases dose-effect curves were made. The repair of ssb and dsb 
was studied in all experiments under air at 37°C. The radiation doses 
for srb and dsb were under air 5 Gy X-irradiation and 100 Gy "Y-i'rra-
diation respectively and under nitrogen 10 Gy and 200 Gy respectively, 

Determination of intracellular GSH and NPSH 
For determination of the intracellular content of non-protein 

bound thiol (NPSH) and glutathione (GSH) cell suspensions containing 
about 10 cells were used. NPSH was measured with Ellman's reagent an< 
GSH was assessed by high performance liquid chromatography (HPLC) 
with a modified method of Reeve et al. (1980). Cellular protein was 
determined with the method of Lovry et al. (1951). As an average of 3 
independent experiments it was found that normal HeLa, CHO and V79 eel 
contained 81, 41 and 77 nmol GSH/mg protein or 21, 4 and 7 nmoi per 1С 
cells, respectively and 172, 93 and 143 nmol NPSH/mg protein or 44, 
10 and 13 nmol per 10 cells, respectively (all figures with an 
estimated error of about 15%). 

Detection of single strand DNA breaks (ssb) and double strand DNA 
breaks (dsb) 

For the detection of ssb alkaline elution was used as described 
by Van der Schans et al. (1982) and Shiloh et al. (1983). Following 
irrac_-*.ion or after the incubation period for repair (up to 30 min 
for ssb and 120 min for dsb), cultures in normal growth medium were 
placed on ice. Further details are as described by Shiloh et al. (1983 

' r the detection of dsb, neutral elution was performed according 
to Br^iley and Kohn (1979). Details are as described by Shiloh et al. 
(19821 . 
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RESULTS 

GSH and NPSH levels 
During exposure to 0.2 mM BSO in growth medium a decline of 

the intracellular NPSH and GSH level was found with all three cell 
lines employed. The decline of GSH was faster in the hamster cells 
than in the HeLa cells, but with all three cell lines the level 
remained at a plateau after 16 hr. In V79 cells the plateau was a 
little lower (about 6% of controls) than in HeLa and CHO cells (about 
10 and 9% of controls). The intracellular NPSH content also decreased 
after BSO exposure but it remained at a higher level than the GSH 
level (about 50-60% of controls in all three cell lines). 

Exposure to 1 mM DEM caused a more rapid initial decrease of 
GSH and NPSH than exposure to BSO. This decrease leveled off within 
about 40 min of exposure. The GSH plateau in HeLa was substantially 
higher than in CHO and V79, particularly, when the higher initial 
values'in HeLa cells were also taken into account. The NPSH level also 
decreased but to a smaller extent than the GSH level. In Table 1 the 
differences in GSH and NPSH levels after treatment of the 3 cell lines 
with BSO and DEM are summarized. After washing off the BSO solution 
the GSH remained at a very low level for many hours (cf. Vos et al., 1 
This is in agreement with observations by other authors (Varnes et al. 
1984; Shrieve et al., 1985). 

Cell survival 
BSO caused a small sensitization to X-irrii;^:. -. under air in 

the three cell lines used, and a more substantial cu..bitization to 
irradiation under nitrogen (Table 2). Due to this 1-го:г sensitization 
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under nitrogen, BSO exposure reduced the oxygen enhancement ratio (OE 

(Table 3). 

DEM also caused sensitization under air as well as under nitroge 

even to a somewhat larger extent than BSO (Table 2). With CHO cells 

the DEM treatment resulted in a larger decrease of the OER than after 

BSO treatment (Table 3) . 

DNA breaks (ssb, dsb) 

Treatment with BSO or DEM followed by irradiation in air did 

not result in a significant sensitization for the induction of ssb 

and dsb (Table 2). A substantial sensitization was found for the 

induction of both ssb and dsb by irradiation under nitrogen, after BS 

as well as after DEM pretreatment (except in HeLa cells treated with 

DEM) (Table 2). An example of one experiment of dose effect curves fo 

ssb and dsL in CHO cells under air and under nitrogen with and withou 

exposure to BSO or DEM is presented in figure 1. The resulting effect 

on the-OER are summarized in Table 3. 

Repair of ssb and dsb 

Repair of ssb and dsb after irradiation occurred rapidly in all 

three cell lines. About 8G% of the ssb were repaired within 10 min 

after irradiation and about 70% of the dsb had disappeared within 30 

min. Thereafter the repair of ssb and dsb proceeded more slowly. 

BSO pretreatment had no effect on velocity or degree of repair. DEM 

pretreatment did not affect post-irradiation repair after irradiation 

under air, but a small retardation in repair, particularly of ssb, 

was observed after irradiation under nitrogen in HeLa cells as 

reported earlier (Vos et al., 1984) and could be reproduced in 

was 

these 
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series of experiments. As an example the repair curves for ssb and 

dsb in CHO cells under air and under nitrogen with and without 

exposure to BSO and DEM are presented in figure 2. 
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DISCUSSION 

In the cell survival studies of normal HeLa, CHO and V79 cells 

the OER in our experiments was around 2.6. This is smaller than the 

OER that has been described for many cells (higher than 3). We 

explained in the chapter 'Material and Methods' that the anoxia in 

these experiments was probably not complete. Therefore, the effect of 

a low GSH level on OER in our survival studies is only relevant for 

the low oxygen concentration that was present in our experiments. 

We thought it was important to study the effect of different low 

level oxygen concentrations in cells with a low GSH concentration 

after BSO treatment. The results of these studies will be published i 

a separate paper (Van der Schans et al., manuscript in preparation). 

The importance of such studies is stressed by data of Russo et al. 

(1985), who described that the protective effect of an increased GSH 

concentration was maximal between 1000 and 10,000 ppm 02. Estimations 

of the oxygen concentration in our present survival studies indicate 

that the oxygen concentration in the immediate environment of the eel 

was in the order of 500 ppm. 

Although in our studies on survival cells were plated in petri 

dishes with a feeder layer of irradiated cells with a normal GSH leve 

it is highly unlikely that the presence of these cells had an effect 

on repair. Although these cells may export GSH to the medium, only 

low concentrations in the medium can be expected and we never found 

any effect of even high concentrations of GSH in the medium after 

irradiation on survival. An effect of transport of GSH from feeder 

layer cells to the needed cells is also unlikely because the time int 

val between Irradiation and seeding was about 15-20 min due to washin 

of the cells. Subsequently, after seeding it will take time before ga 
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junctions that can be responsible for a metabolic cooperation can have 
developed. 

Survival data of the three cell lines (HeLa, CHO and V79) 
indicate that the radiosensitization obtained with DEM pretreatment 
is slightly larger than that obtained with BSO pretreatment, in 
spite of the fact that BSO pretreatment caused a greater decrease 
of the intracellular GSH and NPSH levels. A larger sensitization by 
DEM was also described by Mitchell et al. (1983); in their experiments 
the GSH level was decreased to less than the 6% reached in our studies. 
In our experiments GSH depletion caused a somewhat larger decrease of 
the OER in CHO than in V79 cells. This, in spite of the fact that in 
V79 cells the extent of GSH depletion, at least with DEM, is more than 
in CHO cells. Mitchell et al. (1983), Clark et al. (1984) and Biaglow 
et al. (1983b) described a considerable reduction of the OER in CHO 
cells, but no change in V79 cells. Thus although we also found a 
somewhat larger effect on OER in CHO than in V79 cells, we could not 
reproduce the complete lack of effect on OER in V79 cells. We conclude 
that, although the intracellular GSH level plays an important role in 
radiation response, there must be also other factors involved in 
determining survival after irradiation. Furthermore, we agree with 
Biaglow et al. (1983a) that 'mechanisms for DEM-radiosensitization 
may be independent of GSH and involve reactivity with other cellular 
NPSH, with protein thiols, аз well as chemosensitization'. According 
to some authors (cf. Jocelyn, 1972) the concentration of GSK in cells 
is at least an order of magnitude greater than that of other thiols. 
However, our experimental datu . iicate that GSH comprises about 4 0-50% 
of the total NPSH. The reduction by BSO pretreatment of GSH to 6-10% 
and of NPSH to only 45-65% doe; -.:: indicate that the decline of GSH 
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is compensated to a large extent by an increase of other thiols for 

example cysteine (cf. Révêsz and Edgren, 1984) . Nevertheless, it 

would be worthwhile to assess the levels of the various thiols in the 

future. 

The sensitization we found for primary lesions in DNA (ssb 

and dsb) was mostly not significantly different from sensitization 

for cell mortality, however, determinations of ssb and dsb were not 

accurate enough to exclude small differences. Sensitization for dsb 

was generally larger than sensitization for ssb. GSH depletion in 

general decreased the OER for dsb more than that for ssb (Table 3). 

The cause of this difference may be due to a higher dose rate resultin 

in a lower oxygen concentration due to the higher rate of radiochemica 

oxygen consumption as will be explained in another publication (van 

der Schans ét al., manuscript in preparation). An effect of a low GSH 

level on ssb induction in diploid human fibroblasts has also been des

cribed by Edgren et al. (1980). The same group (Edgreu et al., 1981; 

Rêvêsz and Edgren, 1984) found only an effect on repair of ssb in aero 

bically irradiated glutathione deficient and glutathione depleted 

cells. In their experiments the repair was delayed and incomplete. It 

is difficult to compare our results with theirs due to the higher 

radiation doses they used. Moreover their cells were irradiated on glas 

petri dishes on which the cells only shortly before irradiation were 

seeded. In their studies t. was 10-15 min, whereas in our experiments 

it was only about 2 min for ssb. Evans et al. (1984) found a similar 

t, for repair of ssb as we did. The results of the Swedish group could 

not be confirmed by Evans et al. (1984). Deschavanne et al. (1984; 

working with UV irradiated human fibroblasts argued in a recent paper 

that thiols and especially GSH are involved in repair mechanisms. 



We were interested in repair of DNA damage because, if the effect of 
a low intracellular GSH level cannot or only partly be explained by 
the theory of a chemical competition between oxygen and a thiol for 
a reversible damage in the target molecule, an effect on enzymatic 
repair might account for (a part of) the effect on radiation sensi
tivity. In particular DEM, which affects the GSH level less speci
fically than BSO, might interfere with enzymatic repair processes. 
Although we did find some inhibition of ssb repair after DEM treatment 
and irradiation in anoxic conditions (e.g. in HeLa cells, as published 
earlier (Vos et al., 1984) and which could be reproduced in later 
experiments) the overall results do not support the hypothesis that a 
low intracellular GSH level or even a DEM treatment is importantly 
affecting radiosensitivity by inhibition of enzymatic repair of DNA 
breaks. Nevertheless, it might be possible that in vivo, where condi
tions will be more or less hypoxic (also during repair) the rate and 
extent of repair is reduced as is reported for ssb (Koch and Painter, 
1975). 
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Table 1. Relative GSH and NPSH levels in 3 different cell lines after 

treatment with BSO or DEM* 

HeLa 
(%) 

CHO 
(%) 

V79 
(%) 

GSH 

NPSH 

Normal 

BSO 

DEM 

Normal 

BSO 

DEM 

100 

10(1.0) 

40(2.5) 

100 

60(7.4) 

65(6.2) 

100 

9(0.6) 

25(7.4) 

100. 

52(5.9) 

60(2.4) 

100 

6(2.0) 

7(1.1) 

100 

50(7.4) 

45(5.0) 

x For CHO and V79 cells the figures with respect to the BSO treatment 

concern averages of 4 determinations in duplicate between 16 and 48 hr 

For HeLa cells 6 experiments have been done and some variations in 

kinetics of decline have been found. We don't know the exact reason 

for these variations but expect that it concerns culture conditions 

such as the FCS sample used, etc. With respect to DEM treatment the 

figures concern averages of 4 determinations in duplicate between 40 

and 120 min for all 3 cell strains. 

The numbers between parentheses are standard deviations. 



Table 2 Effect of BSO and DEM treatment on cellular radiosensitivity 

HeLa survival 

CHO survival 
ssb 
dsb 

V79 survival 
ssb 
dsb 

Sensitization factor 
in air in nitrogen 

BSO DEM BSO DEM 

1.10(1.06-1.14) 
0.Я (0.2) 
1.1 (0.1) 

1.04(1.00-1.09) 
1.0 (0.1) 
1.2 (0.1) 

1.11(1.07-1.13) 
1.2 (0.1) 
1.4 (0.2) 

1.19(1.16-1.21) 
1.0 (0.1) 
1.2 (0.2) 

1.13(1.09-1.16) 
0.8 (0.1) 
1.2 (0.1) 

1.30(1.25-1.32) 
1.2 (0.1) 
1.2 (0.1) 

1.35(1.31-1.42) 
1.6 (0.3) 
1.8 (0.1) 

1.18(1.13-1.28) 
1.5 (0.2) 
2.0 (0.3) 

1.18(1.11-1.23) 
1.5 (0.1) 
2.5 (0.3) 

1.41 (1.33-1.48) 
1.0 (0.1) 
1.2 (0.2) 

1.58(1.52-1.62) 
1.7 (0.1) 
1.6 (0.1) 

1.59(1.58-1.59) 
1.6 (0.1) 
1.8 (0.3) 

x Survival data are from 3 separate experiments. In елсп experiment a survival curve was drawn 
based on 4 different doses, survival ranging between 100 to 0.1%. Each survival point was the 
average of 4 replicate determinations. Ssb and dsb are calculated from the slope of the dose 
effect curves (+ SE) obtained with all determinations of 2 or 3 independent experiments similar 
to those presented in figure 1. Sensitization factors were calculated for survival as the ratio 
of closes needed to obtain a one per cent survival level; in case of ssb and dsb as the ratio 
in dose effect slopes. Between parenthesis the range of sensitization factors are presented 
for individual experiments and the standard errors calculated from the standard errors of the 
slopes of the ssb and dsb induction curves. 
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Table 3. Effect of BSO and DEM treatment on OER* 

BSO DEM 

HeLa survival 2.64(2.52-2.82) 2.15(2.06-2.26) 2.25(2.11-2.33) 

ssb 1.6 (0.2) 1.5 (0.2) 1.7 (0.1) 

dsb 3.2 (0.2) 2.0 (0.1) 2.8 (0.2) 

CHO survival 2.57(2.47-2.65) 2.27(2,19-2.34) 1.81(1.61-1.92) 

ssb 2.3 (0.2) 1.5 (0.2) 1.0 (0.1) 

dsb 3.2 (0.2) 1.6 (0.2) 2.3 (0.3) 

V79 survival 2.65(2.51-2.81) 2.41(2.30-2.47) 2.21(2.20-2.22) 

ssb 1.6 (0.1) 1.2 (0.1) 1.2 (0.1) 

dsb 3.5 (0.3) 1.4 (0.2) 1.4 (0.1) 

x Between parentheses the range of OER's for individual survival experimen 

and the standard errors of the breakage experiments are calculated in a 

similar way as in Table 2. 
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Figure 1. Ssb (A and B) and deb (C and D) induced in DNA of CHO cells by 
ionizing radiation, under air or nitrogen, with or without treatment 
with BSO (right hand panels) or DEM (left hand panels) ; • air, 
# nitrogen, Q air • DEM, К air • BSO, O nitrogen + DEM, ф nitrogen 
+ BSO. Curves are fitted by eye. The curves for cells without pretreat-
mcnt with BSO or DEM are the same in A and В and С and D, respectively. 
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Figure 2. Repair of ssb (A and B) and dsb (C and D) in CHO cells irra
diated under air or nitrogen with or without pretreatment with BSO (right 
hand panels) or DEM (left hand panels). Symbols as in figure 1. Radiation 
doses: ssb after 5 Gy under air or 10 Gy under nitrogen, dsb after 100 Gy 
under air or 200 Gy under nitrogen. All data are means of 2 independent 
experiments. The curves for cells without pretreatment with BSO or DEM 
are the same in A and В and in С and D, respectively. 
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