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Title of Research Project; Experimental investigations on the relationship
between radiation dose and sensitization of hypoxic cells to radiation
by electron affinic compounds. Part of a co-ordinated program of IAEA
on improvements in radiotherapy of cancer using modifiers of radio-
sensitivity of cells.

Institute where research is being carried put; Department of Tumor Biology II,
Royal Karolinska Institute Medical School, Stockholm, Sweden.

Principal scientific investigator: Läszlö Revesz, M.D., Professor.

Time period covered; December 1, 1975 - November 30, 1981.

The investigations carried out over the time period covered by our contract
represent, in general, a contribution to studies of the factors which determine
the radiation response of mammalian cells. In particular, the role of the cellular
aminothiols was investigated. Many observations have accumulated which indicate
the radiobiological importance of these substances. A panel of experts convened
by IAEA in October 1968 recommended the intensification specifically of efforts
to characterize more closely the role of aminothiols in radiation repair and
recovery mechanisms. Our work performed under the contract with this general
purpose has been described in details in the 17 papers listed below, and has
been summarized in the 8 Progress Reports submitted to IAEA consecutively over
the contract period as well, as in the 2 working papers presented at the
meetings of the participants of the Co-ordinated Research Program of IAEA on
Improvement in Radiotherapy of Cancer, held in Kis»kow 1977 and in Cambridge
1979. The general summary in the present Final Report is complementary to the
earlier reports with an emphasis, in particular, on the work performed during
the past few years with glutathione-deficient human cell strains.
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Access to glutathlone-cieflclent cells opened new experimental approaches
to the question on the role of aminothiols in determining cellular radiation
response. After solving different methodological problems and performing a
number of preliminary experiments, we have been successful in developing
satisfactory techniques for the culturing of different human fibroblasts and
lymphoblastoid cell lines the glutathione deficiency of which is due to an
inborn metabolic defect of the glutathione synthetase activity. We have been
able to transform B-lymphocytes neoplastically with EBV-virus infection and
attempts have been made, so far however without permanent success, to trans-
form also the fibroblasts. In several of the cell strains we determined the
amount of the total non-proteinbound sulphydryls, the glutathione content
and the glutathione synthetase activity. Cells homozygous with regard to
glutathione synthetase deficiency had a glutathione content less than 10
per cent of the normal level; cells heterozygous with regard to the enzyme
deficiency and a glutathione level about 50 per cent of the normal. The
measurements also indicated the presence of a considerable amount of free
aminothiols in the glutathione-deficient cells. The nature of these amino-
thiols has not been determined yet, but there are reasons to believe that they
consist of glutamyl-cysteine and cysteinyl-glycine. Few data have yet been ob-
tained on the growth kinetic parameters of the different cell strains. Pre-
liminary data show that they have a small growth fraction, and the population
doubling time varies with values beyong 40 hours.

Singel-strand DNA breaks (ssb) and clonogenic survival have been chosen
as the endpoints for the quantitative estimation of radiosensitivity. The use
of the more recently developed unwinding technique in weak alkali for the de-
termination of ssb appears to be a simpler, faster and cheaper procedure than
the technique with sucrose gradient centrifugation which has been used in our
earlier work. In addition, the unwinding technique can be used for ssb de-
terminations also after exposure of the cells to relatively low radiation
doses in which case the accuracy of the sucrose gradient technique decreases
considerably.

After completing a number of methodological work, in one series of ex-
periments, the inherent radiosensitivity of the different glutathione-de-
ficient cell lines was studied with the purpose to test the prediction of the
"competition hypothesis" i.e. the hypothesis that oxygen and cellular amino-
thiols compete for radiation-induced radicals, the former fixing the damage
irreversibly, and the latter repairing it by hydrogen donation. As a corollary
of the hypothesis, oxygen can be expected to fail to enhance the radiosensi-
tivity of glutahtione-deficient cells. The experiments performed in determin-
ing the yield of ssb in glutathione-deficient lymphoblastoid cells or fibro-
blasts indeed indicated an oxygen enhancement ratio (OER) close to unity in all
cases when the glutathione-deficiency was almost total. When clonogenic sur-
vival was used as the endpoint, the results gave an OER about 1.5 which diff-
ered significantly from unity.In view of the results obtained in preliminary
experiments, the difference between the results using the two different end-
points can be interpreted to indicate that, in addition to participating in
radiochemical processes competing with oxygen, glutathione also plays an im-
portant role in some post-irradiation» biochemical repair reactions. This
conclusion is further supported by observations obtained in the test in which
the role of glutathione was investigated specifically in regard to ssb repair
at different times after irradiation. While cells with a normal glutathione
level rejoined practically all the radiation-induced ssb within about 1 hour
after exposure, glutathione-deficient cells had a similar capacity for ssb in-
duced by irradiation under hypoxic conditions, however, rejoining was in-
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complete even after a longer time period when irradiation had been made under
aerobic conditions. In considering the observations tha DNA lesions induced
by exposure to radiation under aerobic conditions differ qualitatively from
those induced under hypoxic conditions, the findings indicate that glutathione
is required for the repair of certain specific DNA lesions.

Particular experiments were performed to test another prediction of the
competition model concerning the K-value (i.e. the oxygen concentration in the
presence of which radiosensitization is half of the maximum). These experiments
were performed with glutathione-proficient cells in which the glutathione level
was varied by culturing in vitro and in vivo, or by changing the proliferation
conditions from exponential to plateau phase of growth. The results clearly in-
dicate an association of the aminothiol level with the K-value* in support of
the competition hypothesis.

In two complementary series of experiments the question was investigated
to what extent the radiosensitivity of glutathione-deficient cells is influ-
enced by treatment with radioprotective thiol compounds and radiosensitizing
agents. In the former case, cysteamine, dithiothreitol and mercaptopropionyl-
glycine were used in substituting glutathione deficient in the cells. In test-
ing the yield of ssb after hypoxic and oxic radiation exposures, the oxygen en-
hancement ratio was found to be increased in all cases when the cells were
treated with these thiol compounds. Furthermore, the substituted cells, even
when the treament with the aminothiols was made after irradiation, were capable
to rejoin oxically induced ssb to a similar extent, as glutathione-proficient
cells. These results indicate that some artificial aminothiols can efficiently
function instead of glutathione in some repair processes, while some other,
natural aminothiols like those present in glutathione-deficient cells, clearly
lack this capacity. A restitution of the ssb rejoining capacity in glutathione-
deficient cells was also seen when the cells were mixed with glutathione-
proficient cells for some time. These observations suggest an intercellular co-
operation in repairing DNA lesions, and may explain the findings noted in
different experimental systems that cells in a close contact with each other
are more resistant to radiation tha.i when they are exposed separately.

Misonidazole was chosen as the test substance in the experiments which
were designed to study the effect of glutathione-deficiency when cells are ex-
posed to treatment with a hypoxic cell sensitizer. In the tests in which the
yield of ssb was the endpoint, the results indicated that cells which almost
totally lacked glutathione were not sensitized by misonidazole, and those which
had a glutathione level about 50 per cent of the normal level, were sensitized
to a lesser extent than controls with normal glutathione content. The results
were, thus, similar to those obtained when oxygen was the sensitizing agent,
suggesting a similar mechanism of action, i.e. a competition of misonidazole
with cellular aminothiols to fix radiation-induced radicals irreversibly.
The oxygen mimic property of misonidazole is reflected also by the observations
on the post-irradiation repair of ssb. The repair also of a great part of the
ssb induced by radiation in the presence of misonidazole under anoxic condi-
tions was found to be glutathione dependent. The result of experiments in which
clonogenic survival was the endpoint, were in agreement with the results ob-
tained with ssb as the criterion in indicating a greatly reduced sensitizing
effect by misonidazole for glutathione-deficient cells.

The observations in the biological experiments suggesting that glutathione
has some functions of a particular radiobiologica? importance which may not be
shared by other, naturally occurring aminothiols in the glutathione-deficient
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cells, was put to a test In pulse radiolysis experiments. The oxidation of gluta-
thione in aqueous solution by OH* radicals was investigated specifically.In addi-
tion to the sulphur-centered radical formed by electron transfer or hydrogen ab-
straction, at least also one carbon-centered radical is formed by hydrogen ab-
straction. No evidence for the formation of carbon-centered radicals was found
in comparable experiments performed with cysteine and mercaptopropionylglycine.

CONCLUSIONS: The main conclusion emerging from this work concerns the
cellular mechanism of protection and sensitization to radiation. It can be in-
ferred that endogenous glutathione repairs radiation-induced radicals in key
target molecules by hydrogen transfer in a competition with oxygen and/or hypoxic
sensitizers which permanent the damage. The outcome of the radical reactions, as
reflected in part, in cellular survival, will be modified by further, post-
irradiation enzymatic processes which are again glutathione-dependent to some
extent and, therefore, may also be influenced by hypoxic sensitizers. Glutathione
appears to be highly specific in these processes due probably to the formation of
a carbon-centered radical in its reaction with radiation-induced hydroxyl radi-
cals. This characteristic is not shared by other, endogenous aminothiols, but by
some artificial aminothiols which can effectively substitute for glutathione in
repair processes.

November 23, 1981.

L. Revesz
Principal Scientific Investigator
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SCIENTIFIC BACKGROUND AND SCOPE OF PROJECT

The investigations concern experimental studies on the factors which de-
termine the inherent radiation response of mammalian cells, and the mechanism
by which treatment with known radiation protectors and hypoxic sensitizers
modifies the response. The role of the cellular aminothiols was investigated
in particular in view of earlier observations on the radiobiological importance
of this substance as an intrinsic radioprotector of cells. Different hypotheses
have been put forward according to which radiosensitization and radioprotection
function via processes involving cellular aminothiols. The general purpose of
our study was to test the hypotheses experimentally in the hope that a closer
knowledge of the basic mechanisms will permit the design of more effective
protectors and sensitizers, and their more efficient use in the radiotherapy
of cancer.

EXPERIMENTAL METHODS

Several mammalian cell lines including some derived from humans, were used
in the tests of the biological response to radiation. Among them, the cell lines
deficient in glutathione synthetase activity and, consequently, lacking gluta-
thione to various extent, represent a unique cell material in our studies.
Single-strand DNA breaks and clonogenic survival were chosen as the endpoints
for the effect of radiation. In the former case, sucrose gradient centrifugation
and, In later experiments, the unwinding technique in weak alkali was used.
Clonogenic capacity was determined by establishing the colony-forming capacity
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of Irradiated cells using* in many cases, heavily irradiated feeder layer.
Radical reactions were studied by the pulse-radiolysis technique. In some
preliminary studies, oxygen measurements were made polarographically or by
a time-sharing dual wave-length spectrophotometer. Specific methods have been
worked out for irradiation under controlled aerobic and anoxic conditions.

RESULTS OBTAINED

A great number of methodological experiments were performed in developing
the techniques referred to above. The enhancement of cellular radiosensitivity
by oxygen and hupoxic cell sensitizers was found to be directly related to the
glutathione level in the cells. Some particular aminothiols could substitute for
the effect of glutathione in protecting against sensitization by oxygen and oxy-
gen mimic sensitizers. The post-irradiation repair of some DNA lesions induced
by oxygen or hypoxic cell sensitizes was also associated with the level of
glutathione and some specific aminothiols in the cells. The experiments re-
vealed an efficient cellular co-operation in the repair of radiation induced
DNA damage. Pulse radiolysis studies showed radical reactions characteristic
for glutathione and not shared by other, naturally occurring aminothiols.

CONCLUSIONS

Inherent glutathione appears to play an important role in determining the
intrinsic radiosensitivity of cells and the result of treatment with radio-
protective and radiosensitizing substances. In particular, glutathione parti'
cipates in both immediate radical reactions following exposure to ionizing
radiation, and in the subsequent biochemical processes, and functions in pro-
moting repair of the radiation damage.


