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INTRODUCTION

The journey of the discovery of chemical radioprotectors in living systems started
almost about 50 years ago. In early 1940’s, the role of sulphur compounds in protection
against radiation damage in complex chemical systems was recognised. Dale in 1942,
first reported that colloidal sulphuur and thiourea can protect some enzymes against
inactivation by X-rays. In 1948, Laterjit and Epharii reported that bacteriophages were
effectively protected agsainst radiation damage by thioglycolic acid, glutathione,
cysteine and cysleine. In 1949, Barron et al. provided evidence that radiation induced
inactivation of some SH-containing enzymes could be inhibited by glutathione(GSH).
However, the first in vivo study of radioprotection was reported by Patt et al. (1949),
that cysteine, a naturally occurring amino acid can increase the survivality of mice.

From the earliest days of research in this area, it was also proposed that
radiotherapeutic procedures could be improved by the use of radioprotectors to protect
normal tiissues, but not tumors, from radiation damage. As research developed, it was
clear that studies with radioprotectors could also provide important information in the
mechanisms of interaction of radiation with biomolecules. ideas on the use of protective
agents in combination with chemotherapeulic agents ag well as in combination with
radiotherapy, were merging because of the possibilities of common mechanisms of
damage by the two trearment modalities. In addition to this, studies on endogenous
protective systems that are important in protection against radiation and chemical

‘iﬁmamere increasing dramatically.

Glutathione (y- Glutamyl-cystenyl-glycine, GSH), is present almost universally in animal
cells, most plant cells and bacteria. It is the dominant low molecular weight nonprotein
thiol (NPSH) in mammalian cells and its level is inversely correlated to the cellular
radiosensitivity (Revesz et al. 1963). It has been demonslrated that GSH plays an
important role in cellular detfoxification processes (Revesz and Modig 1965, see Revesz
et al. 1984), regulates various enzymatic pathways by acling as a cofactor (see Meister
and Anderson 1983) and it is involved in cell growth and replication process (Mazla
1961; Holmgreen 1979). Several reports suggest that increased radiation sensitivity is
associated with defective GSH-metabolism. Various diseases like catarﬁ} of lens
(Beutler and Srivastava 1974), 5- oxoprolinuria (Larson 1081), leukemia and anaemia

(Sabine 1964; Macdougell 1968) have been reporied to be associated with defeclive

GSH metabolism



Data available on the protective effect of GSH on radiation induced chromosome
aberrations (CAs) are limited o deletion in Tradescantia root tips (Mikaelsen1952),
anaphase bridges in grasshopper (Chaudhuri 1968) and Hordeum root tips (Reddy
1971) and sex linked lethals in Drosophila (Jacob and Roychoudhuri 1973). Only one
study was made using Fluorescence plus Giemsa (FPG) staining to restrict scoring in
the first cycle metaphases (Chatterjee and Jacob-Raman 1986). They reported that
reduced GSH minimized X-ray induced CAs and cell cycle delay in muntjac
lymphocyles.

In contrast to radiation, very few informations are available on the role of endogenous
GSH, on chemosensitivity. Studies have shown an increased level of GSH and its
related enzymes in tumour tissues, indicating a correlation to drug resistance
(Carmichael et al. 1988; Cook et al. 1991; Di llio et al. 1988; Volm et al. 1991). GSH
was also found to provide resistance to several anlicancer drugs. These inciude
alkylating agents (nitrogen mustards, nitrosourea-s), redox-cycling agents (adriamycin)
and aiso to vinca alkaloids and epipodophilotoxins (Black and Wolf 1991). Mytomicin C
(MMC) toxicity was found {o be inversely proportional to cellular GSH-level (Kennedy et
al. 1985).

Therefore, it will be interesting to see the influence of endogenous GSH-level on
cellular damages induced by radiomimelic chemical bleomycin (BLM), an important
anticancer drug.

Accumulated evidences clearly indicate that endogenous GSH is involved in many
radiation induced chemical processes in cells and thus represents an important factor
in determining internal cellular radiosensitivity. The role of endogenous GSH on
radiosensitivily have been observed with both GSH-deficient and proficient cell lines,
however, its potential contribution to the in vivo response has not been quantified,

So far, the yield of DNA single strand breaks (S5bs), and clonogenic survivality have
been used as a criteria for the radiation response and cytogenetical parameters have
not yet been considered as end points. Survivality may not be an appropriate criteria
due to probable interference of biochemical processes and the damages on DNA
analyzed by SSbs also do not reflect the true picture at chromosomal level (Hitteiman
and Pollard 1982). Therefore. in the present investigation. analysis of CAs, Sister
chromatid exchanges (SCEs) and cell cycle kinetics are considered as the end points

{o asses the radio and chemosensitivity in normal and GSH-depleled cells.



The bone marrow cells of mouse (BMCs) and human peripheral blood lymphocytes

(HPBLs) is considered to be an well eslablished in vivo and in vitro experimental

system respectively. This two systems were selected in the present investigation with

the following objectives:

+ Evaluation of the influence of endogenous GSH on CAs induced by Y-irradiation in
both in vivo and in vitro systems

« Analysis of the involvement of GSH in repair/misrepair type of phenomenon after
induction of damages on DNA by radiation.

+ Analysis of the influence of endogenous GSH on radiomimetic chemical induced
CAs, with a view to draw a comparison between the mechanism of aclion of the two
clastogens and the influence of endogenous GSH on them.

« Determination of the role of GSH alone on cell cycle delay and SCEs.

The present investigetion is presented on the basis of each objective. Therefore, total
five separate chaplers are formed. Each chapter comprises more background literature
survey along with materials and methods. results and discussion. However, the present
study is mainly inclined to establish a relationship between cellular radio and
chemosensitivily and endogenous GSH-level. Therefore, the first chapter is mainly
concerned about the measurement of endogenous GSH both in mouse bone marrow

cells and human peripheral blood lymphocytes.



CHAPTER |

Measurement of cellular glutathione level



LITERATURE REVIEW

Thiols have long been thought to affect the sensitivity of cells {o irradiation (Revesz et
al. 1963: Meister 1983 ) and there is increasing evidence that glutathione (GSH), the
most prevalent intracellular thiol, is a major determinant of cellular radiosensitivity
(Meister and Anderson 1983). The radioprotective function that has been ascribed to
GSH include destruction of radiation induced radicals, donation of hydrogen to
radiation damaged molecules and mediation of DNA repair, an effect, which may
reflect, 8t least in part, its role as a cofactor in deoxyribonucleotide synthesis
(Kossower and Kossower 1976; Holmgren 1979). In the effort to elucidate the function
of GSH in radioprotection and in other biological processes, attempts have been made
to deplete cellular GSH. The experimental procedures used for such depletion include
application of compounds that oxidize GSH to GSH-disulfide (GSSG) and compounds
that react with GSH to form GSH-adducts (Kosower 1978; Plummer et al 1981). Such
methods have major disadvantages. including those associated with nonspecificity,
rapid reversibility and the production of a high concentration of GSSG. Depletion of
GSH by inhibition of GSH-synthetase would be expected on the basis of studies of
patient's with a deficiency of this enzyme to be complicated with marked metabolic
acidosis (Meister 1982). In contrast, inhibition of T-glutamyl cysteine synthetase offers
a satisfactory approach to the production of experimental GSH deficlency.

Buthionine Sulfoximine (BSO) was developed in Meister's laboratory (Griffith and
Meister 1979; Griffith et al 1979) as a potent and selectve inhibitor of Y-glutamyl
cysteine synthetase. This and similar agents are used in both in vitro (Griffith et al.
1979 Griffith and Meister 1979 ) and in vivo (Griffith et al. 1979; Meister 1983).

Mice treat? with BSO do not have convulsions. They exhibit a rapid decline in GSH in
kidney, liver, plasma, pancreas and muscle and after prolonged treatment also show
lowered concentrations of GSH in other tissues (Griffith and Meister 1979).
Concentration of GSH in various celis grown in tissue culture (Dethmers and Meister
1981) and in erythrocyles in suspension (Griffith 1982) also decline rapidly in the
presence of BSO. In vitro studies, using human tumouy icell lines have shown that
depletion of cellular GSH by BSO can indeed increase the cytotoxicity of a variety of
anticancer drugs (Green et al 1984 ; Lee et al. 1986).

However, it is not yet clear whether a therapeutic benefit can be obtained by selectively
depleating tumour GSH contents while partly or wholly sparing the critical normal

fissues Consequently additional information on the in vive use of BSO would greatly
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assist the planning of such clinical trials. In the present investigation, attempt has been
made to establish a relationship between endogenous GSH level and cellular radio and
chemosensitivity both in vivo and in vilro in maminalian celis. In order to deplete the

endogenous GSH level BSO was used and the level was measured by the method

proposed by Beutler ef al (1963).

MATERIALS AND METHODS

Materials

1. L- Buthionine S-R Sulfoximine (BSO; Sigma, USA). Potent inhibitor of GSH-
synthesis. This was synthesized in the course of efforis {0 prepare selective inhibitors
of T - glutamyl cysteine synthetase.

2. 5.5-dithiobis (2-nitro) benjoic acid (Eliman reagent, DTNB ;Sigma, USA): In order to
increase the sensitivity of the spectrophotometric procedure, DTNB was used. DTNB
after reacting with GSH produces a chromophoric product, viz. 2-nitro, 5-thio benjoic
acid. possesing a molar absorption at 412 nm approximately twice that of reduced di-
triphosphopyridine nucleotide at 340 nm (Tietze 1969).

3. Other materials, which were used are mentioned below:

Trichloro acetic acid (TCA) (Merck), Metaphosphoric acid (MPA) (Merck), Sodium
Chloride (NaCl) (Merck), Ethyl diamine tetraacetic acid (EDTA) (Merck), Di-Sodium
hydrogen phosphate (Na, HPO,) (Merck ), Sodium Citrate (Merck).

Experimental Systems

This investigation was carried out in the in vivo mouse bone marrow cells and in vitro
human peripheral blood lymphocytes.

inbred male BALB/C mice of 2-3 months of age, weighing about 25-30g were used (2n
=40; all acrocentric). Mice were maintained in laboratory community cages, with sterile
bed, under controlled temperature (20°C + 2) and lighting condition (12h light and 12h
dark). Standard animal feed (Goldmuhar; Bilkak traders, New Delhi) and water was
provided ad /ibitum . Bone marrow cells (BMCs) were isolated from femur bones.

In vilro experiments were carried oul using human peripheral blood Iymph:cyles
(HPBLs), coliected from healthy young ( 25 - 30 yrs of age ) donors, mostly males. The
method of collection of blood and further tealments are described later. This system is

being used widely and well known.



Methods
Experimental procedure
a. Treatment of BSO

The concentrations used in in vivo experiments were 1, 4 and 200 mg kg' and for in
vitro experiments, 5 mM. For each experiment , the working solution of different
concentrations of BSO (100 ug ml ' to 10 mg ml ' ) were prepared in phosphate buffer
solution. For in vitro experiments they were dissolved in triple distilled water. In this
case SmM of BSO was added into the 1mi aliquot of whole blood for 3h prior to
estimation.

b. Measurement of GSH in mouse BMCs

The GSH level of cells was measured according to the protocol (Beutler et al 1963)
described below:

Solutions:

1. NaCl - EDTA: 4.2g of NaCl + 0.3684g EDTA were dissolved in 500mi of distilled
water.

2. 0.3 M Phosphate buffer: 4.2588g Na,HPO, was dissolved in 100mi of distilled
walter.

3.20% TCA : 20g of TCA was dissolved in 100 ml of distilled water.

4. DTNB reagent: 4mg DTNB was dissolved in 10 ml of 1% Na-Citrate solution (Stored

at 4°C in dark).

Procedure
BMCs were flushed into ice-cold NaCI-EDTA solution and the volume was made to

2ml. Cells were counted in haemocytometer. 1ml of cell suspension was added to 1ml
of 20% TCA. vorlexed and kept at 4"C for 20 min. It was centrifuged for 15 min at 5000
rpm at 4°C. 1mi of supernatant was added to 6ml of 0.3M phosphate buffer and then
1mi of DTNB was added and voriexed. The optical densily of the samples were
measured at 412 nm by UV- visible spectrophotometer (Hitachi model 2005) relative to
a blank containing DTNB, buffer and TCA.

The standard curve was plotted using different concentrations of GSH solution (100

M to 400 (M),



The concentiation of GSH was calcnlated using the formula:

Spectophotometric concentration
GSH concentration (nmol / 10" cells)= X 2(dilution-

Number of cells ( x 10°) faclor)

c.Measurement of GSH in whole blood of human

Solutions:

1. Precipitating solution:

Glacial MPA - 1679 ; EDTA-0.2g; NaCl- 30g. Dissolved in 100mi of distilled water.
2. 0.3M Phosphate solution:

4 25889 Na,HPO, was dissolved in 100mi of dislilled water.

3. DTNB reagent : 4mg of DTNB was added in 10ml of 1% Na-cilrate solution (Stored

at 4°C in dark).

Procedure

0.2ml of blood was mixed with 1.8ml of distilled water. 3ml of precipitating solution was
added and allowed to stand for 15 min It was then fillered, using Whatman (No. 1) filter
paper.

1mi of filtrate was mixed with 6ml of phosphate solution and 1ml of DTNB. A blank
sample was made using 6 ml of phosphate solution and 1 ml of diluted precipitating
solution (3 precipitating solution : 2 distilied water) and 1ml of DTNB was added to i.
All the solutions were vortexed and the optical density was measured at 412 nm.

The standard curve was plolted using different concentrations of GSH solution (100
uM - 400 puM). The concentration of GSH was calculated by multiplying the
spectrophotometric concentration with 10.

The concentration was expressed as umol ml' of blood.

Statistical clulation

Data are presented as Mean + SD. The results were analysed with the Student's {-test.

RESULTS
Data of GSH concentrations from individual BSO - treated and untreated mouse BMCs

are shown in table 1.1. Five or more mice were used per point in this experiment. The

GSH concentrations showed a rather marked range varying from 1 to 3 pmol 10°¢ with



an average of 1.693 +0.62 umol 10° cells in BSO untreated group. it was found that
significant GSH depletion in normal mouse BMCs to a level of about 1.17 + 0.32 and
0.768 + 0.54 umol 10 ° cells (69% and 45% of the BSO untreated mice) was achieved
after treatiing the mouse with 4 and 200 mg kg' BSO for 10h. The data clearly
indicate that depletion of endogenous GSH is BSO dose dependent. However, the total
depletion of GSH may differ from mouse {o mouse and it depends on the GSH content
of normal cells before BSO administration.

Estimation of blood GSH concentration of BSO treated and untreated HPBLs are
presented in table 1.2. The blood GSH concentrations showed a range between 720 to
813 nmol mi' with an average of 759.4 + 33.93 pmol m¥' in the BSO untreated human
blood. When BSO (5mM) was present in the blood for 3h, the GSH concentration was
depleted to 70% of the control value. The statistical difference between the mean GSH

concentration of these two groups was significant.
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Table 1.1  GSH concentration in BSO treated and untreated mouse hone marrow

cells
BSO # Cells Spectrophotometric GSH _GSH
(mg k! (x10%) Absorb. Conc. (yunol 1o cells) X+S.D.
00 32 0.024 28.77 1.80 1.693 + 0.62*
3 0.029 18.19 1.17
19 0.020 10.02 1.05
36 0.024 43.90 2.40
18 0.015 27.50 3.00
32 0.016 31.00 1.90
32 0.020 16.00 1.00
25 0.016 19.83 1.58
35 0.023 28.12 1.60
35 0.030 39.86 2.27
38 0.021 29.16 1.53
36 0.034 18.37 1.02
01 35 0.021 25.70 1.47 1.533 + 0.41
33 0.029 33.73 2.04
25 0.027 16.47 1.31 (90 %)
35 0.036 24.21 1.38
30 0.032 20.99 1.39
30 0.026 32.12 2.14
38 0.015 18.97 1.00
04 35 0.021 25.70 147 - 117+032"
34 0.020 24.52 1.44
33 0.006 18.00 1.09 (69 %)
33 0.004 28.00 1.20
51 0.120 27.00 1.06
39 0.025 30.69 1.57
29 0.018 21.83 1.50
32 0.021 11.31 0.71
29 0.024 13.68 0.95
35 0.022 12.60 0.72
200 13 0.021 30.03 1.39 0.768 + 0.54°
54 0.025 34.66 1.32
16 0.024 09.48 0.41 (45 %)
52 0.023 08.45 0.32
48 0.024 09.69 0.40

GSII concentration as ;):‘FCOTI! of untreated control is given in parentheses.
b-a p< 0.05; c-a p- 0.01 Student’s t-test.



Table 1.2 Estimation of GSIH-level in BSO treated and untreated human
peripheral blood .

BSO Spectrophotometric GSH _GSH

(mM) Absorb Conc. (unolmly X +S.D.

00 0 058 81.32 813 759.4 + 33.93"
0 054 76 23 762
0 058 71 96 720
0.057 75 53 755
0.049 74.65 747

05 0.031 45.11 451 531.4 + 57.59%
0.042 60.35 603
0041 5131 513 (70 %)
0.042 52.39 523
0.037 56.77 567

GSI1 concentration as percent of untreated control is given in parentheses.
b-a p-0.001 Student’s t-test.



DISCUSSION
A maijor aim of the present study was to establish a relationship between endogenous

GSH content and cellular radio and chemosensitivity with respect to cylogenetical
parameters. Since mouse bone marrow cells were used in vivo and human peripheral
blood lymphocyles was used in vitro studies, the measurement of endogenous GSH
have been observed in these two tissues. However, instead of lymphocyte, we have
measured the GSH of whole blood, since isolation of lymphocyte by Ficoll-gradient may
cause feaking of endogenous thiols from celis.

The wide spread distribution of GSH and its apparent involvement in various biologicel
functions (Meister 1983) have generated a continual interest in methods of analysis of
this cellular component ever since its discovery and isolation in early thiies. Although
this tripeptide can exist in both reduced (sulphydryl) and oxidised (disulfide) form, it is
maintained in vivo predominantly in the former state, through the action of the equally
ubiguitous enzyme glutathione reductge (Knox 1960). Since the reduced form
comprises in most instances, the bulk of cellular non protein thiol groups, measurement
of acid soluble thiol has been commonly employed for the estimation of GSH levels of
lissue extracts. In order to increase the sensitivity of the spectrophotometric procedure
the sulphydryl reagent DTNB was used. The chromophoric product resulting from
reaction of the reagent with GSH viz., 2-nitro-5-thiobenzoic acld, possesses a molar
absorbtion at 412 nm.

For this reason and in conjunction with the use of double beam spectrophotometry, it
has proved possible to extend the useful lower limits of the present assay to optical
density changes corresponding to GSH contents of 1-10 ng mi™' of assay mlxture‘, a
level of sensitivity whjch is at least an order of magnitude greater than that obtainable
with the previous methods of analysis that have been commonly employed.

The present results demonstrate considerable depletion of cellular GSH level in both
BMCs and HPBLs with the specific GSH depleting agent BSO. The concentrations of
BSO used for in vivo study was 1. 4 and 200 mg kg ' and for in vitro study was 5mM.
The concentrations used in in vivo study was in the lower side, particula-tly 1 and 4
mg kg' was exiremely low concentrations. Neverthdless, we have used such
extremely low concentration since 4 mg kg ' of BSO treatment induced significant sister
chromatid exchanges in the mouse BMCs (data shown in Chapter V). The present data



showed that the GSH content of the BMCs following BSO treatment of 4 and 200 mg
kg’ came down to 69% and 45% of its initial level. It has been demonstrated that
followmng a single doso of 556 mg kg ' BSO, the GSH concontiations of various noimal
lissues were depleted in a time dependent manner (Lee et al. 1987). Intermediate
rates of depletion were seen in the bone marrow with nadirs at 8 -12h. They have
observed that the GSH content of the BMCs following depletion was to be 17% of the
initial level. In the present data, the level of depletion wag 45% of its initial level, which
could be attributed due to lower concentration of BSO used in the present experiment.
The incubation period of BSO treatment was kept for 10h in all studies according to
Lee et al. (1987). The doses of exposure time of BSO administered in the present
studies showed no toxicily on inhibition of cellular growth. BSO may be toxic at higher
doses or longer exposure time. This has been demonstrated in V79 cells by Midander
and Revesz (1984) In separale studies, BSO was treated in mice for as long as 14
days, withoutl any apparent toxicity (Meister 1983). Therefore, considering all these
facts, the concentration of BSO was preferrred towards the lower side in the present
study. The concentration of BSO, used in in vitro study was 5mM during GSH
measurement, and showed 70% of the initial GSH level following depletion. In this
investigation, the radio and chemosensitivily was assessed in peripheral blood
lymphocytes, however, for the measurement of endogenous GSH level, the whole
blood was considered. It has been demonstreted that BSO was least effective in
depleting GSH of RBCs (Lee et al 1987) and therefore, in the present study, the
observed less depletion of endogenous GSH in the whole blood could be due to least
depletion occurred in RBCs. If this is the case. then perhaps, the level of depletion in
lymphocyles was much higher.

it is a matter of debate as to whether it is a) the absolule GSH concentration following
depletion or b) the percent depletion of the initial GSH content, which is the important
parameter governing the chemo and radiosensitization effects of GSH-depletion. Since
different tissues have vastly different steady state of GSH levels, the effects of GSH
depletion as indicated by these two paramelers can differ dramatically. For example,
the GSH content of the liver, following depletion to 25% of its initial level is still greater
than that of the untreated lungs (Lee ef al. 1987). Therefore, the percent depletion
parameter is more appropriate and was used in the following sections.

In the course of our subsequent studies, the dala are explained on the basis of

endogenous GSH level, which was observed in this section.
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CHAPTER i

Endogenous glutathione level and its effect
on cellular radiosensitivity



LITERATURE REVIEW

The abilily of GSH to protect cells against damages induced by ionizing radiation was
reported almost 50 years ago (Laterjit et al. 1948). Revesz et al. in 1963 and then Ohara
and Terashima (1970) reported that reduced GSH is an inherent radioprotector. The
increased endogenous NPSH content reported by Revesz et al. (1963), represented an
increased thiol concentration in some of the cell lines observed, which could be related to
reduced radiosensitivity. Ohara and Terashima (1970) established the cyclic variation of
cellular NPSH content during the cell cycle of HelLa S3 cells and its correlation to the
cyclic variation of X-ray sensitivity. Meanwhile, several studies have been carried out,
where, reduced GSH was added exogenousty. f was found that, exogenous addition of
GSH, could protect cells against ionizing radiation, moderately in vivo (Cronkite et al.
1951; Alexender et al. 1955) or in cellular experiments in vitro (Vergrossen et al. 1964).
Jacob and Roy-Chaudhuri (1973) reported about the significant protection shown by
reduced GSH against sex linked recessive lethals, ‘when injected in all broods of
Drosophila. Chatterjee and Jacob-Raman (1986) studied the modifying effect of r?uced
GSH on X-ray induced chromosome aberrations (CAs) and cell cycle delay in muntjac
lymphocytes in vitro, employing differential staining technique. They used three
concentrations of GSH: 10, 15 and 25 mM and treated them either 30 min prior to X-
irradiation (2, 3 and 4 Gy) or just after the irradiation. GSH pretreatment reduced the
frequency of deletions against all doses of X-irradiation. Exchange type of aberations were
also protected by 25 mM of GSH, when celis were irradiated with 3 and 4Gy. They also
demonstiated significant reduction of X-ray induced cell cycle delay by GSH-
pretreatments.

The observation of an association of radioresistance with increased cellular thiol levels
were subsequently confirmed in other biological materials, like in mouse lymphoma cell
lines (Alexander et al. 1965), bacterial strains (Bruce and Malcham 1965) and yeast cells
(Brunborg 1977). Workers felt the requirement of experimental investigations into the role
of cellular thiols in the post-irradiation processes. In order fo have this information, an
approach was taken to manipulate intracellular thiol concentrations by treating with severai
chemical compounds.

The radiosensitivity of cells increased when treated with thiol reactive substances like

misonidazole (Vaines et al. 1980) and dimethyl malate (DEM) (Mitchell et al. 1983) or by
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chemically blocking GSH biosynthesis using BSO (Bump et al. 1982; Griffith and Meister
1979). It has also been shown that the application of DEM and BSQ enhanced the
radiosensilizing effect of misonidazole (MISO) in mammalian cells in vitro (Bump et al.
1984; Hodgkiss and Middleton 1983; Clark et al. 1984). However, a similar gain in the
radiosensitizing efficiency of MISO in vivo was not observed with either BSO or DEM
(Rojas et al. 1984; Minchinton 1986).

Although in most. if not in all cases, the attificial change of the thiol level by treatment with
such compounds can also be associated with some non-specific side effects and the
results can not be interpreted unequivocally. Type of cells with GSH deficiency, due to a
specific genetic defect in the aclivity of a particular enzyme GSH-synthetase (Larson 1981)
is now used. These cells are derived from blood samples or subcutaneous biopsis from
patients with 5-oxoprolinuria or from their close relatives with no chemical symptoms of the
disease. Experiments were performed, with differenl cell strains, homozygous or
heterozygous, with regard to this defect. The homozygous cells had a GSH level of about
6% of the GSH proficient cells, whereas, the level in heterozygous cells was almost 50%
of the controls. In comparison to controls the total NPSH concentration was decreased in
both cases about 50 and 70% respectively (Edgren et al. 1981).

The enhancement of radiosensitivily by oxygen is probably determined by competition
between oxygen and cellular thiols for radiation induced radicals in key targets (Howard-
Flanders 1960). GSH-deficient (GSH) cells are a useful biological material for
experimental tests of this competition hypothesis. Several {ests have been performed
using the yield of single strand breaks (SSbs) of DNA, micronucleus frequency and
clonogenic survivality as end points (Edgren et el. 1980, Deschavanne et al. 1981,
Midander 1983). A clear correlation appears 1o exist belween oxygen enhancerﬁenl ratio
(OER) and GSH-content. The enhancement of sensitivity being critically dependent on the
GSH-availability. They also demonsirated thaet GSH is specific for defermining the
enhancement of radiosensitivity by oxygen and the role of other cellular aminothiols may
be insignificant.

Altempts were also made to change the sensitivity of GSH cells after treating the cells with
different radioprotective thiols (Edgren et al. 1983). The OER of the treated cells was
delermined after exposure to radialion under hypoxic and oxic condition. It was found that

the OER for the thiol substituled GSH cells do not reach the values calculated for GSH"
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cells treated in a similar manner. This suggests that, none of the added exogenous thiols
can fully repiace endogenous GSH in the competition process.

Therefore, reported evidences are clearly indicating that thiols define radiosensitization of
hypoxic cells by compairing the response of GSH-proficient and deficient bacterial cells
(Fuchs and Warnes 1975. Morse and Dale 1983), The radioprotective effect of
endogenous thiols can also be studied in cells, where GSH is depleted by thiol reactive
agents such as MISO, DEM and BSO. All these studies considered, DNA SSbs or
micronucleus frequency or cell survival as end points. The effect of cellular GSH on the
radiation induced DNA double strand breaks (dsbs) was also investigated using GSH
deficient yeast cells (Frankenberg et al. 1987). They demonstrated that, induction of dsbs
is increased by a factor of 1.5 under oxic and 1.8 under anoxic irradiation condition.
Experimental dala are accumulating which suggest that, DNA dsbs may be the primary
lesions leading to CAs (Nalarajan and Obe 1978, 1984). Therefore, in the present
investigation we have studied the effect of endogenous GSH on the frequency of CAs

induced by T - irradietion.

MATERIALS AND METHODS

Materials

1. Buthionine Sulfoximine (BSO; Sigma, USA): This is used as a potent inhibitor of GSH-
synthesis. Details about it has already been described in Chapter |.

2. 5-bromo-2- deoxyuridine tablet/powder (BUdR- tablet; Boehringer-Manheim, Germany):
In in vivo experiments, paraffin coated (50mg) tablet was implanted subcutaneously in
each mouse. In in vitro experiments, BUdR powder (Sigma, USA) was used after
dissolving in sterilized double distilled water and added to each vial with a concentration of
6 ugmi'.

3. Radiation: Gamma irradiation was performed, with a °Co source, with dose rates 18.6
Gy min ' and 14.4 Gy min'. The calibration was done with the method of Fricke dosimeter.

Experimental Systems
In in vivo studies, mouse BMCs and in in vitro studies, HPBLs were used. Details of the

mice keeping procedure and the collection of human blood are available in the same

section of the preceeding chapter (Chapter 1).



Methods

Experimental procedure

a) Treatment with BSO

BSO with different concentrations (1-300 mg kg' body weight) were prepered in
phosphate buffer solution (pH 7.4) and injected intraperitoneally (i.p.), 10h prior to

irradiation. In one case mice were kept for 15 and 18h after BSO treatment.

For in vitro experiments. 1 and 5 mM of BSO was added into 1ml aliquot of blood for 5h
prior to irradiation.

b} Irradiation

Mouse was kept inside thin glass bottle and iradiated whole body in the %co Gamma
chamber. The radiation doses used were, 0.5 1.5 2.0 and 3.0 Gy. 13h afier irradiation the
BMCs were fixed.

in case of HPBLs, 1ml aliquot of whole blood for each Y -ray dose was taken in a sterilized
small flat bottom 25 ml glass beaker. The lymphocyles were exposed to 1.0, 1.5, 2.0 and
2.5 Gy of T- irradiation at room temperature. Afler irradiation, blood samples were kept at
37°C in an incubator for an hour before setting up the cultures. A diagram representing
the experimental protocol is presented in Fig. 2p.

¢) Culture procedure

Cullures were set up in medium containing 10ml of RPMI 1640 (Gibco, USA) with
antibiotics (200 IU of penicillin and 100 .g of streptomycin per ml) and supplemented with
1ml of heat inactivated Foelal-calf serum (Biological Industry Ltd., Israel). In each culture,
the amount of blood was tml. In order to stimulate the lymphocytes for entering in cell
division, 0.3 ml of phytohemagglutinin M (PHA) (Gibco, USA) was added in each culture.
BUdR (6 ;ig ml ') (Sigma, USA) was added in each culture during initiation of cultures. All
cultures were incubated at 37°C. After about every 12h they were shaken gently. Cultures
were harvested at 48h. All experimrnts were repeated a minimum of two times.

d) Chromosome preparation

The animais were sacrificed 13h after irradiation by cervical dislocation with 2h colchicine
treatment prior to it. The femur bones were dissected and the BMCs were obtained by
injecting 2mi of 0.075M KC! (hypotonic solution) into one end with a 26 gauge needle. A
single ceil suspension was made in hypotonic solution and incubated for 15min at 37°C.



They were centrifuged at 1200 rpm for 5min and fixed in two changes in fixative (methanol

- acetic acid 3:1) for 30 min and 10 min respectively, tesuspended in 0.5 mi of fixative and
dropped onlo chilled slides and flame dried.

in whole blood cultures. colcemid was added at a concentration of 0.01 ug ml”, 3h before
harvesting. Hypotonic treatment was done for 18 min and cells were fixed and slides were
prepared according to the flame drying method, same as for the BMCs.

e) Staining

Slides prepared from BMCs were stained with 5% Giemsa (BDH Chemicals Ltd. UK) for
3-4 min. They were rinsed in distilled water, air dried and mounted in DPX. During
treatment, when BUdR (tablet/powder) was added (for in vivo study BUdR-tablet was used
only in unirradialed mice in order to know the cell cycle kinetics) the metaphase slides
were treated for differential staining technique (Goto et al. 1975) as follws:

Slides were treated for 10min with Hoechst 33258 (50 g mi'; Sigma, USA) at room
temperature in dark, rinsed in distilled water, mounted in 2 X SSC (NaCl-Na-citrate, pH
6.8) and kept in sunlight for 30-40min, depending upon the intensity of sunlighl. After
rinsing in distilled water, slides were stained in 2% Giemsa (BDH Chemicals Ltd, UK) for 3-
4min, air dried and mounted in DPX.

Scoring

Slides were coded at random. At least 100 well spread metaphase plates were selected
for study. For scoring cell cycle kinetics, metaphases were categorised into 1st, 2nd or
subsequent division cycles based on their differential staining pattern.

For bone marrow cells, chromosomes were classified as Exchanges (exch.), Chromatid
breaks (Chd. bks.), Iso-chromatid breaks (Iso-chd. bks.) and Sister chromatid union (SCU).
In case of HPBLs, the categories of aberrations scored were dicentric and rings (with or
without fragments), terminal and interstilial deletions and chromatid breaks. Number of
normal and aberrant metaphase cells were also recorded.

Photomicrographs

Photomicrographs were taken in Leitz (Ortholux) (Germany) photomicroscope with 100X
magnification using slow speed (8 ASA, Agfa Copex), black and white films. Fine grain film

developer (Agfa) was used and photographs were printed in hard printing paper (Agfa,



Brovira). Graphs were plotted from the pooled data using Microcal Origin (version 3.5)
program implemented on a Toshiba T2100 computer.

Calculation and Statistics

a. To verify the significance of the protective and synergistic effect of the chemical
measured in terms of reduclion and enhancement in aberrant metaphases, 2 X 2
contingency Chisquare (y°) formula was applied on the experimental and positive control

dala.
n { (ad-bc)-nf2y

2
‘x =
(@a+b)(c+d)(a+c)+d)

Where, "a” and “c” are the number of normal metaphases and ‘b” and “d” are the number
of aberrant metaphases tested in experimental and control lots.

N=a+b+c+d; degree of freedom (dfy = 1
b. To verify the significance of the proteclive and synergistic effect of the chemical

measured in terms of reduction and enhancement in different types of aberrations, simple

Chisquare (y*) test has been used.

RESULTS

The influence of endogenous GSH on CAs Induced by I - irradiation in mouse BMCs
Initially few experiments were performed to see the cell cycle paitern of unirradiated BMCs
by fixing them at 13, 17 and 20h after BUdR-tablet implantation. The data (lable 2.1)
showed that the frequency of cells in first cycle metaphase (M1) is very high (96.5%) at
13h fixation time. Since the M1 cells should be considered for chromosome aberration
study, all the subsequent in vivo experiments were carried out by fixing the cells at 13h,
considering the delay induced by TY-irradiation in the cell cycle. Microphotographs,
representing different cell cycle metaphases are presented in Fig. 2.1

Gamma ray induced CAs were studied in mouse BMCs as positive control to BSO treated
mice in each experiment and their results are representéd individually in table 2.2a, 2.2b
and 2.4 The pooled data are prtesented in table 2.3 and 2.5. The negative control value is

presented from 3 mice Mice were {reated with 0, 0.5, 1.5, 2 and 3 Gy of T- irradiation. in



BSO ftreated mice. different concentiations of BSO (1, 3, 4, 200 and 300 mg kg'') were

selected. A minimum of 3 mice were used in each point.
[ 8
The whole expenment was conducted n 2 sets and terefore two diffesent dose 1ate had to

use. In the first set of experiments, the dose rate was 18.6. Gy min' and in the second sef
14 4 Gy min ' was used. Mean percentage of abeirant metaphases and mean frequencies
of all types of aberrations per cell with standard error of the mean were calculated and
there values are plotted (Fig 2.3 and 2 4). Details of the results are presentd below.
Aberrations were scored in four categories - ) Exchanges (exch). All inter changes
involving two or more different chromosomes._ ii) Sister chromalid union (SCU): Kind of
infra arm inferchanges, taking place befween lesions within a chromosome iii) Iso-
chromatid break (Iso-chd. bks.) and iv) Simple Chromatid breaks (Chd. bks.),
Translocations were not scored. Microphotographs representing these aberrations are
presented in Fig 2.2.

The frequencies of Iso-chd. and Chd. bks. were the most frequent type of aberrations and
showed increase in frequencies with increasing radiation doses. However, there was no
difference in frequency of Chd. bk. between 2 and 3 Gy. The individual data showed that
at 3 Gy, the frequency of Chd. bk. was in the range of 2.55 {o 3.69 per cell, which was
higher than the range of 2.22 to 3.28 per cell induced by 2Gy.

The frequency of exchanges showed sharp increase from 0.5 fo 3Gy. It is also clear from
table 2.3 that the frequency of SCUs showed a significant increase from 1.5 Gy to 3 Gy of
radiation doses.

The frequency of aberrant metaphases was increased from 0.5 to 2Gy, however,
difference was not observed between 2 and 3Gy of Y-irradiation in the first set of
experiment (lable 2.3). In the second set of experiment, where the dose rate was 14 4Gy
min’', the frequency of aberrant metaphase was higher in 3 Gy than 2 Gy (table 2.5). Al
other aberrations showed similar trends, as it was in the first set of experiments. The only
difference was that the frequency of each category of aberrations was lesser in the second
set than in the first one. Dose dependent increase in the frequency of aberrations was
clear from the graphs plotted from the data (Fig 2.3, 2.4, 2.5 and 2.6).

Increased sensitivily was observed in BSO treated mice, although the extent of sensitivity
varried according to the concentrations of BSO and the dose of radiation. Extremely low

concentration of BSO (1 and 3 mg kg ') sensitized mice against 0.5 Gy, however, this was



no! found with higher doses of radiation. In the first set of experiments, BSO treatment with
4 mg kg ' sensitized the mice at all radiation doses, however, with 3Gy, it shows mild
sensitication  The mmamum sensitization in the fiequency ol abenant metaphases was
observed when mice were treated with 200 mg kg' of BSO (table 2.5)

The frequency of Chromatid breaks was the class of aberration, which showed
consistently significant enhancement in mice, when sensitized by BSO treatment (Fig 2.4
and 26 ). BSO 4 mg kg' could sensitize the frequency of Chd. bks induced by all
radiation doses, except with 3 Gy in the second set of experiment. However, using 200 mg
kg ' of BSO a considerable increase in the frequency of aberrations was observed. The
frequency of iso-chd bks also increased both by 4 and 200 mg kg~ of BSO in all the
experiments.

The frequency of exchange type of aberrations (Exch. and SCUs), on the other hand, was
not enhanced at all in all the BSO treated mice. In several cases, there frequency was
similar in BSO treated and untreated mice, whereas in others the frequency was reduced
afler BSO treatment. Graphs plotied from the pooled dala showed that the frequency of
exchanges reduced in BSO (reated sample than unireated one (Fig 2.4 and 2.6).

It is worth noting, that mice trealed with exiremely low concenirations of BSO (1 and 3 mg
kg' ) showed reduction in the frequency of all types of aberrations, induced by 1.5 and
2Gy (Fig 2.3 and 2 4).

The effect of BSO itself on the formation of spontaneous aberrations was studied on
unirradiated mice. With 1 and 4 mg kg~ of BSO treatment, no effect was found on the
frequency of any type of aberrations, however, a significant increase in the frequency of
aberrant metaphases and Chd. bks were observed after 200 mg kg' BSO treatment
(Chapter V).

Therefore, as a whole, mice treated in vivo with BSO (4 and 200 mg kg' ) showed higher
sensilivity to Y-irrediation than BSO untreated mice. This increased sensitivity of mice fo
irradialion was reflected by significan! enhancement of the frequency of Chd. bk., Iso-chd.
bk. and aberrant metaphases but not in any type of exchanges.

Table 2.6 shows the data of CA induction by 1.5Gy of Y -irradiation in mice treated with
BSO (5mg kg ') for 10. 15 and 18h. The frequency of aberrant metaphases as well as
Chd. bks and Iso-chd. bks were not showing any appreciable difference between the mice

treated with BSO for different time periods.



The influence of endogenous GSH Jjevel on CAs induced by r-irradiation in HPBLS
Gamma ray induced CAs have been studied in HPBLs as positive control fo BSO treated
cultures and their results are presented both individually and in pooled form (table 2.7 and
2.8).

The negative control values have been calculated from two different blood samples. Blood
were freated with 0, 1.0, 1.5 and 2 0Gy of T -irradiation. In one case 2.5 Gy was also
used. BSO 1 and 5 mM were used. Aberrations were scored from M1 (Fig 2.7). The
scored aberrations were: iy Exchanges including dicentrics and rings (both with or without
fragments) i) deletions (including both terminel and interstitial) and #i) Chiomatid breaks
(Chd. bks). Translocations were nol scored. Microphotographs representing aberrations
are presented in Fig 2.8a. The frequency of total rearrangements (dicentric+rings),
deletions and aberrant metaphases induced by Y-irradiation (0 - 2Gy), clearly showed an
increase in frequency with increasing radiation doses. However, the frequency of Chd. bks
was very low at all the radiation doses. Significant increment in the frequency of deletions
and aberrant metaphases were observed in all BSO treated samples. Frequency of Chd.
bks did not increase afler BSO treatment (table 2.7 and 2.8). The frequency of radiation
induced iearrangements did not increase at all in BSO treated samples, on the contrary a
tendency of reduction was observed.

The effect of BSO (5mM) itself on the spontaneous CAs was also studied. No significant
effect was observed (table 2.7 and 2.8). Therefore, as a whole, the blood sample, treated
in vitro with BSO (1 and 5 mM) showed increased sensitivity {o radiation than BSO
untreated samples. Like in vivo, the frequency of rearrangements were not increased,

whereas, the frequency of both aberrant metaphases and deletions increased

significantly.
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Table 2.1 The frequency of first cyvcle metaphases (M1) in mouse hone marrow
cells fixed at different hours

I'ixalion at Total M1 __ Ml

(n Metaphases  (%%) X1SD.
13 092 97

194 96 96.5 £0.71
17 302 49

160 31 140 1 10.60
20 178 08

156 24 16.0 L1131
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Table 2.2a  Effect of BSO treatinent on chromosome aberrations induced by Gamma
irradiation in mouse hone marrow cells

v

Radiaion BSO Abt. M ™ _Abcirations/cell

dose(Gy) mgkg' (%) Exch.  lsochd. bk.  Chd. bk. SCU

Dose rate: 18.6 Gy/min,

0 0 04 112 0 0 0% 003 0
12} 120 0 003 001} 0
03 110 0 000 002 0
)] B2 174 0 000 004 0
03 110 0 0902 002 0
4 L} 150 0 80) 003 0
02 106 0 0.00 0.01 0
06 110 o} 002 002 0
05 0 49 104 004 LY 119 0.03
49 114 0 o3 0.1} 0.75 D oo
63 114 007 026 1.72 0.04
54 119 00l 013 122 0.03
S0 121 003 04 117 0.03
1 61 197 005 025 1.50 0.05
59 152 0.09 017 1.06 0.00
61 121 016 023 | 48 0.06
3 78 114 009 023 188 0.05
n 123 004 057 3.22 0.03
70 114 ol [UR ] 1 50 008
67 119 008 000 1.70 0.10
4 7% 118 010 004 275 000
79 100 007 034 249 0.06
67 005 009 020 2.30 0.13
67 123 0 0% 022 109 0.06
IS 0 80 123 026 0 80 | 88 004
70 108 008 064 207 0.02
69 196 010 083 232 0.06
30 113 024 072 2.65 0.05
7 121 012 032 203 010
1 70 129 022 095 234 018
63 165 013 025 ) 66 0.06
67 i1e (URTU 0 40 130 000
gl 104 012 0 5% 256 0.13
3 60 170 0 Qo 094 104 05
70 147 01z 110 144 00§
RE 110 008 04 3338 0 06
&0 aqu a2 u42 106 06
]7 3 029 0 16 2R 019
4 MU 138 a2zl {90 4 44 003
84 o7 on” 283 550 003
h 077 018 1 <4 575 0.05
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Table 2.2h  Effect of BSO treatment on chromosome aherrations induced by Gamma
irradiation in mouse hone marrow cells

Radiation B3SO At M TM Abetrations/cell

dose(Gy)  mgkg' (%) Exch Isochd. bk.  Chd. bk. SCU

Dose rate: ik.g(:}/l;l_in:

2.0 0 88 10] 0.23 0.53 3.49 0.02
90 100 0.13 0.48 3.16 0.16

95 102 030 0.66 328 0.08

90 088 0.28 0.56 2.22 0.28

89 118 0.28 0.58 2.22 0.28

1 88 100 0.21 0.36 321 0.11
78 100 0.21 0.28 2.92 0.12

72 112 0.11 0.78 222 0.07

84 120 0.30 0.56 2.59 0.23

3 84 101 0.19 0.17 2.77 0.13
74 109 0.12 0.50 2.22 0.06

83 115 0.17 0.64 3.20 0.20

4 97 086 0.03 0.60 4.55 0.00
92 102 0.05 0.55 397 0.00

88 101 0.04 0.85. 394 0.00

80 134 0.10 0.83 2.34 0.06

91 122 0.29 091 3.58 0.18

77 083 0.07 1.05 436 0.02

3.0 0 83 087 0.18 0.80 2.55 0.21
93 080 0.25 0.69 369 0.33

86 095 0.54 0.75 2.60 0.29

1 % 10$ 0.40 0.81 381 0.20
98 080 0.25 0.69 3.69 0.33

87 120 0.20 1.05 3.10 0.28
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Table 2.3 Effect of BSO tretament on chromosome abervations induced by Gammg w

irradiation in mouse hone marrow cells in vivo

Radiat. BSO  AbLULM.(%%)
dose  wmegke' L SEM
Dose Rate: 18.6 Gy / min

0 Gy 0 03 +0.01
| 03 +0.0]
4 04 +0.02
05Gy 0 53 +2.66
1 60 1 0.58
3 721229
4 72831007
15Gy © 74 +2.47
i 4+ 3 56
3 171
1 871 48"
206Gy 0 90 +1.21
1 81+ 3.50°
3 80+ 318’
4 88+ 310
I0Gy 0 87 1t296
1 921 128

T™
()

342
)
184
(2)
366

3
662
(5)
470
3)
470
&)
136
(1)

661
(5
5S4
(4)
640
()
285
&)

509
(5)
432
(4)
3258
(3)
628
(6)

262
{3)
32
)

bxch

0.00
0.00

0.00

0.04 + 0.01
0.10 £ 0 03
008 1 0.02

009 +00]

0.16 + 0.04
0141003
0.15+002

01s1004

0241003
0.18 + 0.04
0.16 +0.02°

0.10 £ 0.04

037 +0.10

028+ 0.06

0.01 + 0.006
0.01 + 0.005

0.02 + 0.007

0.17 +0.03
0.22 + 0.02.
0.25 1 0.11

043+ 0.17

0.66 + 0.09
0.55+0.15
0774014

1.94+ 035"

0.56 + 0.03
0.50 + 0.11
0.44+0.14

0.80 +0.08"

0.87+0.10

0.85 +0.10

~ Abenations/cell L SEM
IsoChd. bk.  Chd.bk.  SCU

0.02 £ 0.004
0.02 + 0.003

0.03 + 0.005

1.21 +0.15
1.35+0.14
2.07 + 0397

2.40 + 0.14”

2.19+0.13
1984027

270 +0.047

526+ 037

2.87 +0.27
2.74+0.21
2.73 +0.28

3.79+0327

2.79+0.21

3.53+0.227

-
P
2
A
L

-t

0.00
0.00

0.00

0.03 +0.01
0.04 £ 0.02
0.07 + 0.01

0.06 +0.03

0.05 + 0.01
0.09 + 0.04
0.08 + 0.03

0.04 + 0.01

0.14 + 0.05
0.13+0.03
0.13 + 0.04

0.04 + 0.03"

0.22 +0.04

0.27 +0.04

n - number of ammals:  SCU- sister chwomatid unien: 'TM- total metaphases

# pe0.00F 2 x 2 contingency X test ;
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“ 0,05, ** pr0.001 X-test at df=2



Table 2.4 Effect of BSO treatiment on chromosome aberrations induced by Ganuna
irradiation in mouse hone marrow cells.

Radistion RSO Abt M TM Abenations/cell
dose(Gy) mg ke (%0) fixch. Isochd. bk.  Chd. bk. SCU

Dose rate: 14.4 Gy/min.

2.0 0 60 127 0.12 0.30 2.08 0.08
65 115 .18 0.18 1.90 0.04

57 105 0.20 0.23 1.73 0.05

4 7 113 0.08 0.34 2.23 0.03
64 119 0.07 0.30 2.36 0.03

200 78 093 0.07 0.52 2.94 0.05
59 107 0.04 0.30 2.06 0.00

90 087 0.05 0.33 388 0.01

81 101 0.09 0.36 393 0.01

300 75 077 0.04 0.49 2.47 0.12
64 090 0.03 0.3 1.92 0.04

67 116 007 0.40 2 84 0.01

30 0 7 111 0.28 0.82 3n 0.18
1 108 0.24 0.43 2.86 0.16

33 121 0.19 0 56 3.46 0.14

7 111 042 036 329 0.09

1 90 105§ 0 40 0 81 381 0.20
81 067 027 0.54 2.28 0.15

87 120 3.20 1 05 3.10 0.28

200 90 114 0.32 0.69 5.21 0.11
92 126 0.13 0.98 5.38 0.08

83 091 026 .91 4.81 0.06
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Table 2.5 Effect of BSO treatment on chromosome aherrations induced by Gamma
irvadiation in mouse bone marrow cells in vivo
Radt  BSO  AMM (o) I'M Abcriationsicell £ SEM R
dose  meke' +SEM ) Exch. Isochd. bk Chd.bk SCU
Dose Rate: H4.4 Gy / min
0Gy 0 03+41.00 342 0 .01 1 0.005 0.02+0.007 0
3)
1 01+040 366 0 0.01 £ 0,007 0.02+0.006 0
3)
200 04+1.03 356 0O 0.01 + 0.003 0.0210.006 0
3)
2Gy O 61+233 347 0.16+0.02 0244 0.03 1.90 +0.10 0.05 + 0.01
(3)
A 65+ 1.50 232 0.07+001 0321002 2294006 0.03 +0.01
(2)
200 71652° 388  0.06+001° 0371005  3.20+0447 0.02+0.01
(4)
300 69+328 283 005+001° 0401005  241+027 0.06+0.03
&)
3Gy 0 76 4275 451 033+£004 0541010 3.18+0.12 0.14+ 0.02
)
4 86 +264" 292 029+006 080+0.10° 3.06+040 0.21+0.04
3)
200 88+272° 331 0334005 086+009° 513+017° 0.08+0.01
3)

n - number of animals; SCU- sister chromatid union; 'TM- total metaphases

+p=0.001 2 x 2 contingency X'-fest

17
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Table 2.6 Induction of chromosome abherrations hy Gamma irradiation in BSO-treated
(S mg kg ') mouse hone marrow cells for different time periods.

BSO-ltieat. Radiat. ™  AbL M o Abenations/cell
peniod (h) dose (%) Fxch Isochd. bk. Chd. bk. SCU

Radiation Dose Rate: 18.6 Gy/min

0 1.5 123 80 0.26 0.80 1.88 0.04
108 7 0.08 0.64 2.07 0.02
196 69 0.10 0.83 232 0.06
113 80 0.24 0.72 2.65 0.05
121 7 012 0.32 203 0.10
10 1.5 129 84 0.25 1.14 3.70 0.08
131 83 0.10 1.70 4.60 0.03
097 %0 0.07 078 4.04 0.02
15 1.5 118 82 0.08 0.90 3.40 0.02
109 88 0.08 1.70 4.50 0.01
18 1.5 106 95 0.16 1.08 3.96 0.01

11 80 010 1.06 3.50 0.01



Table 2.7 Effect of BSO treatment on chromosome aberrations induced by Gamma

Dose

(Gy)

Radiation Dose Rate: li.&i:_{r/n;in

0

1.0

1.5

20

BSO
(mM)

0

Abt. M
(%)

02
02

03
02

37
41

61
68

69

™

101
102

13
10

096
103

102
111

108
101

121
107

i13
116

109
091
093

114
039

106
093

108

075

105

Dicen.

0

0
0

0.08
0.09

0.08
0.06

010
0.13

0.09
007

0.08
0 05

015
on
0.16

010
013

015
013

045

0 40

025
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irradiation in human peripheral blood lymphocytes in vitro.

___ Aberrations/cefl

Deln. Chd. bk. Ring
0.005 0.01 0
0.005 001 0
0010 0.02 0
0.010 0.02 0
0.450 0.01 0.02
0.390 0.02 0.01
0.740 0.04 0.01
0.690 0.06 0.00
0.480 0.04 0.01
0.540 0.04 0.01
0670 0.04 0.02
0 700 0.04 0.00
0.760 0.06 0.01
0.810 0.07 0.01
0.740 0.05 0.05
0.700 0.05 0.02
0.780 0.03 0.03
1300 0.07 0.04
1.390 0.09 0.02
1 980 020 0.03
1 790 016 0.02
0670 0.05 0.06
1.04 0.29 0.03
14 0 09 007



Table 2.8 Effedt of BSO treatment on dlmomosome abersations induced hy Gamma

noadintion m e pedipheral blood hvinphodytes in sitio.

/\b‘ h’l 0;)
+ SEM

Radiat. BSO
dose mM

Dose Rate: 1239Cy / min

0 Gy 0 2040
0 Gy 5 25+08
oGy 0 19 +2

5 64+ 35
1L5Gy 0 2+ 1

1 65+ 4"

5 71+2
220Gy O %3

i 83+2

5 91 +0.5"
25Gy o0 53

1 76

5 78

™
(n)

203
(2)

213
2y

199
2)
213

2)

209
)
228
3]
229

(2)

293
3)
203
@)
199
(2)

108
()
075
(1)
105

1)

i)+ R

0

0.10 + 0,00

007+ 0.01

012 +001
009+002

007+ 001

0.18 + 0.0}
0 144000

0.16 + 0.01

0.51
043

0.32

{leletion

0005 +000

001 +0.00

0 42 + 0,005

0.71 +0.01”

0514000

068+ 0.00

078+ 0005

0 74 + 0.006
.34+ 0017

1.80 +0.02"

067

Abentationsicell_+ SEM

Chd.bk.

001 +0.00

0.02 + 0.00

0.01 +0.00

0.05 + 0.01

0.04 + 0.00
0.04 + 0.00

0.06 1 0.00

0.04 1 0.0}
0.08 + 0.01

0.18 + 0.02

0.05
0.29

0.09

+p<0.001 2x 2 contingency X -test : * p- 0 05, ** p<0.00} X2-test at df=2

T™M Total Metaphase: n number of sample; D4R Dicentric + Ring
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Fig 2.1: Hoechst- Sunlight- Giemsa staining pattern of chrorosares
of mouse bone marrow cells grown in presence of BUdR.

a, one division cell cycles b,otwo division cycles;

SCE, Sister Chramtid Exchanges.






Fig 2.2: Microphotographs showing Gamma irradiation induced
chrarosare aberrations in first cycle metaphases of
mouse bone marrow cells. C, Chromtid break; IC, Iso-
chramtid break; X, Exchange; S(U, Sister Chramatid
Union.
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Fig 2.7: Hoechst- Sunlight- Giewsa staning pattern of

chrarosares of huran peripheral bloed lynphocytes
grown in presence of BUJR. A, cone division cycle;

B and C, two division cycles,






F'ig 2.8: Microphotographs showirg A, Ganmm irradiation
induced; B and C, Blea:sycin induced chraroser
aberrations in first cycle metaphases of huren
peripheral bleod Iyiphocytes. d, dicentrics

dl, deletion; t, tricentric; R, ring.






DISCUSSION

Historically, studies on the radiosensitizing effect of oxygen directed attention towards
cellutar thiols as a major deteiniinant of the radiation response of the cells. The well known
compelition theory was introduced in 1955 by Alexander and Charlesby, the major feature
of which was the assuniption of competition between damage restituting and damage fixing
reactants for radiation induced iadicals in key target molecules (Alper 1879; Edgren et al.
1985). The restiluling species is identified as cellular thiols, which repair the damaged
target by hydrogen donation.

Many experimental obseivations have been made, which are consistent with the
competition model. In many of the tests, cellular survival was used as the end points (Alper
1979) The competition model concerns the initial physico-chemical processes. On the
other hand. survival, determined after several hours or days of radiation exposure involves
several biochemical reaclions, which may modify the effect of the earlier radical processes,
eg. by repairing the proportion of damages. Therefore, cell survival may not be an
appropriate end point for the study of the effect of radical reactions. Another question
concerns, the role of the cellular thiols. In mammalian cells, GSH amounts to about 90% of
the non protein thiols Direct cvidence that, sulphydryl and oxygen can compete in the way
suggested by the compelition model was provided in pulse radiolysis experiments (Adam
et al. 1968) In view of the perticipation of GSH in a great humber of diverse metabolic
functions in the cell (Kosower and Kosower 1978), it is conceivable that it will also take
part in some 1adiation induced biochemical reactions.

Over the past few years, advantage has been taken of the GSH deficient cell strain in
extensive studies to clarify the role of GSH in radiation response of the cells. In view of the
possible participation of GSH in both physicochemical (restorative) and biochemical
(repair) radiation - reactions, particul-ar attention was given to the choice of end points in
an attempt to investigate the effect of the two proceeses separately.

In this study CAs is the end point considered, which is generated from the DNA-dsbs
(Natarajan et al 1980: Bryant 1984). DNA SSbs and DNA base damage have also been
suggested as DNA - lesions, giving rise to indirectly induced DNA dsbs with subsequent
formation of CAs (Preston 1980, 1982). BSO was used to study the effect of GSH
depletion on radiosensilizatién of BMCs in vivo and HPBL s in vitro. The rationale for BSO

treatment is based on the premise that GSH serves as a major endogenous ceilular
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1adioprotector (Meister 1983) and that GSHI depletion itself may lead to significant
iadiosensitizalion.

In otder {o scorte CAs. it is advisable to use the BUJR differential method to determine the
most suitable harvesting time to have an optimum number of celis in M1 (Bianchi et al.
1982). Theiefore, initially one experiment was cartied out to select suitable fixation time for
mouse BMCs Maximum numbet (35%) of M1 cells were observed at 13h fixation time and
since ionizing radiation induces delay in cell cycle kinetics (Lloyd et al. 1977), therefore, in
all in vivo experiments, cells were fixed af 13h For HPBLs, BUdR powder was added in
cultures and only M1 cells were considered for CAs studies.

Initially, an attempt was taken to delineate the treatment timing of BSO before exposure of
whole mouse {o Y-irradiation. The observed dala clearly indicate that BSO-incubation
period for 10, 15 and 18h increased the radiosensitivity to a same degree. Il was reported
that intermediate rates of depletion were seen in BMCs of mouse with nadirs at 8-12h
(Lee et al 1987). The present resulls indicale, that maximum level of GSH depletion could
be achieved at 10h of incubation following single dose of BSO and therefore, in all in vivo
studies, the BSO treatment period was 10h.

Present results indicate . that the presence of BSO increased the cellular radiosensitivity,
when CAs is considered as end point This increased radiosensitivity is dependent o BSO
concentlrations. In this study (in vivo), extremely low (1,4 mg kg'') and moderately high
concentration (200, 300 mg kg ') of BSO was used. Qut of three exiremely low
concentrations used, 4 mg kg ' is the one, which is effective to all the radiation doses,
excep! 3Gy, where the degree of increment was very less. Both 1 and 3 mg kg'' is also
effective at 0.5 and 1.5 Gy of Y-irradiation but not at higher doses. It is clear that BSO 200
mg kg ' is more efficient to increase the cellular radiosensitivily than 4 mg kg'. This could
be due to better depletion of endogenous GSH by 200 mg kg ' then 4mg kg ' (Chapter 1).
Incidentally. 1 and 3 mg kg' of BSO has provided significant reduction in the frequency of
CAs induced by 1 5 and 2Gy lHowever, the reason is not quite clear. Very recently there is
a report regarding a protective effect of BSO in micronuclei induction by radiation in mouse
BMCs ( Sarma et al 1996).

In this study, of all the abenrations scored in mouse BMCs, Chd bks. are the most fiequent
one and showed consistent sensitization in BSO treated celis. The second major group is

the Iso-chd bks which also showed similat sensilization after BSO treatment. However,
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the other important group, exchanges and rearrangements did not increase at all. This
shows that Chd. bks and lso-chd bks, which are open type of breaks were increased
readily by BSO treatment but endogenous GSH depletion failed to enhance exchange type
of aberrations. To the best of our knowledge, no data are available on the effect of BSO
on radiation induced mammalian CAs. However, our present observation regarding the
increased frequency of Chd bks and Iso-chd bks. is not in agreement with the reported
failure in increase in 1adiosensitivity with respect to DNA SSbs in GSH depleted cells by
BSO under aerobic conditions (Edgren et al. 1985). Others have also found, little or no
sensilizafion of aeraled cells by depleting cullures of GSH (Bump et al. 1982; Clark et al.
1984). However, equal sensitization of aerated and hypoxic cells using similar in vitro
sysiems has also been reporled (Koch el al. 1984; Milchell et al. 1983). Depletion of
intracellular GSH by BSO, sensitized cells to X-irradiation at all oxygen tensions in V79 -
379A cells, has also been reported by Shrieve et al. (1989). Therefore, reports are
available, both in favour and against the view that BSO treatment increased the
radiosensitivity of aerated cells.

The radiosensitivity of GSH deficient and proficient cells were aiso studied by measuring
DINA SSbs ( Edgren et al 1981) with the unwinding technique in weak alkali. The SSb in
GSH' cells remained unchanged, whether irradiation was performed in air or hypoxia.
However, it has been observed, that the SSbs induced in GSH deficient cells under oxic
condition was repaired much slower and remained incompiete afier 2h.

In all studies, DNA SSbs were chosen as the end point, determined shorlly after exposure
of the celis, because the interest was directed to see the function of GSH in the initial
radiation induced radical processes. Therefore, this end point, in contrast to clonogenic
survival, can be assumed to reflect the effect of the initial radical reaclions without any
major interference of the biochemical processes which follow irradiation and some of which
may themselves be GSH dependent (Edgren et al 1981. Revesz and Edgren 1984).

In the present study, CAs is the end point which has been assessed by conventional
method of studying cells in first metaphase stage Since, it does nol allow direct
measurement of chromosome daimage immediately after irradiation, therefore, interference
of biochemical processes following irradiation could occur. it is wellknown that, primary

lesions indticed in DNA are subjected to cellular repair. Unrepaired or misrepaired lesions
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give nse 1o CAs (Nalarajan and Zwanenburg 1982)  Therefore, in this investigation, the
increased 1adiosensitivity of the B3O tieated cells wilh respect to Chd bks and Iso-chd bks
or deletions. could be a failure of efficient repair in GSH depleted cells. However, the
possibility of more radical induced DNA lesions and sirand breaks in GSH depleted cells
can not be ruled oul for the observed lugher radiosensitivily.

It is concevable, thal GSH only in close proximity to the critical DNA target can function in
the radical competition processes In this study. the GSH measurement has been
performed in whole cells, which may not reflect the change in the amount of GSH at
locations where il could be of imporiance in lrealmenl. Edgren (1987), reporied
observations that depletion of GSH by BSO occurs to different extents in the nucleus and
the cytoplasm and therefore the OER for cells depleted of GSH by treatment with BSO to a
comparable degree of GSH defiency as in the genetic mutants, did not show a similar
decrease in OER (Edgren et al 1986) Edgren (1987) demonstrated that the total amount
of free, oxidized and reduced GSH in the cells of GSH’/' strain was 13.5 + 0.7 nmol per
mg protein About 10% of this amount was located in the nuclei. After BSO treatment, the
GSH content in the whole human fibioblast cells of the GSH''' strain was decreased to
about 7% whereas m the nucler it was aboul 55%, of the normal Therefore, it could be, in
the present study, that BSQO treatment hoth in vivo and in vitro, deplete cytoplasmic
content more eficiently than nuclear OSH content, and if it is so, then the initial number of
fiee 1adical induced DNA lesions may not vary with great degree between BSO treated
and unireated cells While exiranuclear GSH. may not play any major role to save DNA
from 1adical reactions, are involved in the numerous post-irradiation biochemical repair
ptocesses 1he dala presented here supporl this interpretation because exchange and
reartangement type of aberrations failed to inciease, which needs association and
rejoining of radiation induced DNA strand breaks in BSO treated cells. it implies that,
ptesence of GSH may be impoitant for rejoining of strand breaks induced by radiation.
More incieased radiosensitivity by 200 mg kg ' than 4 mg kg' BSO in cells could be
aftributed due to beller degree of GSIi-depletion in both the compartment of cell by the
former concentration of BSQ Therefore. incresed radical induced DNA lesions in addition
to low efficient repair could be the reason for significant increase in the frequency of both

Chd bks and lso ¢chd bks in BSO) frealed ¢elis
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CHAPTERII

DOES GLUTATHIONE INVOLVE IN DNA REPAIR?



LITERATURE REVIEW

Endogenous thiols, especially the {ripeptide GSH. play an important role in the protection
of cells against the damaging effect of ionizing radiations. Modification of the radiation
induced damages of cells by GSH may occur al different levels of the process leading from
the primary lesions to the finat cell damages, eg

1 GSH may inteifere at the level of induction of lesions in the target by scavenging
radicals of the radiolysis of water and respectively, by transfer of hydrogen atoms to target
radicals (Howard-Flandeirs et al 1963; Revesz et al. 1963; Held et al. 1982).

2. GSH may be involved in enzymatic repair processes of radiation induced DNA damage
(Edgren et al 1981; Edgren and Revesz 1985)

Using GSH-deficient human fibrobiast and lymphoblastoid cells, the role of GSH, in the
initiation of damage leading to DNA breakage has been demonstraled (Revesz et al. 1979,
Edgren et al 1980). Radiation induced DNA breaks were shown to be repaired rapidly,
error free or error prone, by different mechanisms (Painter et al 1971:Hanawalt et al 1979).

As yet little is known about the importance of GSH in these processes. The role of GSH in

regard to the post irradiation repair of DNA breaks has also been evaluated in GSH ™ cells

(Edgren et al 1981). When GSH cells were exposed to irradiation under hypoxic

condition, practically all the induced single strand breaks (SSbs) were gradually rejoined
within about 1h of aerobic incubation, independently of the dose of irradiation. Similar
observations were made with a great number of different GSH' cells (Lohman 1968,
Ormerod and Stevens 1970). In contrast. when irradiation was performed under aerobic
conditions, GSH™ cells failed lo repair a considerable part of the induced SSbs during an
identical incubation period The failure of GSH cells, but not to GSH" cells to repair SSbs
induced by aerobic irradiation was confirmed in experiments, in which, the cells were
exposed to a radiation dose, split info two equal fractions and given with an interval of
either 30 or 60 min (Nishidai el al , see Revesz et al. 1984). They suggested that this
failure of rejoining of a majority of aerobically induced SSbs in GSH cells indicates that the
activity of some of the enzymes involved in the repair of this particular radiation damage is
dependent on GSH function. probably as 8 cofactor Therefore, they interpreted these
observalions as an involvement of repair system in the rejoining of oxically induced SSbs,

different from that involved in the rejoining of hypoxically induced SSbs. The former is



clearly dependent on GSH In thiol substituted (GSH., MPG or DTT) GSH™ cells had the
capacity to rejoin radiation induced SSbs to a fairly normal extent has also been
demonstrated (Fdaren et al 1981) Fuither suppoit for the concept that the presence of
GSH is essential for the rejoining of the particular aerobically induced SSb was obtained in
experiments in which the irradiated GSH™ cells admixed with unirnadiated GSH™ or GSH'
cells and incubated together for some times (Edgren 1982). In the former case, the SSb
rejoining capacity of the irradiated cells were not appreciably improved. In confrast,
admixed GSH' celis enhanced the rejoining capacity to a normal level. This enhancement
was inhibited. however, if GSH' cells were pretreated with misonidazole (MISO), which
decreased GSH content to about 30% before admixture (Edgren, unpublished: in Revesz

et al. 1984).

Few reports are also available regarding the importance of thiols in the repair mechanisms
of DNA conlaining AP (apurinic or apyrimidinic) sites. All the cells seem to possess an AP-
endonuclease activity that hydrolyses the phosphodiester bond 5' to AP sites in a DNA
leaving 3-OH and 5-PO, ends. But the excision of an AP-site requires another clevage
3- to the damage. AP-endonuclease 1 breaks the phosphodiester bond 3’ to AP sites
leaving 5’ PO, bonds (Mosbaugh and Linn 1980), are not endonuclease but seems to be
p- elimination catalysts (Bailly and Verly 1984). 1 -elimination acling as an AP sile in DNA
leaves a 3’ terminal « . |- unsaluraled aldehyde derived from the base free deoxyribose.
Monoharan et al. 1988 (see Bailly and Verly 1988) have found that thiols react with this
unsaturated aldehyde. Later on il has been observed thal addition of thiols to the double

bond of the 3-terminal sugar resulting from p-elimination prevents a subsequent &-

elimination (Bailly and Verly 1988).

An exchange aberration is thought to arise after lateral association between partially
denatuted DNA iegions in two different chromosomes and such region might occur as a
consequence of both DNA SSbs as well as DNA double strand breaks. An aberration then
arises as a consequence of misrepair of this complex. A prerequisite for the formation of a
chromosome exchange complex is also that the DNA lesions which give rise to the

exchange aberration aie in close proximity (Natarajan and Ahnstrom 1968; kihiman 1977).



Secondly, exchange complex formation also depends on the DNA-repair of the lesions; i.e.
no exchange complexes are formed if the time for DNA-repair is shorter than the
association time Thus, short lived DNA bieaks give rise’to exchange complexes only for
short interaction distances, whereas for longer interaction distances the exchange

complexes are formed for long-lived DNA-breaks (Holmberg and Gumausker 1986).

It has been demonstrated that short lived DNA breaks can, in the absence of arabinoside-
C (ara-C: repair inhibitor), be repaired within that time but in the presence of ara-C more
such breaks are able to interact and form exchange complexes. In contrast, the yield of
exchange aberrations formed from interactions between long-lived DNA breaks is not
affected by ara-C or UV-C and the reasons could be : a. the DNA repair of long lived DNA
breaks is not affected by UV-C or ara-C. b. the long lived DNA breaks are DNA double
strand breaks, which are repaired by some kind of recombinational repair and this process

requires an exchange compiex (Holmberg and Gumausker 1986).

In the present study, we have made an attempt to resolve the role of GSH in exchange
aberratlion formation (due to misrepair). Since DNA dsbs are responsible for CAs
formations (Natarajan and Obe 1978: Natarajan et al. 1980), therefore in this study, deta

mainly indicate the influence of GSH on repair / misrepair of DNA dsbs induced by Y-

irradiation.

MATERIALS AND METHODS

Materials
1. Reduced Glutathione (GSH; Sigma USA): GSH is the dominant low molecular weight

non protein thiol compound, present in all animal cells. It is a tripeptide, though not derived
from protein. Glutamic acid, cysteine and glycine are bound together to form GSH (L-1-
glutamyl-l csleinyl- glycine). The glutamic acid residue joined unusually with its T-COOH,
rather than the «~ -COOH group, with cysteine. It is a thiol compound and has been shown
to protect biological tissues by scavenging the primary radicals produced by radiolysis of

water. Concentiation of GSH was used 400 mg kg ' in mice for in vivo studies and for in

]



vitro studies 20 mM was used in HPBLs The soluhon was prepared freshly in sterile
distilled water and was used.

2. Glutathione ethyl ester ( Y -glutamyl-cysteinyl-glycyl ethyl ester; Sigma, USA):

This is a derivative of GSH. it can enter celis more easily than GSH and is readily
converted to GSH after transport The conversion of GSH from GSH-ester does not
require energy and the levels of cellular GSH achieved is not inhibited by feed back
inhibition It is also reported as a radioprotector and can elevate the level of GSH much
higher than its normal status (Puri and Meister 1983: Anderson and Meister 1989).

The concentration used in in vitro studies was 20 mM. The solution was prepared fresh in
sterilized distilled water prior 10 use.

3. Buthionine Sulfoximine (BSO; Sigma, USA): It has already been described in the
Materials and Methods section of Chapter |. In this experiment, BSO was used only in in
vivo sludy and the concentration was 4 mg kg '.

4. Radiation: Described in Materials and Methods section of Chapter if.

Experimental system
Similar as described in Materials and Methods section of Chapter|.

Methods
Experimental procedure
a. Treatment of GSH

It was injected/added just after Y -irradiation. In mice, it was injected intraperitoneally for in

vivo studies For in vitro studies, GSH was added in 1ml aliquot of blood samples, soon
after irradiation, mixed properly and kept for 3h at 4°C before culture was set up.

b. Treatment with GSH-ester

This was used only in in vitro studies. 20mM of GSH-ester added into 1ml aliquot of blood
sample, soon after irradiation and kept for 3h at 4°C before setting up of culture.

¢. lrmadiation

For in vivo studies. mice were irradiated in a similar manner as already described in the

same section of Chapter Il. Mice were irradiated only with 2Gy. For in vitro studies, 1mi



aliquot of blood was taken in a sterilized small 25 mi flal bottom glass beaker. The
lymphocyles were exposed to 2 and 3 Gy of Y-irradiation either al room temperature or in
ice Samples which were uradiated m ice wete kept in ice for 30 min before irradiation.
Blood samples. which were irradiated al toom temperature were kept in 37°C and those
itradiated on ice. were kept at 4"C for th after inadiation.

d. Culture procedure

The methodology tor collection of hlood and setting up of culture was similar as described
in Chapter It

e. Chromosome preparation, staining and scoring

Similar as described in Chapter |l

f Calculation and Statistics

The method of calculation and formulae applied for statistics are desribed in Chapter il

RESULTS
GSH-postitreatment afler Y -irradiation o BSQ treated and unireated mice

T-rays induced CAs have been studied in mouse BMCs as positive control to GSH
posiirealed samples in each experiment GSH post treatment has also been performed
after Y-irradiation in BSO treated mice All their resuits are presented both individually and
in pooled form in table 3.1 Only one radiation dose was used (2Gy). At least two mice
were used in each step Individual data of each type of aberrations and aberrant
metaphases did not show any appreciable difference between 2 Gy and 2Gy + GSH
samples, however, the pooled data showed that there was a reduction in the fequency of
Iso-chd. and Chd. bks. without any change in frequencies of aberrant metaphases.

GSH postireatment o BSO Ireated mice showed that there was a significant increase In
the frequency of rearrangement type of aberrations, while significant reduction in the
frequency of Iso-chd. bk. and Chd. bk. was observed without any change in the frequency
of aberrant metaphases (lable 3.1). 2Gy irradiation to BSO treated mice showed higher
sensitivity to irradiation with respect to individual aberration types except for exchanges,

where frequency was reduced significantly.



GSH and GSH- ester posttreatment to I -irradiated lymphocytes in vitro

Two different sets of experiments were performed, one with 2Gy and the other with 3Gy of
inadiation Since, these experiments were peiformed separately, therefore two different
dose rates had to use. Data from experiments of both the sets are pesented individually in
table 3.2 and pooled in table 3.3

These experiments were conduted by irradiating (2 and 3Gy) HPBLs in Go stages both at
room temperature and at 4°C Then GSH and GSH-ester was added immediately after
irradiation Since irnadiation at 4"C block the repair of irradiated Go cells, therefore, one
would expect rise in the frequency of aberrations in sample irradiated at 4°C. The deata
presented in table 3.2 and 3.3 showed that there was a significant rise in the frequency of
deletion without affecting the frequency of aberrant metaphases in samples irradiated at
4"C . However, the frequency of rearrangements was significantly reduced.

In GSH and GSH-ester treated samples, the frequency of deletion was reduced
significantly and simultaneously the frequency of rearrangemenis was increased
considerably However There was no appreciable change in the frequency of aberrant
metaphases, in GSH added samples whereas considerable reduction in the frequency of
aberrant metaphases was observed when GSH-ester was used.

The effect of GSH and GSH-ester alone in HPBLs have also been studied and the data

indicate that there was no induction of any aberration in the system.



Table 3.1 Effect of GSH-posttreatinent on chromosome aberrations induced by Gannua
irradiation in nermal and BSO treated (4 mp kg 'Y mouse hone marrow cells.

Exptl. ™ Abt. M o Abenations/cell
Cond. "% Fxch. Isochd. bk. Chd. bk. SCU
Radiation Dose Rate: 18.6 (I-y/.min ‘ ) -
2Gy 17 9] 0 10 071 1.66 0.50
088 20 028 063 188 0.31
Pooled 208 97 012 067 177 0.39
2Gy + GSH 124 {4 01 065 3130 0.08
102 85 031 0.68 288 0.26
093 90 0.25 0.14 328 0.14
119 86 0.30 0.59 15" 0.15
BSO +2Gy 101 88 0.04 0.85 3.94 0.00
134 80 0.10 0.83 2.34 0.06
083 77 0.07 1.05 4.36 0.02
318 82 0.07 097 .55 0.03
BSO + 2Gy 043 84 0.40 0.35 2.42 0.35
+ GSH 097 87 0.35 0.55 3.46 0.25
107 92 0.36 0.69 3178 0.33
101 83 0.24 0.66 3.53 0.19
348 87 034 0.56 1.30 0.28

*p<0.05, ** pc0.001 X -test at df=2



Table 3.2 Effect of GSH20 ;M) and GSH ester (20 mM) posttreatment on chromosome
ahervations in Gamma iradiated human peripheral hlood lymphocytes in vitro.

Exptl.
condn

Abt N
(1)"’

™

Radiat. Dose Rate: 12 A9Gynin

Contiol
Control(-1°()

ast

GSH-cster

2 Gy

2 Gy(°¢)

2 Gy(1°C)
+ GSH

Radiation Dose Rate: 8.19 Gy/min

3Gy

3 Gy(4°()

3 Gy(1°0)
+ GSH

3 Gy(°()
t GSH-cester

2
?
3

77
69
77

74
68
60

ol
67
65
6l

3
66
6l

A8

70

68
67
40

11
RIH)
57
64

101
102
U98s

i
110

125
101

109
091
093

092
101
086

056
071
129
092

108
ORS
103

L6
080

060
096
143

068
108
103
064

9

Abenations/cell

Dicen Dicln chd. bk. Ring
0 0 005 00l 0

0 0 009 0.01 0

0 0.01 0.02 0

0 00l 0.02 0

0 0.0l 0.02 0

0 0.01 0.01 0

0 0.01 0.01 0
010 0.74 0.05 0.05
0.13 0.70 0.05 0.02
016 078 0.04 0.03
0.10 099 0.08 0.01
0.09 091 0.07 0.01
0.06 0.86 0.06 0.00
020 0.59 0.00 0.05
0.24 0.58 0.03 0.04
0.29 0.52 0.06 0.07
019 0.51 0.04 0.06
045 067 00X 0.06
011 019 0.02 0.07
0.32 016 0.07 0.07
0.22 0.46 0.01 0.03
0.26 0.85 0.11 0.02
058 037 0.05 0.12
0.50 0.35 0.09 0.03
0.29 0.12 0.01 0.04
0139 016 004 001
0.24 0.16 0.09 0.04
0.31 0.37 0.06 0.06
0.51 0 48 0.02 0.05



lable 3.3 Effect of GSH (20 mM) and GSH ester (20 mM) posttreatment on chromosome
aberrations in Gamma irradiated human peripheral blood lymphocytes in vitro.

Rad GSH Bster ADUM (%0)  TM ) Abcrrations/cell + SEM
dosc(Gy) + SEM () D1 R Deletion Chd. Bk
0 (RD) - - 210 203 0 0.005+0 001+90
‘ (2)
+ - 241 210 001+0 002+0
(2)
+ 3+0 226 0 001 +0 001+0
(2)
0 (4°C) . . 340 098 0 001 +0 0.02+0
(1)

Dose Rate: 12 29CGy/min

2 (RT) . - 744030 293 018+001 074+002 005+0
3)

2 (4°C) ) S 674040 279 00940017 092+004  0.07+0.01
3)

2 (4°0) + - 64+010 M8 026+001  055+002 003+001
(4)

Dose Rate:  3.\9Cy min

3 (RT) - 60+t 040 296 0454+ 0049 054 +006 0.054 0.0}

3 (@) - S YA R 1(9}(? 02410014 0654018 006+ 003

3 A0+ - 581090 2(929) 051 +0.04"  0.28+0.08°  0.05+0.02

3 (4°C) . + 484070 ?1)1 040+ 004" 029+008  0.05+0.01
(4)

RT- Room Temperature: 'TM- Total Metaphases: D + R- Dicentric + Ring
*p00S, ** 0001 Xtest at df=?2

10



DISCUSSION
in contiast to the limited studies on protective effect of GSH . employing parameter of CAs,

data obtained on the role of GSH in the inherent cellular radiation protection mechanism
are quite rich and informative. It has been demonstrated that, GSH plays a significant role
in cellular detoxification processes (Revesz and Modig 1965, Revesz et al. 1984),
regulates vatious enzymatic pathways by acting as a cofactor (see Meister and Anderson
1983) and it is involved in cell growth and replication process (Mazia 1961; Holmgren
1979) may be relevent to the participation of GSH in repair.

Many different biochemical repair reactions are likely to occur, after the initial radical
reactions but little is known aboul their mechanisms at the molecular level. in an attempt to
clarify the possible role of GSH in biochemical repair process. the extent of the rejoining of
radiation induced SShs was determined uplo 1h afler exposure. These observations
indicate that the repair sysiem involved in the rejoining of oxically induced SSbs differs
from that involved in the rejoining of hypoxically induced SSbs and is clearly dependent
upon GSH ( Edgren et al. 1981; Revesz and Edgren 1984). The rejoining can be error free
or error prone and therefore, the parameter like CAs, whose structural alteration reflects
the pattern of rejioning of radiation induced strand breaks have been considered. If the
rejoining of the strand breaks are error prone type (misrepair), then the frequency of
rearrangement types of aberrations is increased Whereas. error free type of rejoining
reduces the frequency of Chd. and Iso-chd. bks. or deletions. The data presented in
Chapter Il is clearly exhibiting the increased frequency of Chd. and Iso-chd. bks. or
deletions without increasing the frequency of rearrangements in GSH-depleted cells which
prompled us to undertake the present objective i.e the role of GSH in cellular repair /
misrepair processes.

Two approches have been taken for this study. One was GSH-poslitreatment just after Y-
irradiation to BSO treated and untreated mice and secondly, GSH or GSH-ester
posttreatmet to HPBLSs, irradiated at 4°C. The rationale for this approach is based on the
premise that addition of exogenous GSH increase the level of endogenous GSH and
thereby involve in the repair and misrepair processes of radiation induced strand breaks.
The addition of GSH afier irradiation is poorly effective in reducing the frequency of Chd.
and Iso-chd bks induced by 2Gy of irradialion and the frequency of exchanges is not

altered As has been outlined in the section of Introduction and Literature Review of
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Chapter Ii. that reports are available on the protective effect of GSH-pretreatment on
radiation induced CAs in diffetent systems. Generally all radioprolectors protect cells
effectively. if it is treated before iiradiation (Bacq 1965, Edgren 1970). However, present
mild protective effect observed in GSH-posltreated samples could be due to involvement
of GSH in cellular repair processes and thereby reducing the frequency of Chd. and Iso-
chd. breaks. The data obtained from GSH posttreatment to BSO treated samples clearly
indicate that endogenous rise of either GSH or any other thiol compounds could contribute
in cellular repair and misrepair phenomenon and thus reducing the frequency of Chd. bk.
and Iso-chd. bks. and increase the frequency of exchanges respeclively. However, similar
increase in the frequency of exchangs by GSH posttreatment to BSO untreated sample
was not observed. It isdmportant to note that GSH postireatment to the sample irradialed
at 4°C increased the frequency of exchanges. It seems that, in the present study,
exogenous addilion of GSH might not increase the endogenous GSH level within 1-2h and
this could be the reason for the observed poor influence on repair/misrepair phenomenon.
In the sample irradiated at 4“C, 1h incubation at 4°C was allowed afler GSH addition and
thus helping to increase the endogenous GSH level before effective cellular
repair/misrepair processes start.

The present study is mainly {o assessthe Iinfluence of GSH, on rejoining of radiation
induced DNA dsbs, since, the parameter here is CAs It has been shown that most DNA
dsbs, induced by 5-10 Gy of X-ray rejoin with a half life of about 40 min (Bradley and Kohn
(1979). By this approach, it is not possible to see the influence of endogenous thiol on the
repair of DNA lesion, which occurs immediately after irradiation. '

in order to see the role of endogenous GSH on total repair of T-irradiated cells, the
second approach has led to studies, in which, HPBLs were Irradiated on ice, to eliminate
enzymalic repair processes. Both GSH or GSH esfer was added soon after irradiation and
cells were kept at 4"C for 3 housto allow these chemicals to enter into the cells. It is
accepled thal, GSH-ester is readily transporied into the cells and is hydrolyzed
intracellularly This leads to greatly increased cellular levels of GSH (Wellner ot al. 1984,
Puri and Meister 1983) Thus, in addition to GSH. we have also used GSH-esler for 3h to
increase the intraceliular GSH level. Data in this study show that exposure of cells to

irradiation on ice decreased the frequency of exchange types of aberrations in confrast to



celis irradiated al room temperature. This could be allribuled due to less repair activily in
cells at 4'C.

When GSH or GSH-ester was added soon afler irradiation, there is increase in repair and
mistepair phenomena and thereby the frequency of exchanges is elevated and
simuitaneously the frequency of deletions is reduced. GSH-ester reduced the frequency of
aberrant metaphases more effectively than GSH. Present results also indicate that this
repair and misrepair phenomena in irradiated cells after addition of GSH or GSH-ester may
not specifically due to increased endogenous GSH level, rather it could be due to
increased endogenous thiol levelsincluding GSH. It is most likely that, the level of
endogenous GSH may be less in GSH postireated cultures than GSH-ester postireated
cultures since ester of GSH is very effectively transported into cells than GSH itself and is
readily conveited to GSH after transport (Wellner et al 1984). Nevertheless, both are
showing same degree of increase in the fiequency of exchanges and reduction in the
frequency of deletions, which implies that other thiols besides GSH can also influence post
irradiation biochemical repair processes. This observation is in agreement with the
reported effect of various thiol treatment, when tested on the rejoining of SSbs in GSH'~
and GSH'' cells (Edgren et al. 1981; Revesz and Edgren 1982). The defective rejoining
observed with GSH " cells when irradiated aerobically was restored to normal if the celis
were freated immediately afler irradiation with GSH, dithiothreitol (DTT) or
mercaptopropionyl glycine (MPG). Present results with CAs and available reports on SSb
rejoining indicate that GSH requirement of the biochemical processes concerned with the
rejoining of the strand breaks induced by irradiation in the presence of air, therefore to be
nonspecific, and some other thiols may substitute for GSH.

In considering this role of GSH, the question arises to what extent, the effect of this
substance is specific. GSH is generally not considered to be transported across the cell
membrane (Clark 1986). It has been observed that, there was a marked increase in
intracellufar cysteine conceniration afler GSH treatment (Wardman et al. 1991). Aimost 7-
10% of total cysteine may be utilized for GSH biosynthesis in human lymphocytes (Reed
1983). Therefore, initially, cysteine but then couple of hours after, concentration of
endogenous GSH may be increased after GSH trealtment exogenously. In the present in
vivo system the single injection of GSH may not be increasing endogenous GSH in BMCs,

within 1-2h after injection Moreover, exposing BSO treated cells to GSH, failed to restore
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mbracellular GSH, however, elevation of intracellular cysteine could lake place (Wardman
et al. 1991).

it seems that, in the present study, exogenous addition of GSH might not increase the
endogenous GSH level within 1-2h. Therefore, the present observed effect of GSH
posttreatment could be due to an enhancement of endogenous cysteine level initialty and
later, increased endogenous GSH level may contribute to this effect.

Hittelman and Polard in 1982 demonstrated that DNA repair continues to take place upto
60 min after innadiation. albeit at a much slower rate than that observed immediately after
irradiation. Therefore, it is most likely that endogenous enhancement of thiols mainly
affecling the repair of long lived DNA lesions, which are slower component of DNA repair.
It is not possible to ascertain the mechanism by which GSH or other NPSH are involved in
repair and misrepair event after irradiation in this study. However, they could participate in
this process at various levels. For example, GSH is known to participate in nucleotide
synthesis (Holmgren 1976,1979). According to them, the rate of DNA synthesis could be
reduced in these deficient cells. The amplitude of the effect would depend on the size of
the nucleotide and the time of exposure, perhaps affecting the rate of repair. In addition,
NPSH may patticipate more directly as cofactors of repair enzymes. Therefore, in this
sfudy, GSH and other NPSH may patticipate in both ways in the biochemical repair

ptocesses afler irradiation.
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CHAPTER IV

CELLULAR GSH-LEVEL AND ITS EFFECT ON
BLM ACTION



LITERATURE REVIEW

The role of glutathione (GSH) on cellullar metabolism has been weil established and
therefore it is of interest to see the effects of cellular GSH on the cytotoxicity of chemicals.
Tumour cells of human origin cultured in vitro, were shown to contain extremely high levels
of GSH (Biaglow et al. 1983; Mitchell et al 1985). The possible relevance of GSH in
cancer chemotherapy and the development of resistance during the course of treatment
was emphasized by the findings, that tumour cells made resistant to some anticancer
drugs. eg., melphalan, cis-plalin and adriamycin, have increased cellular GSH
concenfration (Green ef al. 1984; Hamilfon et al. 1989). For these reasons, much inferest
has focussed on techniques of reducing cellular levels of GSH prior to treatment with
cytotoxic agents. The development of BSO, a specific inhibitor of GSH-synthesis, has
removed much of these uncertainilies caused due to unwanted side effects, that were
associated with GSH-depleling agents, having less specificity. In vitro studies, using
human tumour cell lines have shown that depletion of cellular GSH by BSO can indeed
increase the cytotoxicity of a variely of anticancer drugs (Green et al. 1984; Crook et al.
1986 Lee el al. 1986). GSH is observed to inhibit the production of active Mitomycin C
(MMC) species in rat liver nuclei and nuclei of mouse cell line EMT6 (Kennedy et al.
1985) When BSO was used to deplete GSH in P388 mouse leukemia cells, they became
more sensililive to MMC toxicity, exhibiling significanf cross resistance to MMC (Xu et al.
1922 a,b). Similar observalions were made by Ono and Shrieve (1986) in EMTG6 cells
grown as solid tumours in mice. The ability of BSO to potentiate the antitumour activity of
anticancer drugs has been demonstrated in vivo for cyclophosphamide (Ono and Shrieve
1986), bleomycin ( Tsutsui et al. 1986) and cis-platin ( Tsutsui ef al. 1986).

However. it is not clear. whether therapeutic benifit can be obtained by selectively
' depileting tumour GSH contents while parlly or wholly sparing the critical normal tissues.
Consequently additional work is needed to asses the chemotherapeutic use of BSO in
combination with these anticancer drugs in vivo. It has been demonstrated that after
treatment of mice with BSO, normal tissues (liver, kidney and bone marrow) regain their
GSH levels faster than normal tissues (Minchinton et al. 1984). Therefore, it is possible
that a tissue differential may be obtained.

Several stuies have indicated that combining BSO with cylotoxic agents did not adversely

affect normal tissue toxicity For example Russo el al (1986) showf] no effect of BSO on
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CFUs survival and peripheral WBC counts foliewing meiphalan treatment. No detectable
effect on lung toxicity of cyclophosphamide was found.when measured by breathing rate
(Lee et al 19481)

Evidence so far thus in support of the idea that the therapeutic index of some
chemotherapeutic drugs may be improved by BSO. It must be emphasized, however, that
much more indepth studies using normal tissue toxicity models best suited for each
particular cytotoxic drug should be carried out before combinalion therapy.

In this investigation bleomycin (BLM) was selected as a radiomimetic agent, an antitumour
anlibiotic. The aim of the study is to establish a relationship between BLM-induced DNA
damage and endogenous GSH status, since it is accepted that GSH plays an important
role in cellular defence against cytotoxic insults. The present study mainly emphasizes the
effect of BLM on normal cells, with or without BSO both in vivo and in vitro systems. BLM
has shown to produce CAs comparable to those induced by X-rays, producing CAs in Go
and G1 cells and chromatid type in G2 cells (Ohama and Kadotani 1970; Scott and
Zampetti-Bosseler 1985; Chatlerjee and Jacob-Raman 1986). As in the case of indirect
action of rdiation BLM is also known to induce DNA breaks, through the production of free
radicals (Sausville et al. 1984 Takeshita ef al. 1978). Russo ef al. (1984) reported that
depletion of cellular GSH concentration enhanced the cylotoxicity of BLM-treatment and
protection was observed when the GSH-level was elevated. Cerlain other protective
chemicals such as AET, HCT have been shown to have an anticlastogenic effect against
BLM-induced CAs in human lymphocytes (Gebhart 1978). By allowing simultaneous
presence of GSH and BLM during the treatment Chatterjee et al.(1989) demonstrated that
the presence of GSH potentiates the clastogenic action of BLM in muntjac lymphocytes in
vitro. They attributed that the potentiation could be due to GSH acting as a reducing agent
in reactivaling oxidized BLM. However, results of some earlier biochemical studies also
showed an enhanced reduction in the molecular size of DNA, when BLM treatment was
coupled with mercaptoethylamine (MEA) pretreatment in the case of synthetic DNA (Nagai
et al. 1969) and in DNA isolated from HelLa or £. col/i (Suzuki et al. 1969). Sausville et
al.(1978) interpreted the enhanced degiadation of DNA., when treated with BLM in
presence of MEA, as due to the latters role as a reducing agent in the redox cycling of the
Fe(lih) BLM allowing further radical production. Ekimoto et al (1980) studied the kinetics of



the reaction of BLM-Fe(ll).O, with DNA in the absence or presence of 2-mercaptoethanol
(2ME). The total number of bases released in the presence of 2-ME increased 6.5 times.
They also demonstrated that the reaction is biphasic: the first one is due to BLM.Fe(ll),
which is originally present and the second is due to BLM.Fe(ll), produced by the reduction
of BLM Fe(lil) with 2-ME . In another study (Nagai et al. 1969), involving the measurement
of the melting temperature of isolated DNA, treated with BLM alone or pretreated with MEA
or DTT. it was found that the presence of these reducing agents decreased the meilting
temperature; the author suggested an alternative hypothesis that BLM can bind better to a
DNA-helix destabilized by reducing agenis. Dose dependent potentiation by cationic thiol
radioprotector WR-1065 in the induction of micronuclei by BLM in Go lymphocytes is also
reporied (Hoffman et al. 1993).

All these ressults clearly indicate that thiol-radioprotectors like GSH are not acting as a
protector against BLM induced damages. Therefore, it is interesting {o see the effect of
BLM on the cells having low level of GSH, since depletion of cellular GSH made tumour
cells more susceplible lo irradiation and certain chemotherapeutic agents (Meister and

Griffith 1979).

MATERIALS AND METHODS

Materials

1. Bleomycin (BLM, Nippon Kyaku Co. Lid, Japan): This is a glycopeptide, an antitumour
antibiotic. Umezawa el al. (1966) discovered it, which was isolated from the microorganism
Streptomycis verticelius. About 200 types of BLM are known, which are made up of a
peptide and disaccharide and differ in their terminal amine. The clinically used BLM is a
mixture of BLM-A2, the most abundant component (60-70%). Two ampules of
commercially used “Bleocin™ were used in this study. colaining 15 mg potency of BLM-
hydrochloride. Stock solution (3 mg mi ') was prepared in sterilised double distilled filtered
water. In case of in vivo studies, the same solution was used. In in vitro studies fresh
working solution (300 g mi ') was prepared and three concentrations (15. 45 and 60 g
mi ') were used.

2. L- Buthionine S-R Sulfoximine (BSO, Sigma USA): it has already been described in the

Malerials and Methods section of Chapter|.



3. Glutathione (GSH, Sigma, USA). The description is given in Materials and Methods
section of Chapter iii.

4. Glutathione-ethyl ester ( GSH-ester, Sigma USA): This has aiready been described in
the Materials and Methods section of Chapter lll.

Experimental Systems
Both in vivo mouse bone marow celis (BMCs) and in vitro human peripheral biood
lymphocytes (HPBLs) were used in this study. The detail description of the systems are

given in the Materials and Methods section of Chapter il.

Methods

Experimental procedure

a) Treatment of 8SO

Inin vitro experiments, 1 and 5 mM of BSO was added into 1 ml aliquot of blood for 5h.

b) Treatment with BLM

BLM (15, 45 and 60 g mi ') was added and incubated at 37°C for 2h in both BSO-treated
and untreated blood. In BSO treated sample BLM was added 3h after BSO-treatment.
Two hours after BLM-{reatment, blood sample was washed off twice with culture medium.
For in vivo study 10-80 mg kg ' BLM was injected intraperitoneally.

¢) Culture Procedure

Similar as discussed in Materials amd Methods section of Chapter . Cultures were
terminated at 48h.

d) Chromosome preparation, staining and scoring

For in vivo experiment cells were fixed 13h after BLM treatment. The detail procedure has
been described in Methods section of Chapter il

e) Calculation and Statistics

The formulae used for statistical calculations are mentioned in the same portion of the

chapter li.

RESULTS
In vivo treatment of BLM (10-80 mg kg” body weight) did not show any type of CAs

induclion in mouse BMCs



In in vitro studies BLM-induced CAs were studied in HPBLs as positive control to BSO-
treated in each experiment and their results are represented in table 4.1. The data are also
plotted in Giraph (Fig 4.1). The negative control value is presented from 2 cultures. A
minimum of 2 samples were used per point. Similar to Y-ray, BLM produced both
chromosome and chromatid type of aberrations. Aberrations were scored in four
categories - i) Dicentrics and Rings. both with and without fragments i) Deletions
(including both terminal and interstitial) and iii) Chromatid breaks. The microphotographs
of these aberrations are shown in Fig 2.8 b and c¢. Translocations were nof scored. The
frquencies of exchanges (dicentrics and rings) at 15, 45 and 60 pg mi"' were 2, 10 and 9
per cent and for chromatid breaks, it was 25, 38 and 42 percent. However, the data of
individual experiment showed a good degree of variation in the frequencies of all types of
aberrations from sample to sample. Dose dependent increase was very prominent for
deletions and chromatid breaks also.

BLM-treatment to BSO-treated cells did not sensitize the cells with respect to the
fequencies of aberrant metaphases and individual types of aberrations (Table 4.1). This is
also clear from individual sample data. Both BSO 1 and 5 mM showed almost same
degree of reduction. The category of aberration showing maximum frequency and
consistent reduction with BSO-treatment was deletions. The second major group of
aberration was chromatid breaks which also showed reduclion although it was not
significant in all cases. From the individual data it is clear that the frequency of exchanges
did not show any appreciable reduction afier BSO-treatment, although there was an
indication of reduclion in their frequency at 45 ug mi' of BLM. However, it is worth noting
that one out of four samples with 45 ;g mi'' BLM alone showed 0.25 exchange per cell
which was very higher frequency than others and that was the reason for the higher
frequency of exchanges showed i.e 0.10 per cell in Table 4.1.

Two experiments were performed with GSH (10mM) and GSH-ester (10mM) as
pretreatment to BLM (60 mM) at Go slages of HPBLs. Resulls of individual experiments
are presented in table 4.2. GSH-ester treatment for 3h prior to BLM-treatment enhanced
the frequency of CAs (Fig 4.2). Similar enhancement was not there for aberrant
metaphases and deletions with GSH. From the pooled data it is very clear that GSH-ester

pretreatment potentiated the frequency of BLM-induced CAs much more efficiently than

GSH-pretfreatment.



Fable 4.1 Effect of BSO-treatment on chromosome aberrations induced by
Bleomycin (B1.M) in human peripheral blood lymphocytes in vitro.

BI.M BSO A M TM Aberations/cell + SEM Samplcb
mpm™®) M) (%) fxchange® Deletion Chd.bk.  No.
0 o 02 101 0 0 005 0.00 A

02 102 0 0.005 0.00 B

0 S 03 13 0 001 0.02 A
02 110 0 0.01 0.02 B

15 0 13 145 0.01 0.04 0.12 A
R 124 0.04 0.08 0.32 B

08 072 00l 015 0.32 C

141409 3af 002:00! 0091003 0251+006
1 17 070 0 00 014 0.14 A
11 208 0.01 0.10 0.08 B

16 £4.09 275 00140005 0124002 011+001

5 03 113 0.00 0.02 0.02 A
10 227 0.01 0.04 0.09 B
07 070 0.06 0.11 0.03 C

071209 410 0021001 006005 0054002

45 0 54 084 0.25 0.39 0.50 A
30 147 0.07 0.18 0.26 B
37 128 0.04 0.33 0.44 C
2 128 0 01 011 0.20 D
I81 924 437 01041001 0281008 0.3810.09
I 09 066 0 00 0.06 0.26 B
30 150 003 0.29 0.23 D
201105 216 0024002 0181011 025+0.02
S 1 184 0.01 0.08 0.16 B
24 053 0.04 0.19 0.38 C
36 099 0.03 0.24 0.42 D

117245 336 0.0210.00 0141005 0n+0.09

1 p<0.01, 11 p-0.001 2x2 contingency X -test ;
*p<O 05, ** pe0.01, ***p<0.001 X -test at dI-2

b Sample number representing individual blood sample. a Exchanges = Dicentric + Ring
TM Total metaphases



table contd. Table 4.1

BILM BSO  Abt. M. TM __ Abemations/ccll+ SEM_ _ Sample®

(ug mt') (mM) (%) Exchanges'  Deletion Chd.bk. No

60 0 63 123 013 052 0.76 D
39 179 012 082 0.29 K
19 150 003 043 0.20 F

441 10.08 452 0.091 003 0594011 0424017

1 39 142 0 05 0 46 0.41 E

28 178 004 0.12 0.30 H
586" 220 0051003 029+007 0.3640.08

5 A8 18 018 038 044 D

35 106 0.09 0.37 0.20 E

1 055 0.04 0.09 0.07 F

25 197 0.04 0.15 0.45 H

31724 47 0083003 0251007 02941009

+p<0.01, +Hp<0.001 2 x 2 contingency X’-test

* p<0.05, ** p-0.01, ***p<0.001 X-test at df=2

b Sample number representing individual blood sample. a Exchanges = Dicentric + Ring
TM Total metaphases



lable 4.2 Influence of GSH and GSH ester pretreatinent on Bleomycin induced
chromosome aberrations in human peripheral blood lymphocytes in vifro.

Exptl Abt M ™ Aberrations/cell

Condition (") lixch:mge; Deletion Chd.bk.
BLM 60 29 150 0.03 043 0.20
21 101 002 0.14 0.08

25+40 251 0.025+0.005 028+0.14 0.14+0.06

GSH 10+ 29 76 0.06 0.10 0.46
BLM 60 29 161 0.09 0.16 0.47

29+0.0 237 0.08 +0.015 0.13+0.03 0.47 +0.005

~

GSl-ester 10 36 072 0.06 0.38 0.47
+ BLM 60 45 244 0.02 0.52 0.75

J0.5+4.5 316 0.04+0.02 045+007 0.61+014

1 p~0.00]1 2x 2 contingency X'-test ; * p<0.01, **p<0.001 X’-test at df=2
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Fig 4.2: Microphotograph showirg Necrycin plus Glutatl. onne
induced chromosare abetraticons in first cycle neia-~
phase of human peripheral bicod lywrphocytes,

d, dicentric; dl, deletion; &n, double minute.






DISCUSSION
It has previously been shown thal BLM like ionizing radiation can induce CAs (Ohara and

Kadotani 1970; see Vig and Lewis 1978) and the cellular target for CAs induction by BLM
is DNA (Evans 1977). Al equal levels of delelions and rearrangements induced by 40 nug
mi ' BLM and 2 Gy X-rays in muntjac lymphocytes the frequency of aberrant metaphases
and the delay in cell cycle kinelics are lesser in BLM-treated cuitures than in the irradiated
one (Chatterjee and Jacob-Raman 1988). As oullined in the Introduction that this study
was carried out to check the effect of endogenous GSH-level on the DNA-damaging ability
of BLM. Studying cell survival, Russo et al (1984) reported that the depletion of cellular
GSH concentration enhanced the cytotoxicity of BLM treatment and protection was
observed when the level of GSH was elevaled. However, there have been no studies on
the effect of GSH-depletion on the clastogenic action of BLM.

In the present study, the frequency of BLM induced aberrant metaphases, deletions and
chromatid breaks increased in a dose dependent manner, however, the frequencies of
exchanges (dicentrics+rings) did not increase in similar manner. In fact, there are few
reports regarding the absence of dicentrics, rings and triradials (Promchainnant 1975) or
very few dicentrics (Bornstein et al. 1971) in human lymphocytes after treatment with
BLM for 24h before harvesting. in the present study BLM was washed off after 2h.
Therefore, in the present study the low frequency of exchanges might be due to low
exposure time of BLM with the cells or it could be due to intrinsic feature of the test
system. The nature of the primary DNA lesions induced by BLM and Y-rays may be
different and therefore their involvement in interaction may also differ since the frequency
of exchanges induced by Y-rays are higher than BLM.

The present results show that depletion of cellular GSH by BSO (30% or less depletion in
blood GSH leve)minimise the effect of BLM with respect to chromosome aberration
formation. Therrefore, endogenous GSH, whose depletion could sensitize the cells against
radiation induced damages (Bump et al 1982, Clark et al 1984) need not be effective in
sensitizing the cells against radiomimetic drug like BLM-induced damages. This reducing
effect of BLM-induced CAs with respect to GSH depletion, observed in the present study is
associated with signiﬂcant alteration of the frequency of aberrant metaphages,
deletions\and chromatid breaks. it implies that GSH depletion by BSO minimize the action

of BLM at the cellular site.



Potentiation of BLM action by GSH and GSH-esler preireatment is observed in this study.
Potentiation is mote pronounced in cullures with GSH-ester than GSH. GSH is generally
not consideted o be transported accross the cell membrane (Clark 1986). Therefore, in
order to increase the intracellular level of GSH appreciably, GSH-ester was used in this
study, which is readily transported into the cells and is converted to GSH, increasing its
level within 3 - 4 h ( Wellner et al. 1989). It is worth noting that, in this study GSH is added
3h before BLM addition for the sake of true comparison with GSH-ester treatment. GSH-
ester and BLM was washed off 2h afier BLM-treatment which means total period for GSH-
ester treatment was 5h. it was evident that synergistic effecl of BLM-aclion with GSH was
signifiicant when GSH was added 30 min before or after BLM treatment (Chatterjee et al.
1989). It could be that very little GSH may be left in the reduced form in the cell after 3h
pretreatment with GSH and thus potentiation effect is less.

In order to explain how GSH depletion is reducing BLM action, one has to consider the
mechanism of BLM action itself. It is known that BLM requires a metal ion cofactor for its
aclivity and is capable of binding with Fe(ll) o yield an oxygen sensitive complex
Fe(ll).BLM (Sausville et al. 1976). The oxidation of this complex to Fe(lil).BLM yields a
radical which is responsible for DNA damage. Employing electron spin resonance
technique, it has been confirmed that BLM Fe(i)O, system generates superoxide and
hydroxy radicals (Sugiura and Kikuchi, 1978) Generation of O~ has also been confirmed
by using diethyldithiocarbamate, inhibitor of Superoxide dismutase, which greatly
increases the susceptibility of the cells to BLM-cytotoxicity (Lin et al. 1980). Presence of
reducing agents, such as MEA, DTT enhance the breakage of DNA (Suzuki et al 1969,
Umezawa et al 1973) and GSH and cysteine enhanced the CAs caused by BLM due to
reducing the Fe(lll).BLM to Fe(ll).BLM; the mechanism allowing multiple radical production
from a single iron BLM (Chatlerjee et al 1989, Chalterjee and Jacob-Raman 1993).
Therefore, the reducing effect of BLM on CA formation in GSH - depleted cells observed
in the present study can be explained on the basis of the failure of the reactivation of the
oxidized BLM by the reducing agent GSH, which is present endogenously.

in this study, the effect of BLM with respect to deietion and cromatid break formation was
reduced in BSO-treated cells. Thus it appears that, GSH depletion reduces the number of
strand break induction and thereby reduces the frequency of both types of aberrations.

However, at higher concentration of BLM, the frequency of deletion is reduced more



efficiently than chiomatid bieaks This couid be due to less occuirence of clustering of
severai single strand lesions in BSO-tieated cells, which minimize the probability of
formation of DNA-double strand breaks i.e. deletions.

GSH-ester mediated potentiation was more poronounced in the production of deletions
and chromatid breaks and similarly BSO-mediated reduction was also effeclive in these
two types of aberrations. It is also of interest {o note that there was a significant increase in
interstitial type of deletions in GSH-ester treated sample in the present study which is also
in support of the earlier observation in mutjac lymphocytes treated with GSH (Chatterjee et
al. 1989). If it is truely interstitial in nature, this indicates that, the BLM molecule bound to
the DNA helix causes strand scissions at physically cloge points. This could be a reflection
of the biphasic action of BLM in presence of a reducing agent, which has been discussed
earlier, The frequency of exchanges, induced by BLM was not influenced by GSH-ester or
by BSO treatment. This can be considered, due to the intrinsically lower production of
exchanges by BLM in HPBLs. In fact, there are few reports regarding the absence of
dicentrics, rings and triadials (Promchainnant 1975). However, it is interesting to note that
in spite of considerable increase in BLM-induced DNA strand breaks in GSH-ester treated
sample, the frequency of exchanges did not increase at all. This is not the case for
muntjac lymphocyles where the frequency of exchanges was increased significantly
(Chalterjee ef al. 1989). Therefore. whal appears apparently as a case of differential
pattern of sensitization in human or in muntjac, may be only an expression of the intrinscic
features of the test systems themselves. Therefore, both GSH and GSH-ester were treated
for 3h before BLM addition. However it could be that very little GSH may be left in the
reduced form in the cell after 3h pretreatment with GSH. therefore potentiation effect is
less.

In case of in vivo studies, BLM tieatment, upto 80mg/kg body weight were tested in bone
marrow cells of mice. In contrast to the in vitro studies, BLM failed to induce any type of
CAs in bone marrow tissue. This might be due to the tissue specificity of BLM aclivity, as
BLM is reported to show little or no bone marrow toxicity ( Kimura et al. 1972).

There is interest in using thiol compounds like WR-1065 or WR-2271 to minimize damage
in nontarget tissues in cancer chemotherapy and radiotherapy (Glover et al. 1988; Yuhas
et al. 1980). Though GSH and WR-1065 may protect against some cytotoxic drugs (Wolf
et al. 1987; Glover et al. 1988), they enhance the clastogenicity of BLM in Go lymphocytes
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(Chatterjee et al 1989. | tietield and Holtman 1993). Enhancement of damage in
nontarget tissues may pose a tisk, if thiol compounds are used in combined therapy with
BLM 1herefore, the relative concentiation of GSH in normal and tumour cells will be an

important factor in determining therapeutic index, while using BLM as anticancer drug.



CHAPTER V

EFFECT OF GSH ON CELL CYCLE KINETICS AND
SISTER CHROMATID EXCHANGES



LITERATURE REVIEW

Reduced glulathione (GSH), the miajor nonprotein thiol compound is present in all cells
(Kosower 1976). It possess a wide range of biochemical aclivities and functions, largely
altributable 1o the particular feature of the thiol group (Friedman 1973; Kosower 1976).
Due to its reducing function, it reacts with free radicals and reduces the damage
induced by ionizing radiation ( Bacq 1965; Sasaki and Matsubara 1977). However,
evidence also exists showing that thiol compounds themselves cause chromosome
aberrations and polyploidy and inhibit cell growth in cuiture (Eker and Phil 1964 Najleti
and Spencer 1969). It has been observed that 15mM of GSH reduced 2Gy of X-ray
induced cell cycle delay and chromosome abernations significantly in cullured cells,
although such a treatment to unirradiated cells caused a remarkable delay in cell
progression without inducing any CAs (Chaltlerjee and Jacob-Raman 1986). A similar
observation was also made with another thiol radioprotector, L-cysteine (Chatterjee
and Jacob-Raman 1993). Mutagenecity of GSH and cysieine was also determined in
bacteria by the Ames test in the presence of mammalian subcellular preparations (Glatt
et al. 1983). Reports were also available regarding the biphasic cytoloxicity pattern for
cysteamine, WR-1065 and related SH-compounds. Theiéj}-!-compoundé are more toxic
at lower concentrations (0.5 - 1 mM) than at higher concentrations (10mm) (Issels et al.
1984; Mori et al. 1983). The toxicity of the SH-containing radioprotective agent
dithiothreitol (DTT) has also been studied using Chinese hamster V79 cells. The
results suggested that toxicity results from autoxidation of DTT to produce H,0,, which
in turn reacts via the metal calalyzed Fenton reaction fo produce the ultimale toxin, OH
radicals (Held and Melder 1987).

Sister Chromalid exchanges (SCEs) are considered to be a sensilitive indictor of DNA
damage. McRae and Stich (1979) Speit el al. (198Ga) . and Speit and Vogel (1982)
demonstrated the induction of SCEs by thiol radioprotectors. However, there are
contradictory findings. when reduced GSH was lesled using two closely related cell
lines of Chinese hamster (V79 & CHQO) (McRae and Slich 1979; Speit et al. 1980a). it
was proposed that, the difference in the induction of SCEs by GSH in these two cell
lines was due to difference in the ability of the cells to degrade H,0O, . which is
generated in the process of autoxidation of SH-compounds (Friedman 1973, Issels et
al. 1984) In the report of the Gene-Tox pregramme Tucker el al. (1993), listed GSH in

the category of chemicals which failed to induce SCEs but are inadequately tested.



Therefore. it is necessary to examine its SCE-inducing abililty in mammalian cells,
particularly in an in vivo systeni.

Aminothiol radioprotectors, in general have been reported to bind with DNA and slow
down the strand separation for replication (Brown 1967). Such inhibition of DNA
synthesis is known to lead to SCE-induction (Schneider 1978. Natarajan and
Mullenders 1987). Therefore, in the present study, we have analyzed both cell cycle
kinetics and SCE frequency.

At present much research involves adding exogenous thiols or depleting intracellular
thiols in biological models Therefore, in order o depiele endogenous GSH, we have
used buthionine sulfoximine (BSQO). a potent inhibitor of GSH-synthesis by inhibiting the
action of y -glutamyl cysteine synthetase (Griffith et al. 1979; Griffith and Meister 1979)
with the aim to see the the effect of exogenously added GSH on the induction of SCEs
in normal and GSH-delpleted mice. This approach would help to understand the role of
exogenously added GSH in SCE induction. _

Thiols are known to produce H:0, and free radicals in the presence of oxygen and
metal catalysts (Hanaki and Kamide 1971) and also by its autoxidation (Friedman
1973). Therefore, an attempt was made to determine the effect of catalase, an enzyme
which catalyses the decomposition of H,O, . on SCE induction in mouse exposed to

GSH.

MATERIALS AND METHODS
MATERIALS
1. Reduced Glutathione (GSH: Sigma: USA): As described in Materials and Methods
seclions of chapter il
2. Buthionine Sulfoximine (BSO: Sigma; USA): Described in Materials and Methods
seclion of chapter |. '
3 Catalase ( from Bovine liver: Sigma; USA): It is an enzyme, which catalyzes the
divalent reduction of H,O, to H,0 using H,O, as an electron donor.
Catalase
H0; + H,0, _
4.5 - bromo- 2- deoxyuridine tablet (BUdR - tablet; Boennger Mannheim; Germany):

2H,0 + O,

Paraffin coated tablets, 50mg in weight was |mplanted subcutaneously.



Expenmental systems

This study has been cained out in mouse bone matrow cells (BMCs) in vivo. Details

are mentioned in chapter |

Methods

Experimental Procedure

a Treatment of animals and i1solation of bone marrow cells
Reduced GSH of different concentrations (300, 400;'.580 and 800 mg kg' body weight)
was injected intrapentoneally (1p) 45 min before subcutanious implantations of a
BUdR tablet BSO (4 and 200 mg kg ') was dissolved in phosphate buffer solution (pH
7 4) with the working solution of 1-10 mg mi' concentration and 10h afler BSO-
treatment (1 p ) reduced GSH (400 or 800 mg kg ') was injected. When catalase was
used, it was injected (i p ) 30 min effler BUdR tablet implantation
Cells wete fixed at 17 o1 20h after GSH treatment, each preceded by 2h colchicine
(15 mg kg ') treatment  After the ammals were killed by cervical dislocation, the femurs
were dissected out and the bone marrow cells were obtained by injecting 2ml of
prewarmed (37"C) 0 075M KCL (hypotonic solution) into one end with 26 gauge
needle
b Preparation of metaphases and differential staining
Similar to that described in Materials and Methods section of chapter il
¢ Scoring
The shides were coded and randomized 25 - 85 celis with differentially stained sister
chrometids from each mouse were sludied for SCEs For scoring cell cycle kinelics,
melaphases were categorised as in first, second and subsequent division cycle based
on their differential staining pattern
d Calculation and Statistics
The cell cycle data are presented as average generation time (AGT). which is a ratio of
BUdR duration{h) and replication index (R!), where i

Rl = (1XM1+2XM2+3XM3)/number of cells
The BUdR durations were 16 25h and 19 25h for the cells fixed at 17h and 20h
respeclively To analyze the distnbution of SCEs among cells, The dispersion
coeflicient was analyzed, based on responses in individual animals

The SCE frequencies and AGTs in different groups were compared using Student’s -

test (parametiic stalistical analysis)



RESULTS

GSH and BSO induced SCEs and their effect on normal cell cycle kinetics have been
siudied in mouse bone marrow cells and their results are presented in table 5.1.
Microphotographs representing different cell cycle metaphases and sister chromatid
exchanges are presented in Fig.2 1.

It was possible to distinguish unequivocally the number of divisions in the presence of
BUJR, as well as the number of SCEs in second replication cycles. Table 5.1 shows
that GSH, at all concentrations induced a significant level of SCEs in BMCs, harvested
at either 17 or 20h. At the highest concentration of GSH (800mg kg''). not enough cells

. were available for SCE analysis at the 17h fixation lime due to considerable delay in
cell proliferation. However, cells fixed at 20h gave more second cycle cells for SCE
analysis Similar levels of SCEs were observed at 400 and 800 mg. kg ' of GSH (Flig.
5.1). The frequencies of SCEs in the untreated conttols did not differ significantly from
each other at the two sample times (table 5.1).

Mice treated with BSO also showed an increased frequencies of SCEs per cell. Both 4
and 200 mg kg’ of BSO induced same degree of SCEs in vivo. Treatment of GSH (o
BSO- tieated mice enhanced the fiequency of SCEs further and brought it to the same
level shown by GSH treatment of normal mice (Fig 5.2).

Table 5.2 illustrates that the presence of calalase reduces the ability of GSH to induce
SCEs. Calalase tieatment alone also increased the frequencies of SCEs, but it was not
statistically significant with respect to the control (Fig 5.1). In contrast to the GSH-
treated normal mice, catalase absolutely failed to reduce the frequency of SCEs
induced by GSH in BSO-treated mice. Table 5.3 represents the distribution of SCEs
among cells in various treated samples.

In addition to an analysis of the frequency of SCEs, the cell cycle kinetics was also
studied in GSH treated mice. The fluorescence ph;\il‘s\:I Giemsa staining technique
facilitaled the scoring of GSH-induced cell cycle delay in terms of reduction in the
frequency of second and subsequent division metaphases following GSH treatment.
The percentage of first cycle metaphases (M1) was higher indicating a delay in cell
progression in a dose dependent manner (Table 5.1). Although the basic cell cycle
progression varied considerably among individuals in each group, the extent of delay
by GSH increased in a dose dependent manner. The AGT was significantly increased
in the groups treated with 400, 500 and 800 mg kg' of GSH in normal mice. BSO

treated mice did not show any delay in cell proliferation afiter GSH treatment.



Table 5 4 tepiesents the induchon of CAs iy BSO heated mice. Although both 4 and
200 mg kg ' of BSO induced same degrees of SCEsM (Table 5.1), but 200 mg kg

induced significant amount of aberrations in chromosomes than 4 mg kg'' of BSO.

&)




lable 5.1 KiTects of GSH and BRSO alone or in combination on cell cycle kinetlics and the
frequency of SCEs In mouse bhone marrow cells in vivo.

Dose ™ MI AGT Mean Cells SCE/ SCE/metaphase/mouse
g kg %)  (h) AGT scored  metdphase X + SEM

Fixation at 1711

0 302 AN 1062 44 252 _
GO 34 0813 _ 41 280 B
037 2.66 +0.10
200 137 54 1113 ~ 26 400 _
178 KB 0910 _ 47 378 _
20 SO 1083 __ 44 368 B
10 38 38214 0.07
SO0 207 42 10 2% i S0 012 i
200 ol 1105 -~ A7 o 08 _
147 ]3 1188 _ 16 &30 N
248 89 1477 ] B _ B
12.72° 6.36 +0.13""
QN 452 63 11 Re B 723 502 _
292 Q2 149 B B } B
121 Y 14 00 _ _ _ B
248 89 1250 _ 1 690 B
13.32° 596 + 0.66""
RoL 17R 58 07 %R £8 240 .-
200) 200) 47 n710 72 3 RA -
0753 2.63 1 030

Flxntion at 20 H

0 178 0% Q8 56 B 37 237 _
0R0 28 Qe02 N 35 277 _
156 24 0962 N 65 238 B
110 20 00a2 _ 41 290 ~
09.43 2.60+0.12
400 149 23 0982 R 42 514 N
231 43 1166 _ 55 € 36 _
218 61 1385 N 60 632 _
160 3R 119 3 46 472 B
11.63"° 564+0.36"
£00 248 55 0855 _ 34 555 a
RSO 096 06 OR26 _ 58 262 B
004 125 12 0848 3 39 343 _
121 22 0930 i A6 448 B
135 27 0958 i 42 381 _
08.90 3.59+ 033"
BSO+4 107 07 0848 B 58 521 _
Ga 117 10 0RA0 4% RO B
100 nr2 04 R 2¢ 10 <07
098 22 I RT b G 2N _
08.63 6.1941 062"
B3O T 0K to 08§29 A 3 658 _
GioH 107 13 0% 76 _ 48 6 58 _
800 115 21 0912 a7 313

aw

W
o
»
1+
e
V)
»

08.82

« p~ 001, ¥+ p= 000] compared to the respdcclwc control, Student's t-test



Table 5.2 Effect of Catalase on SCE-induction by GSH-{reatinent in nonnal and BSO-
treated mice in vivo (20 h)

Dose ™ MI Cells scored SCE/M SCE/M/Mouse
mg kg’ %% for SCE X + SEM
Gcsi 178 08 37 2.37
0 080 28 35 77
156 24 65 2.38
130 29 41 2.90 2.60 +0.12
400 149 23 12 5.14
231 A3 55 6.36
218 61 60 6.32
160 38 16 472 5.64 + 036"
Catalase
100 253 20 68 3.39
127 12 55 4.65
096 19 47 2.10
057 05 10 2.43 3.14 + 0.38
GSH
(Catalase 156 55 25 2.52
140 26 60 4.08
324 20 84 4.92
160 09 51 T 433
065 20 40 2.40
102 16 60 2.43 3.45+046°
BSO 096 06 12 262
004 125 12 39 3.43
121 22 46 4.48
135 27 42 3.81 359+033"°
BSO + 108 7 58 5.21
csn 117 10 18 8.19
116 ' 18 36 6.60
07t ' 04 30 5.07 6.19 + 0.62°
BSO v 067 04 51 5.82
GSH+ 079 05 62 6.27
Catalase 035 03 3 5.71
5.93 +0.17

Tpe0.0l; T pe0.001 Students t-test © 3 Between GSH and GSH + Catalase.



Table 5.3 Distribution of SCEs in the cells treated with GSH alone or in
combination with either catalase or BSO (20h)

Dose Cells SCE SCE Dispersion

mgkg' Scored perM X+ SEM Range * coefficient®

GSH

0 37 2.37 2.60 +0.12 0--7 1.21
41 2.90 0--7 1.34
65 2.38 0--8 1.45
35 277 0--8 1.06

400 12 5.14 5.64+0.36 1--13 1.58"
55 6.36 1--16 1.75%
60 6.32 2--18 1.69"
46 4.72 1--11 1.28*

Catl 68 3.39 3.14+0.38 0--10

100 55 4.65 0--11
23 2.10 0--05
40 2.43 0--06

GSH+Catl 25 252 345+046° ¢  0-9 1.59*

400 100 40 2.40 0--6 1.37
68 3.39 0--10 1.27
50 4.65 0--11 1.12
84 4.92 0--15 1.90*
53 2.75 0--6 0.35

BSO 39 343 359+033 0--8 1.05

004 42 2.62 0--7 1.38
46 4.48 0--10 1.58"
42 3.81 0--11 2.18%

BSO+GSH 58 521  6.19+0.62 0--15 1.18
48 8.19 1--19 1.50*
30 5.07 0--12 1.48
36 6.28 2--17 2.03*

BSO+GSH 51 582  593+0.17 0--13

+ Catl 62 6.27 0--19
31 5.71 0--20

' Range of SCE values

® Disperson coefficient = Variance/mean

* Significantly different at o = 0.05 from Poison distribution

* p<0.01; ** p<0.001 Student’s t-test. ¢ Between GSH and GSH+Catalase



Table 5.4 Effect of BSO alone on chromosome aberration in mouse hone

uﬁnrmw cells (17h)

BSO Abt. M ™ Aberrations/Cell
(mg ke Yo Isochd. bk Chd. bk
000 02 462 0 0.03
004 03 096 0.01 0.02

02 125 0 0.02
03 121 0.0l 0.02
pooled 03 342 0.01 0.02
200 IS 095 0 0.18
06 103 0 0.08
10 198 0 0.12
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DISCUSSION

SCEs have proved to be a sensititive indicator for DNA damage in many investigations
(Latt et al. 1980) Reports available on SCEs induction by GSH in in vitro systems are
contradictory (McRae and Stich 1979 ; Speit et al 1980a). To the best of our
knowledge, no study has been done on the effect of GSH on SCE induction in vivo.
The present in vivo study shows that exogenous ad(gi?i()n of GSH induces SCEs
significantly in bone marrow cells of mice The renge of SCE values per cell is
increased significantly in GSH treated mice compared to untreated controls. McRae
and Stich (1979) suggested that the formation of H,0, is the reason for SCE induction
by thiols. This is supported by our present in vivo study, since in the presence of
catalase, the frequencies of SCEs induced by GSH reduced significantly. However, i is
importan! to note that catalase brings the GSH induced SCE frequency down {o the
catalase alone level Therefore, the entire effect ex»erfed by GSH on SCE induction
could be due to H,0, formation. A novel aspect of the present study is the analysis of
the influence of BSO on the induction of SCEs Treatment with BSO produces a rapid
deciease in the GSH level of the various tissues (Griffith and Meister 1979). it has
been reported (Lee et al 1987) that afler a dose of 2 5 mmol kg'I BSO, GSH nadirs
were obtained by approximately 5h for the liver and kidney, 8h for bone marrow and
lungs The degree of depletion was grealest for the kidney (80%). liver (74%) and bone
marrow (83%) In this investigation 4 and 200 mg kg ' of BSO was injected for 10h. The
concentration of BSO, we used was on the lower side bul was based on our CAs study
where mice freated with both 4 and 200 mg kg ' showed significantly increased
sensitivity to ionizing radiation in comparison to BSO untreated mice (Chapter II). It has
also been demonstrated in Chapter | that 200mg kg ' BSO could depiete endogenous
GSH level in much higher degree than 4mg kg ' BSO treatment. The higher degree of
GSH depletion by 200mg kg ' of BSO could be due to better— depletion occurred in both
cyloplasmic as well as nuclear compariment of the cell It is worth noting that 200 mg
kg ' also induced CAs, mostly chromatid breaks, which was not seen by 4 mg kg'.
Therefore, present resulls suggest an important proteclive role of endogenous GSH in
the cells agains! peioxides and fiee 1adicals which are formed by normal melabolic
pathways (Griffith and Meister 1979) The demonstration of elevated frequency of SCEs

after exposing BSO treated mice to GSH and the failure of catalase to reduce this



suggest the non involvement of H,0, in SCE induction in BSO treated mice It appears
that the exogenous addition of GSH in BSO tieated mice could not have increased the
endogenous GSH level due to mpanment of GSH synthesis by the single BSO
treatment This impiession I1s further consolidated by the cell proliferation data where
GSH could not induce any delay in cell cycle kinetics in BSO treated mice Wardman et
al (1992) demonstrated that intracellular cysteine levels are enhanced after exposing
BSO treated celis to GSH Lee et al (1987) showed that the recovery rate of GSH to
pretreatment values following a single dose of BSO was 72h for bone marrow
Therefore addition of GSH afler 10h of BSO treatment could not negate the inhibitory
effect of BSO on GSH synthesis However the increased frequencies of SCEs induced
by GSH treatment in this case 15 difficult to interpreat It could be that GSH degraded
product(s) might be involved in this induction It s clear from the results that nelther the
generation of H,0, nor the binding ability of GSH to chromatin was responsibie for
such SCE induction GSH induces a delay in cell cycle kinetics in a dose-related
fashion, which is in agreement with earlier in vitro findings (Chatterjee and Jacob-
Raman 1986) The effect of GSH on the cell cycle has also been observed by Speit et
al (1980a), while sludying the effect of GSH on SCE induction They mentioned that
GSH at concentrations greater than 5mM inhibits cell cycle progression in V79 Chinese
Hamster cells In general anino thiol radioprotectors are thought to bind with DNA and
slow down strand separation for replication (BrownCLSlG?) Therefore, the cell cycle
delay effect of GSH observed in the present in vivo study may involve the binding of

the chemucal to chromatin

Reduced GSH a naturally occurring cellular component. can induce genetic damage If
SCEs are taken as a measure of DNA damage This induction of SCEs s largely due
to generation of H,0, after auloxidation of GSH, since catalase brings down the GSH -
induced SCEs to catalase alone level However, the induction of SCEs by GSH in BSO
treated nuce indicated the involvement of an unknown route by which the degraded
products of exogenously added GSH might induce SCEs Therefore, the involvement
of an unknown route or direct action of GSH to chromatin can not be ruled out in a
small fraction of SCEs induced by GSH in normal mice in vivo besides the major
contnbution of H,0,. The findings presenled here indicate that the mechanism
resulting in SCE formation by GSH may not be simple and more study 1s needed to

develop a compiehensive hypothesis

14



REFERENCES



Adams, G. E., McNaughton, G. S. D. and Michael, B. D. (1968):
Pulse radiolysis of sulphur compouris. Part 2. Free radical
repair by hydrogen transfer from sulphydryl compounds.
Transactions of the Faraday Society, 64, 902 - 910.

Alexander, P. and Charlsby, A. (1955): Physico-chemical mehods of
protection against ionizing radiation. Radiobiology
Symposium, Liege, 1954, M. Bacq and P. Alexander(eds.).,

London, 49 - 60.

Alexander, P., Dean, C. J., Hamilton, L. D. G., Lett, J. T. and
Parkins, G. (1965): Critical structures other than DNA as
sites for primary lesions of cell death induced by ionizing
radiation. In "Cellular Radiation Biology"” (M. D. Anderson,
ed.) 241, Williams and Wilkins, Maryland,

Alper, T. and Howard-Flander, P. (1936): The role of oxygen in
modifying the radiosensitivity of E. coli B., Nature, 178,

978 — 979.

Anderson, M. E., Allison, R. D. and Meister, A. (1982):*
Interconversion of leucotriens catalyzed by purified -
glutamyl transpeptidase: concaominant formation of

ledkotriens D4 and Y-glutamyl amino acids., Prac. Natl.
Acad. Sci.,UBA, 79, 1088 - 1091.

Anderson, M. E. and Meister, A. (1989): Glutathione monoesters.,
Anal. Biochem., 183, 16 ~ 20.

Bacq, Z. M., Herve, A., Leconte, J., Fisher, P., Blavier, J.,
Dechamps, G., LeBihaen, H.and Rayet, P.{(1951): Protection
centre 1le rayonnement X par la -mercaptoethylamine.
Arch.Int. Physiol.,39, 442.

Bacq, Z. M. and Alexander, P.(1961): Fundamentals of
Radiobiology., Pergamon, New York.

Bacq, 1. M. (1963): Chemical protection against ionizing
radiation., (Springfield I11I; Charles C Thomas).

Bailly, V. and Verly, W. G. (1984)., FEBS Lett., 178, 223 - 227.,
see Bailly and Verly (1988).

Bailly, V. and Verly, W.G.(1988): Importance of thiols in the
repair mechanisims of DNA containing AP-sites., Nucleic Acid
Research., 146, 9489 - 9496.

Barron, E. S. G., Dickman, S., Muntz, J, A. and Singer, T. P.
(1949): Studies on the mechanism of action of ionizing
radiations. 1. Inhibition of enzymes by X-rays., J. Gen.
Physiol, 32, 537.

Beutler, E., Duron, 0. and Kelly, B. M. (1963): Improved method
for the determination of blood glutathione., J. Lab. Clin.
Med., 61, 812 - 818.



Beutler, E. and Srivastava, 8. K. (1974): GSH metabolism of _the
lens. In “Glutathione” ( L. Flohe, H. Ch. Benohr, H. sxes.
H. D. Walter, and A. Wendel, eds.), p.157, Thieme,

Stuttgart.

and Wolf, C. R. (1991): The role of glutathione

Black, §S. M. 51,

dependent enzymes in drug resistlance., Pharmac. Ther.,

] 139 - 154.

Bornstein, R. S., Hungerford, D. A., Haller, G., Engstrom, P. f.
and Varbo, J. W. (1971): Cytogenetic effects of bleomycin
therapy in man, Cancer Res., 31, 2004 - 2007.

Boyd, M. R. , Stiko, A., Statham, C. N. and Jones, R. B. (1982):
Protective role of endogenous pulmonary glutathione and
other sulphydril compounds against lung damage by alkilating
agenls., Biochem. Pharmacol, 31, 1579.

Boyland, E. and Chasseand, L. F. (1969)t The role of glutathione

and glutathione - Transferases 1in mercapturic acid
biosynthesis., Adv. Enzymol. Relat. Areas Mol. Biol., 32,

173 - 175.

Biaglow, J. E., Clark, E. P., Epp, E. R., Morse - QGuardio, M.,
Varnes, M. E. and Mitchell, J. B. (1983)2 Non - protein
thiols and the radiation response of A5S49 human lung

carcinoma cells., I1JRB, 44, 489.

Bianchi, M., Bianchi, N. 0., Brewen, J. G., Buckton, K. E., Fahy,
L., Gooch, P. C., Kucerova, M., Leonadi, A. and 13 others
(1982): Evaluation of radiation induced chromosomal
aberrations in human peripheral blood lymphocytes in vitlro,
Resulls of IAEA-Coordinated programme, Mut. Res., 96, 233-

242.

Bradley, M. O. and Kohn, K. W. (1979): X -~ ray induced DNA
double strand break production and repair in mammalian cells
as measured by neutral filter elution., Nucleic Acid Res.,
7, 793-804.

Brown, P. E.. (1967): Mechanism of action of aminothiol
radioprotectors., Nature, 213,363 — 364.

Brewen, J. W. and Preston, R. J. (1973): Chromosomal interchanges
induced by vradiation in spermatogonial and leucocytes of
mouse and chinese hamster., Nature New Blol., 244, 111-113.

Bruce, A. E. and Malcham, W. H. (1965): Radiation sensitization
of microccus radiodurans, Sarcina lutea and E. «coli by
pHMB., Rad. Res., 24, 473.

Brunborg, G.(1977): Variation 1n the SH- content of haploid yeast
and their relevance to radiosensitivity., IJRB., 32, 285 -

n



292.

Bryant, P. E. (1984): Enzymatic restriction of in situ mammalian
cell DNA using Pvu L1 and Bam 13 Evidence for Llhe double
strand break origin of chromosomal aberrations., I1JRB, 46,

57 — 65.

Bucton, K. E. and Pike, M. C. (1964): Chromosome investigations
on lymphocytes from irradiated patients. Effect of time in
culture., Nature, 202, 74.

Buckton, K. E., Langlands, A. 0., Smith, P. G., Looby, P. C.,
Woodcock, G. E. and McLelland, J. (1969): Chromosome
aberrations induced in human peripgeral blood by 2-MeV X-
irradiarion to. the whole body and in vitro, in Radiation
induced cancer, (1. A. E. A., Vienna), 118, 135.

Bump, E. A., Ning, Y. Y. and Brown, J. M. (1982):
Radiosensitization of hypoxic tumour cells by depletion of
intracellular glutathione., Science, 21791544 - 545,

Carmichael, J., Forrester, L. M., Lewis, A.D., Hayes, J. D.,
Hayes, P. C. and Wolf, C. R. (1988): Glutathione—8-
transeferase isoenzymes and glutathione peroxidase activity
in normal and tumour samples from human lung.
Carcinogenesis, 9, 1617 — 1621.

Carter, S. K.(1974): Cancer treatment today and its impact on
drug development with special emphasis on the phase 11
clinical trials., J. Natl. Cancer lnst., 57, 235 - 244.

Chaudhury, J. P. and Langendroff, H. (1968): Chemical
radioprotection of mammalian chromosomes in vivo:
Radioprotection of rat bone marrow chromosomes with a with a
single prophylactic dose of AET., IJRB, 14, 463 - 467.

Chapman, W. H. and Cronkite, E. P. (1980): Further studies on
the beneficial effect of glutathione on X-irradiated mice.,
Proc. Soc. Exp. Biol. Med., 75, 318.

Chatterjee, A. and Jacob-Raman, M. (1986):t Modifying effect of
reduced glutathione on X-ray induced chromosome aberrations
and cell cycle delay in muntjac lymphocytes in vitro.,
Mutat. Res., 1795, 73 - 82.

hatterjee, A. And Jacob-Raman, M. (1988)t A comparison of
aberration distribution and cell cycle progression in cells
treated with bleomycin with those exposed to X-rays., Mutat.
Res., 202, 51 - 57.

hatterjee, A. Raman, M. J., and Mohapatlra, B. (1989) 1
Potentiation of bleomycin - induced chromosome aberrations
by the radioprotector reduced glul athione., Mutat. Res.,
214, 207 -~ 213.

W



Chatterjee, A. and Raman, M. J.(1993): Protective effeclt of

cysteine against X — ray and bleamycin induced chromosome
aberration and cell cycle delay., Mutat. Res., 290, 231 -
238.

Clark, E., Epp, E. R., Biaglow, J. E., Morse-Gaudio, M. and
Zacho, E. (1984): GSH depletion, radiosensitization and
misonidazole potentiation in hypoxic ciGinese hamster ovary
cells by BSO., Rad. Res, 78, 379 - 380.

Clark, E. P., Epp, E. R. and Morse-Gaudiol, M.(1986): The role
of glutathione 1in the aerobic radioresistance., Radiat.

Res., 108, 238 - 230.

Cleaver, E. P., Epp, E. R. and Morse—-Gaudiol, M. (1986): The
role of glutathione in the aerobic radioresponse. I.
Sensitization and recovery in the absence of intracellular
glutathione., Radiat. Res., 108, 238 - 250.

Cook, J. A., Pass, H. I., lype, S. N., Friedman, N., DeGraff, W.,
Russo, A. and Mitchell, J. B. (1991): Cellular glutathione
and thiol measurements from surgically resected human lung
tumour and normal lung tissue., Cancer. Res., 51, 4287 -
4294. .

Cronkite, E. P., Brecher, G., Chapman, W. H. (1931)t techanism of
protective action of glutathione against whole bady
irradiation., Proc. Soc. Exp. Biol. and Med., 76, 396~ 3%7.

Crook, T. R., Souhami, R. L., Whyman, G. D. and McLaen, A. E. M.
(1986): Glutathione depletion as a determinant of
sensitivity of human leukemia cells to cyclophosphamide.,
Cancer. Res., 46, 5035.

Dale, W. M. (1942): The effect of X - rays on the conjugated
protein d—amino acid oxidase., J. Biochem., 36. 80.

Dale, W. M. and Linn, S. (1980): Further characterization of
human fibroblast apurinic/apyrimidinic DNA-endonucleases.
The definition of two mechanistic classes of enzyme., J.
Biochem., 11743 - 11752.

Debieu, D., Deschavanne, P. J., Midander, J, Larson, A. and
Malaise, E. P. (1985): Survival curves of glutathione
synthetase deficient human fibroblasts: Correlation between
radiosensitivitly in hypoxia and glutathione synthetase
activity., Int. Rad. Res., 43, 561 - 581.

Deschavanne, P. J., Midander, J., Edgren, M., Larson, A., Malaise,
E. P. and Revesz, L. (1981): Oxygen fnhancement of radiation
induced lethality is greatly reduced in GSH- deficient human
fibroblasts. Biomedicine, 35, 35 - 37.



Dethmers, J. K. and Meister, A. (1981): Glutathione exportl _by
human lymphoid cells: depletion of glutathione by inh?b?t*on
of its synthesis decreases expnrt and increases sensitivity
to irradiation., PNAS, USA, 78, 7492 - 7496.

Di Ilio, C., Del Boccio, G., Aceto, A., Casaccia, R., Mucilli, F.
and Federici, G. ((1988): Elevation of glutathione

transferase activity in human lung tumour. Carcinogenssis,
9, 335 - 340.

Doherty, D. G. and Burnett, W. Jr. (1955)s8 Protective effect of
S, / , amino—ethyl—-isothiouronium Br.HBr. and related
compounds against X-radiation death in mice., Proc. Soc.
Exp. Biol. Med., 8%, 312.

Dresp, J., Schmid, E. and Bauchinger, M. (1978): The cytogenetlic
effect of bleomycin on human peripheral lymphocytes in vitro
and in vivo., Mutal. Res., 56, 341 - 353.

Dubinin, N. P. and Dubinina, L. G. (1964): Genelic effect of low
radiation doses and problems of chemical protection.,
Radiobiologica, 4, 854.

Dubinin, N. P., Arsenseva, M. A., Glembolsky, Y. L., Dubinina, L.
G., Kezlov, V. M. and Shevchenko, V. A. (1964): Genetlic
effect of small doses of ionizing radiation. 3rd. U. N.
International Conference on Peaceful uses of Atomoc Energy,
Geneva.

Dubinin, N. P. and Dubinina, L. G. (12@5): Chemical protection
against the genetic effect of ihall doses of ionizing
radiations., Dokl. Akad. Nank. SSR, 164, 1405.

Edgren, J. (1970): Effect of cysteine on chromosome aberrations
induced by radiation of human lymphocytes in vitro., Acta.
Radiol. ( Stockh), Suppl., 298, 1 —-76.

Edgren, M., Larson, A., Nilson, K., Revesz, L. and Scott, DO. C.
A. (1980): Lack of oxygen effect in glutathione deficient
human cells in culture., 1JRB, 37, 299.

Edgren, M., Revesz, L. and Larson, A.(1981): Induction and
repair of single strand DNA breaks after X-irradiation of
Human fibroblasts deficient in glutathione., IJRB, 40, 355.

Edgren, M. (1982): Intercellular cooperation in repairing
radiation - induced single strand DNA breaks. IJRB, 41,
589.

Edgren, M., Nishida, T., Scott, 0. C. A. and Revesz, L. (1985):
Combined effect of misonidazole and glutathione depletion by
buthionine sulfoximine on cellular radiation response.,
IJRB, 47, 463 -~ 474,



Edgren, M. and Revesz, L.(198%)1 Glutathione requirement for the
rejoining of radiation ivduced DNA hreaks 1n wmisonidazole

treated cells., 1JRB, 48, 207 - 212.

Edgren, M. R., Solen, G. and Revesz, L. (1986): Specificily of
endogenous GSH in dermining the oxygen enhancement of
cellular radiosensitivity., Int. J. Radiation Oncology Biol.

Phys., 2, 1147 — 1150.

Edgren, M. (1987): Nuclear GSH and oxygen enhancement of
radiosensitivily., ILJRB, %1, 3 — 6.

Eker, P. and Phil, A.(1964): Studies on the growth inhibiting

and radioprotective effecl of cysteamine and AET on
mammalian cells in tissue culture., Radiat. Res., 21, 165 -
179.

Evans, H. J. (1977): Molecular mechanism in the induction of
chromosome aberration: in progress in Genetic Toxicology,
(D. Scott, B. A. Bridges and F. H. Sobel eds.)
Elasevier/North Holland, Amsterdam, p. 37 — 74.

Friedman, M. (1973): The chemistry and biochemistry of the
sulphydril group in amino acids, peptides and proteins,
Pergamon, Oxford.

Frankenberg, D., Kistler, M. and Eckardt - Schupp, F.(1987):
Effect of cellular glutathione content on the induction of
DNA double strand breaks by 25 MeV ele%&rons.. IJRB, 52, 185
- 190. i

Fuchs, J. A. and Warnes, H. R. (19275): Jsolation of an Escherihia
coli mutant deficient in glutathione synthesis., Ja
Bacteriol., 124, 140 - 148.

Gebhart, E.(1974): Antimutagens. Data and problem.,
Humangenetik, 24, 1 - 32.

Gebhart, E. (1978): The anticlastogenic effect of various
combinations of cysteamine, AET, HCT and amino acids on
chromosome damage by Trenimon and bleomycin in human
lymphocytes in vitro., Hum. Genet., 43, 183 - Z203.

Glatt, H., Protic — Sabljic, M. and F. Oesch (1983): Mutagenecity
of glutathione and cysteine in the Ames test., Science, 220,
PE1 - 962.

Goto, K., Akemalsu, T., Shimazu, H. and Sugiyama, T. (1975):.
Simple differential Giemsa staining of gister chromatids
after tlrealment with photosensilitive dyes and exposure to
light and the mechanism of staining., Chromosaoma, 53, 223 .-
230.



Glover, D., Fox, K. R., Weiler, C., Kligerman, M. M., Turri?i.
A., Glick, J. H.(1988): Clinical trials of WR — 2721 prior
to alkylating agent chemolherapy and radiotherapy..,

Phermacaol. Ther., 39, 3 - 7.

Green, J. A., Vistica, D. T., Young, R. C., Hamilten, T. C.,
Rogan, A. M. and Ozols, R. F. (1984): Patentiation of
melphalan cytotoxicily in human ovarian cancer cell lines by
glutathion depletion. Cancer. Res., 44, 5427.

Griffith, 0. W. and Meislter, A. (1979): Translocation of
intracellular glutathione to membrane bound Y-glutamyl
cycle: glutathionuria after inhibition of transpeptidase.,
Proc. Natl. Acad. Sci., USA, 76, 268 - 272.

Griffith, 0. W., Bridges, R. J. aund Meister, A. (1979): Evidence
that the y-glutamyl <cycle 1n vivo using intracellular
glutathione: effeclts of amino acids and selective inhibition
of enzymes., PNAS, USA, 75, 5404 - 5408.

Griffith, 0. W. and Meister, A. (1979): Potent and specific
inhibitor of glutathione synthesis by buthionine sulfoximine
(8 - n - butyl. homocysteine sulfoximine). J. B. C., 254,
7558 ~ 7560.

Grifffth, O. W. (1982)t Buthionine sulfoximoine and its higher
homolagus., J. B. C., 257, 13704 - 13712.

Hamilton, T. C., Winker, M. A., Lowe, K. G., & 7 others (1985%):
Augmention of adriamycin, melphalan and cisplatin
cytotoxicity in drug resistant and sensitive human ovarian
carcinoma cell lines by buthionine sulfoximine mediated GSH
depletion., Biochem. Pharmacol., 34, 2583.

Hanaki, A. and Kamide, H. (1971)3 Manometlric study of the copper
catalysed oxidation of cysteine., Cham. Pharm. Bull., 19,
1006 — 1010. )

Hanawalt, P. C., Cooper, P. K., Ganesan, A. k. and Smith, C. S.
(1979): DNA repair in bacteria and mammalian cells., Ann.
Rev. Biochem., 48, 783 —- 836.

Held, K. D., Harrop, H. A. and Michael, B. D.(1982): Reaction
kinetics of sulphydril containing compounds and oxygen with
irradiated transforming DNA., Radiat. Res., 91, 304
(abstract). :

Held, K. D. and Melder, D. C. (1987)1t Toxicily of the sulfhydril-
containing radioprotector Diyhiothreitol., Rad. Res., 544-—

554.
Gy
{ittelman, W. N. and Pollard, M. (1982): A comparison of the DNA
and chromesame repair kinetics after y—-irradiation.,

Radiat. Res., %2, 497 —- 509.



Hodgkiss, R. J., MIddleton, R. W. (1983)31 Enhancement of
misonidazole radiosensitizalion by an inhibilor of GSH
biosynthesis., IJRB, 43, 179 - 183.

Hoffmann, G. R., Colyer, 6. P. and Littlefield, L. G. (1993):
Induction of micronuclei by bleomycin in Go human
lymphocytes: I1. Polentiation by radioprotectors. Environ.
Mol. Mutagen., 21, 136 - 143.

Holmberg, M. and Gumauskas, E. (1986): The role of shaort-lived
DNA lesions in the production ot chromosome—exchange

aberrations. Mut. Res., 160, 221 - 229.

Holmgren, A.(1976): Hydrogen donor syslem for E. coli
ribonucleoside diphosphate reductase dependent upon
glutathione. PNAS, USA, 73, 2275.

Holmgren, A. (1979): Glutathione dependent synthesis of
deoxyribonucleotides. J. B. C., 258, 3672 - 3678.

Howard-Flanders, P.(1960): Effect of oxydgen on the
radiosensitivitly of bacterio phage in the presence of
sulphydryl compounds., Nature (London), 186, 485.

Howard—-Flanders, P. (1968): DNA repair., Ann. Rev. Biochem., 37,
174 - 200.

Howard-Flanders, P., Levin, J. and Theriot, L.(1963)1 Reaction
of DNA radicals with sulphydril compounds in X-irradiated
bacteriophage systems., Radiat. Res., 18, 593 — 606.

Issels, R. D., Biaglow, J. E., Epsterin, L. and Gerweck, L. E.
(1984): Enhancement of cysteamine cytotoxicity by
hyperthermia and its modification by catalase and superoxide
dismutase in chinese hamster ovary cells., Cancer Res., 44,
3911 — 3215.

1

Jacob, M. and Ray—-Chaudhuri, 6. P.(1973): Radioprotective effectl
of six chemicals against X-ray induced genetic damages in D.
melanogaster., Mutat. Res., 18, 279 - 288.

Kihlman, B. A. (1977)8 Caffeine and chromosomes., Elsevier,
Amstlerdam.

Kennedy, K.A., Mimnaugh, E. G., Trush, M. A. and Sinha, B. K.
(1985): Effects of glutathione and ethylxanthate on
mitomycin C activation by isolated rat hepatic or EMTS4
mammary tumour nuclei., Cancer Res., 45, 4071 - 4076.

Kimura, I., Onoshi, T., Kunimasa, 1. and Takano, J. (1972):
Treatment of malignant lymphomas with bleomycin., Cancer,
29, 58 - 60.

8



Knox, S. J., Misra, H. P., Shifrine, M. and Rosenblatt, L. 8.
(1982): Radiation induced inhibition of human lymphocyte
blastogenesis: the effect of Guperoxide dismutase and
Catalase., Int. J. Rad. Biol., 41(3), 283 - 294.

Koch, C. J., Stobbe, C. C. and Bump, E. A. (1984): The effeclt on
the Km for radiation sensilization at 0°C of thiol depletion
by DEM pretreatment: quantitative differences found using
the radialtion sensilizing agent MISO or oxygen., Radiat.
Res., 98, 141 - 144,

Kosower, E. M. and Kosower, N.S.(1974)t Chemical basis of Ulhe
perturbation of glutathione—glutathione disulfide status of
biological systems by diazenes., in I. M. Arias and W. B.
Jacoby (eds.) Glutathione: Metabolism and fu -—-nction., Raven
Press, New York, p.139 — 138.

Kosower, N. S. and Kosower, E. M. (1978): The glutathiaone staltus
of the cells., Int. Rev. Cytlol., 54, 109.

Kuerstin, S. and Obe, G. (1975): Premature chromosome
condensation in the bone marrow of chinese hamsters afler
application of bleomycin in vivo., Mutat. Res., 27, 285 -

294.

Larson, A. (1981): 5 — Oxoprolinuria and other inborn errors
related to the V-glutamyl cycle., in “Transport and
inherited disease" (N. R. Belton and C. Toothill, eds.)
p.277., MIT Press, Cambridge, Massachusettls.

Laterjet, R. and Epherti, E. (1948): Influence proteclrice de
certaines aubstances centre Q‘ inactivation d un
bacteriophage par les rayon X.C.R., Seances Soc. Biol. Ses
Fil., 142, 497.

Latt, §. A. (1974): Sister chromatid exchanges, indices of human
chromosomgl damage and repair: detection by fluorescence and
induction by mitomycin C., Proc. Natl. Acad. Sci. UsSA, 71,
3162 - 3166.

Latt, S. A., Schreck, R. R., LOveday, K. S., Dougherty, C. P. and
Shwer, C. F. (1980): Sister chromatid exchanges., iny H.
Harris and Hirschhorn (eds.)., Advances in human genetics.,
Vol. 10, Plenum, N. York, p. 267 - 331.

Latt, S. A., Allen, J., Bloom, S. E., Carrano, A., Falke, E.,
Kram, D., Schneider, E., Schreck, R., Tice, R., Whitefield,
B., and MWolf. S. (1981): Sister chromatid exchanges?! a
reporl of lhe Gene - tox Program, Mutat. Res., 87, 17 - &2.

Lee, F. Y. F., Vessery, A. R. and Siemann, D. W. (19864
Glutathione as a determinant of cellular response to
adriramycin., NCI monograph. (see lLee et al. 1987).



fee, F. Y. F., Altlunis - Turner, M. J. and Siemann, D. W.
(1987): Depletion versus tumour versus normal glutathione by
buthionine sulfoximine., Br. J. Cancer., 96, 33 — 38.

Leonard, A. and Decat, G. (1979): relation between cell cycle
and yield of aberrations observed in irradiated human
lymphocytes., Can. J. Genet. Cytol., 21, 473 - 478.

Lin, P. S., HKwock, L. and Goodchild, N. T. (1980): Copper
chelator enhancement of bleomycin cytotoxicity., Cancer, 46,

2360 - 2364.

Littlefield, L. G. and Hoffmann, G. R. (1993): Modulation of the
clastogenic activity of ionizing radiation and bleomycin by
the aminothiol WR-1065., Environ. Mol. Mutagen., 22, 225 -

230.

Lohman, P. H. M. (1968): Induction and rejoining of breaks in the
deoxyribonucleic acid of human cells irradiated at various

phases of cell cycle., Mutal. Res., &, 449.

Lloyd, D. C., Dolphin, G. W., Parrot, R. J. and Tipper, P. A,
(1977): The effect of X— ray induced mitotic delay on
thromosome aberration yields in human 1lymphocytles., Mul.
Res. 42, 401 — 412.

Long, E. C., Hecht, S§S. M., Vander Marel, G. A. and Boom, J. H.
(1990): Interaction of bleomycin with methylated DNA
oligonucleotides., J. Am. Chem. Soc., 112, 5272 - 5276.

Lown, J. W. and Sim, S. K.(1977}): The mechanism of bleomycin
induced cleavage of DNA., Biochem. Biophys. Res. Commun.,
77, 1150 — 1157.

Lown, J. W. (1979): Contribution of the Superoxide anion hydroxyl
radical pathway to the cleavage of DNA by BLM: Chemical,
Biochemical and Biological Aspects. Hecht. S. M. (ed.), 184,
Springer—-Verlag: New York.

Macdougall, L. G. (1968): Red cell metabolism in iron -
deficiency anaemia., J. Pediatr. (St. Louis). 72, 303.

Mackinney, A. A., Stohlman, F. and Brecher, G. (1962)t  The
kinetics of cell proliferation in cultures of human
peripheral blood., Blood, 19, 349 - 358.

Malaise, E. P.(1983): Reduced oxygen enhancement of
radiosensitivity of glutathione fibroblasts as demonstrated
by their clogenic survivial. Radiation Res., 95, 486 — 494.

Mazia, D. (1961): Mitosis and the physiology of cell divisian? in
"The «cell" (J. Brachet and A. R. Mirsky eds.). 3, p. 251,
Academic press, N. York.

10



McRae, W. D. and Stich, H. F.(1979): Induction of 'sister
chromatid exchanges in chinese hamster ovary cells thiol and
hydrazine compounds, Mutatl. Res., 68, 351 - 365.

Meister, A. (1978): Inhibition of Glutamine syntheltase and
glutamyl cysteine synthetase by Methionine Sulfoximine and
relaled compounds., In: N. Seiler, M. J. Jung and J. Koch -
Weser (eds.), Enzyme aclivated 1rreversible inhibitors., p.
187 ~ 211, Amsterdam: Elsevier/North Holland., Biochemical

Press.

Meister, A. and Griffith, 0. W. (1979): Effects of methionine
sulfoximine analogs on the synthesis of glutamate and
glutathione: Possible chemotherapeutic implications., Cancer
Treat. Rep., 63, 1115 — 1121.

Meister, A.  (1983): Selective modification of glutathione
metlabolism., Science, 220, 472 - 477.

Meister, A. and Anderson, M. E. (1983): Glutathione; Ann. Rev.
Biochem., S2, 711 ~ 740.

Meisler, A. (198%): On Lhe biochemislry of glutathione. In3 N.
Taniquchi et al. (eds.)., Glutathione Centennial: Molecular
properties and clinical implications, p.3 - 21, N. York,

Academi1c Press.

Meister, A. (1992): "A trail of research”: from glutamine
synthetase to selectlive inhibition of glutathione
synthesis., Cheﬁvracts - Biochem. Molec. Biol., 3, 75 — 106.

Michell, J. B., Russo, A., Biaglow, J. E. and McPherson, S.
(1983) = Cellular GSH depletion by diethylmalate or
Buthionine Sulfoximine: no effect of GSH depletion on the
0O.E.R., Radiat. Res., 96., 422 - 426.

Midander, J., Deschavanne, P. J., Malaise, E. P. and Revesz, L.
(1982): Survival curves of irradiated GSH deficient human
fibroblasts: Indication of a _reduced enhancement of
radiosensitivity by oxygen and ‘fMISO. Int. J. Radiat.
Oncol. Biol. Phys., 8, 443 — 444.

Midander, J. and Revesz, L. (1984): Toxic and growth inhibitory
effects of cellular glutathione depletion by treatment with
buthionine sulfoximine., Radiosensitization Newslett., 3(1),
1-2.

Minchinton, A. I. (1984): Measurement of glutathione and other
thiols in cells and tissues: A simplified procedure based on
the HPLC separation of monobromobimane derivativeds of
thiols. Int. J. Radiat. Oncol. Biol. Phys., 10, 1503.

Midander, J. (1982): Oxygen enhancemenlt ratios for glutathiane
deficienl human fibroblasts determined from the frequency of

11



G g

radiation induced micronuclei., IJRB, 48, 195 - 198.

Mikaelsen, K. (1952): The protective eoffect of glutathione
against radiation induced chromosome aberrations., PNAS,USA,

40, 171 — 178.

Mitchell, J. B., Morstyn, G., Russo, A. and Carney, D. N. (1985):
In vitro radiobhiclogy of human 1lung cancer., Cancer

treatment symposium., 2, 3.

Monoharan, M., Majumder, A., Ranson, S. C. and Genlt, J. A.
(1988)., J. Am. Chem. Soc., 110, 2690 — 2691., see Baily and

Verly (1988).

Morse, H. L. and Dale, R. H. (1978)1 Cellular glutathione 1is a
key to oxygen effect in radiation damage., Nature, 271, 660

- bb2.

Mori, T., Watanabe, M., Horikawa, M., Nakaido, P., Kimura, H.,
Aoyoma, T. and Sugahara, T. (1983): WR-2721, itls derivatives
and their radioprotective effects on mammalian cells in
culture., Int. J. Radiat. Biol., 44, 41 - 53.

Mosbough, D. W. and Linn, S.(1980): Further characterization of
human fibroblast apurinic/apyrimidinic DNA endonucleases.
The definition of two mechanistic classes of enzyme., J. B.
C., 255, 11743 - 11752)p1tche11, F. B., Russo, A, Biaglow,
J. B., and Mcpherson, S. (1983): Cellular glutathione
depletion by diethyl maleate aor buthionine sulfoximine: no
effect of glutathione depletion on the oxygen enhancement
ratio., Radiation Res., 96, 422 - 428.

Muller, W. E. G. and Zahn, R. K. (1976); Effect of bleomycin on
DNA, RNA, protein, chromatin and cell transformation by
oncogenic RNA virus., Progr. Biochem. Pharmacol., 11, 28 -

47.

Muller, W. E. G. and Zahn, R. K. (1977): Bleomycin, an
antibiolic that removes thymine from double stranded DNA.,
Progr. Nucl. Acid. Res. Mol. Biol., 22, 21 - 57.

Nagai, K., Suzuki, H., Tanaka, N. and Umezawa, H. (1969):
Decrease of melting temperature and single strand scission
of DNA by bleomycin in the presence of 2—- mercapltoethanol.,
J. Antibiotics, 22, 569 - 573.

Najleti, C. E. and Spencer, H. H. (1969): Chromosome damage
after tlreatment with cysteimine in non—-irradiated and
irradiated human lymphocytes., J. Nucl. Med., 10, 499 - 500.

Natarajan, A. T., Obe, G. (1978): Molecular mechanism invelved in
the production of chromosomal aberrations. 1. Utilization of

Neurospora endonuclease for the study of aberrati-
on praduclion in G2 state of the cell cycle., Mut. Res.,52,
137 - 149.

12



Natarajan, A. T., Obe, G., VanZeeland, A. A., Palitti, F.,
Meijers, M., Verdegaal-Ilnnerzeel E. M. M. (1980): Molecular
mechanism involved in the production of chromosomal
ab crrations. Il1. Utilization of Neurospora endonuclease for
the study of aberration production by X-rays in G1 and G2
stages of cell cycle., Mut. Res., 69, 293 — 305.

Natarajan., A. T. and Zwanenburg, T. S. B. (1982): Mechanism for
chromesomal aberrations in mammalian cells. Mut. Res., 95, 1

- 6.

Natarajan, A. T. and Obe, G. (1984): Molecular mechanism involved
in the production of chromosomal aberrations. I1I.
restriction endonucleases., Chromosoma (Berl), %0, 120 -
127.

Natarajan, A. T., Meijers. M. and Van Rijn, J. L. 8. (1982):
Individual variability of human cells in induction of
chromosomal aberrations by mutagens? in Mutagens in our
environment. (M. Sorsa, H. Vainio eds.), Liss, N. York, 75—

88.

Natarajan, A. T. and Mullenders, L. H. -F. (1987): Sister
chromatid exchznges, in: G. Obe and A. Basler (eds.),
Cytogenetics, Springer—~Verlag, Berlin, 338 - 344,

Obe, G., Beek, B. and DUdin, G. (1975): The human lymphocyte
system. V. DNA synthesis and mitosis in PHA-stimulated 3-day
old cultures., Human Genet., 28, 295 - 302.

Ohama, K. and Kadotani, T. (1970): Cytologic effects of
bleomycin on cultured human leukocytes., Jap. J. Human.
Genet., 14, 293 - 297.

Ohara, H. and Terasima, T. (19270): Variation of . cellular
sulphydryl content during cell cycle of HeLa cells and its
correlation 1to cyclic changes of X~ray sensitivity., Exp.
Cell. Res., 58, 18Z.

Ono, K. and Shrieve, D. C. (1984): Enhancement of EMT&/SF tumour
cell killing by mitomycin C and mitomycin C metabolites
catalized by NADPH-cytochrome P-450 and Xanthine oxidase.,
J. Biol. Chem., 25%, 959 — 966.

Ono, K. and Shrieve, D. C. (1986): Enhancement of EMT&6/8F tumour
cell killing by mitimycin C and cyclophosphamide following
in vivo administration of buthionine sulfoximine., Int. J.
Radiat. Oncol. Biol. Phys., 12, 1175 — 1179.

Ormerod, M. G. and Stevens, U. (1970)t The rejoing of X-ray
induced strand breaks in the DNA of murine 1lymphoma cells
(L-517-8Y). Biochem. Biophys. Acta., 232, 72 - 76.

Gy

13



Repair replication in

Painter, R. B. and Young, B. R. (1971):
! . 225 -

mammalian cells after X—irradiation., Mutat. Res., 14,
235.

Patt, H. M., Tyree, E. B., Straube, R. L. and Smith, D. E.
(1949): Cysteine protection against X—ittadiation., Science,

110, 213 - 214.

Plummer, J. L., Smith, B. R., Sies, H. Gynd Bend, J. R. (1981):
Chemical depletion of glutathione in vivae., Methods Enzymol,

77, 50 = 59.

Povirk, L. F.. and Austin, M., J. F. (1991): Genotoxicity of
bleomycin., Mutat. Res., 257, 127 - 143.

Preston, R. J., Brewen, J. G. and Jones, k. P. (1972): Radiation
induced chromosome aberrations in chinese hamster
leucocytes: a comparison of in vivo and in vitro exposures.,
IJRB., 21, 397 - 400.

Preston, R. J. and Brewen, J. G. (1978): X-ray induced
chromaosome aberrations in the leucocyles of mouse and mans
in mutajen induced chromosomal damage in man (H. J. Evans
and D. C. Layd, eds.)., Edinburgh Univ. Press., 33 - 40.

Preston, R. J. (1980): The effect of cytosin arabinoside on the
frequency of X— ray induced chromosome aberrations in normal
bhuman leucocytes., Mut. Res., 69, 71 - 79.

Preston, R. J. (1982): DNA repair and chromosome aberrations:
Interactive effecls of radiation and chemicals. Progress in

mutation research., 4, 25 - 35.

Promchainant. C. (1975): Cytogenetic effect of BLM on human
leukocytes in vitro., Mut. Res., 28, 107 - 112.

Puri, R. N, and Meister, A. (1983): Transpart of GSH, as )
glutamyl cysteinyl glycinil ester, into liver and kidney.,
PNAG,USA., 80, 5258 - 5260.

Reddy, S. B. (1971): The protective influence of custeine and
glutathione against radiation induced chromosome damages in
Hordeum vulgere root tips., Caryologica, 24, 41 - 47.

Reed, D. J. (1983): Regulation and function of glutathione in
cells: in "Radioprotectors and anticarcinogens"” (0. F.
Nygard and M. G. Simic, eds.), Academic Press, 133 — 168.

Revesz, L., Bergstrand, H. and Modig, H. (19463): Intrinsic non-
protein sulphydryl levels and cellular radiosensitivity.,
Nature (London), 198., 1273 - 1279. )

Revesz, L. and Modig, H. G. (1965): Cysteamine induced

increase of cellular glutathione level:r a new hypothesis of

14



the radioprotective mechanism., Nature, 207, 430 - 4

Revesz, L., Edgren, M. and Larson, A. (1979): R
Research., (Proceeding of 6th International Congresgs,

Radiation Research, Tokyo (Tokyo: Japanese Assoc. Ra
Research) 862.

Revesz, L., Edgren, M. and Nishidai, T.(1984): Mechanism of
inherent radioprotection in mammalian cells., Acad. Press.

Japan Inc., 13 - 29.

Revesz, L. and Edgren, M. (1984): GSH dependent yield and repair
of single strand breaks in irradiated cells. Br. J. Cancer,

49 (Suppl. VI), 55 - 60.

Revesz, L., Edgren, M. and Wainson, A. A. (1994): Selectlive
toxicity of Buthionine Sulfoximine(BSO) to melanoma cells in
vitro and in vivo., Int. J. Radiat. Oncol. Bio. Phys. 29,

403 - 406.

Rojas, @A., Smith, K. A., Sorancen, J. A., Minchinton, A. 1.,
Denekamp, J. (1984): Enhancement of misanidazole
radiosensitization by BSO., Radiother. Oncol., 2, 325 - 332.

Russo, A. and Mitchell, J. B. (1984): Radiation response of
chinese hamster cells after elevation of intracellular
glutathione levels. Int. J. Rad. Onco. Biol. Phys., 10, 1243
- 1246.

Russo, A., Tochner, J., Phillips, T. (1986): In vivo modulation
of glutathione by buthionine sulfoximine: Effect on marrow
response to melphalan., Int. J. Radiat. Oncol. Biol. Phys.,

12, 1187 — 1191.

Sabine, J. C. (1964): Glutathione concentration and stability in
the red blood cells in various disease states, and some
observations on the mechanism of action of
acetylphenylhydrazine., Brit. J. Haematol. 10, 477 - 479.

Sarma., L., Devasagayam, T. R. A., Mohan, H., Mittal, J. P.,
Kesavan, P. C. (1996): Mechanism of protection by BSO
against Gamma ray induced wicronuclei in polychromatic

erylhrocytes of mouse bone marrow., LJRB, &9, 633 - 644.

Sasaki, M. S. and Masturba, S. (1977): Free radical scavenging
in frotection of human lymphocyres against chromosome
"aberration formation by gamma ray irradiation., 1I1JRB, 32,
439 - 445,

Sausville, E. A., Peisach, J. and Huorowitz, S. B. (1976): A role
of ferrous ion and oxygen in the degradation of DNA by
bleomycin., Biochem. Biophys. Res. Commun., 73, 814 — 822.

(o] N
Sausville, E. A., peisach, J., Horjiwitz, S. B. (1978): Effect of

chelating agents and metal ions on the degradation of DNA by
bleomycin., Biochemistry., 17, 2740 - 2746.

15



Schneider, E. L., Tice, R. R. and Kram, D.(1978):
Bromodeoxiuridine differential chromatid staining technique?
A new approach Lo examining sister chromatid exchanges and
cell proliferation kinelics, in D.” M. Prescott (eds.),
Methods in Cell Biol., Acad. Press., New. York.

Scott, D. and Lyons, C. J. (1979): Homogenous sensitivity of
human peripheral blood lymphocytes to radiation induced
chromosome damage., Nature (London), 278, 756 - 758.

Scott, D. and Zampetti—Bosseler, F. (1985): Relationship between
chromosome damage, tell cycle delay and cell killing induced
by bleomycin on X-rays., Mutat. Res., 151, 83 — 88.

Seki, S. and Oda, T. (1988): An exonuclease possibly involved in
the initiation of bleomycin damaged DNA in mouse ascities
sarcoma cells., Carcinogenesis, 9, 22 — 39.

Shrieve, D. €., Denekamp, J. and Minchinton, A. 1. (1985):
Effects of GSH-depletion by BSO on radiosensitization by
oxygen and wmisonidazole in vitro., Rad. Res., 102, 283 -
294.

{
Speit, G., Wolf, M. and Vogel, W. (1980a): The effect of
sulphydril compounds on sister chromatid exchanges., Mutat.
Res., 78, 2467 - 272.

Speit, G, Wolf, M. and Vogel, W. (1980b)t Synergistic action of

cysteimine and bromodeoxyuridine — substituted DNA in the
inducltion of sister chromatid exchanges., Chromosoma., 81,
461 - 471.

Speil, G. and Vogel, W. (1982): The effect of sulphydryl
compounds on sister chromatid exchanges I1 the question of
cell specificity and the role of hydrogen peroxide., Mutat.
Res., 93, 175 - 183.

Sugiura, Y. and Kikuchi, T. (1978): Formation of superoxide and
hydroxy radicals in iron(ll)-bleomycin—oxygen system:
Electron spin resonance detection by spin trapping., J.
Antibiotics, 31, 1310 - 1372.

Suzuke, K., Petro, B. J. and Vistica, D. T. (1982): Reduction in
glutathione caontent of LL-PAM-resistant L1210 cells confers
drug sensitivity., Biochem phermacol., 31, 121.

Suzuki, H., Nagéi, K., Yamaki, H., Tanaka, N. and Umezawa, H.
(1969): On the mechanism of action of bleomycin: Scission of
DNA strands in vitro and in vivo, J. Antibietlics, 22, 446 -
448, .

G
Takeshita, M., Grollman, A. P., Ohtusbo, é. and Ohtusbo, H.
(1978): Interaction on bleomycin on DNA., PNAS,USA, 75, 5983

16



- 5987.

Tamura, H., Sugiyama, VY. and Sugehara, T. (1974): Effect of
bleomycin aon the chromosomes of human lymphocyles at various

cell phases., Gann, 65, 103 - 107.

Tietze, F. (1969) : Enzymic method for quantitative detlermination
of nanogram amounls of total and oxidised glutathione:
Application to mammalian blood and other tissues., Anal.

Biochem., 27, 502 - 522.

Tucker, J. D., Auletta, A., Cimino, M. C., Dearfield, K. L.,
Jacobson—-Kram, D., Tice, R. R. and Carrana, A. V. (1993):
Sisterchromatid exchange: second report of the Gene - Tox

Program., Mutat. Res., 297, 101 %y180.

Tsutsui, K., Komuro, C., Ono, K., Nishidai, T., Shibamoto, Y.,
Takahashi, M. and Abe, M. (19846): Chromosensitization by
buthionine sulfoximine in vivo., Int. J. Radiat. Biol.

Phys., 12, 1183 - 1186.

Umezawa, H., Takahashi, Y., Fujii, A., Saino, T., SBhirai, T. and
Takita, T. (1973): Preparation of bleomycinic acidz
Hydrolysus of bleomycin BZ by Fusarium acylagmatine
aminohydrolase., J. Antibiotic., 26, 117 — 119.

Vig, B. K. and Lewis, R (1978): Genetic toxicology of bleomycin.,
Mutat. Res., 55, 121 — 145.

Varnes, M. E., Biaglow, J. E., Koch, C. J. and Hall, E. Ja
(1980):Depletion of NPSH of hypoxic cells by misonidazole.,
Canc. Res., 40, 2165 - Z2169.

Vergroesen, A. J., Budke, L. and Vos, 0. (1963): Protection of
tissueculture <cells against ionozing radioprotection of
tissue culture cells by cysteimine., IJRB., 6, 117 - 126.

Vergroesen, A. J., Budke, L. and Vos, 0O. (1967): Protection
against X— irradiation by sulphydryl compounds. II. Studies
on the relation between chemical structure and protective
activily for tissue culture cells., IJRB, 13, 77 — 92.

Vig, Baldev, K. and Roger lLewis (19278): Genetic tloxicology of
bleomycin., Mut. Res., 55, 121 - 145.

Volm, M., Mattern, J. and Samsel, B. (1991): Over expression of
P—qglucoprotein and GSH- S— transferase 11 in resistant non-—
small cell lung carcinomas of smokers., Br. J. Cancer., 64,
700 - 704.

Wardman, P., Dennis, M. F., Stratford, M. R. L. and White, J.
(1991) : Extracellular : 1Intracellular and subcelular
concentration gradients of thiols. Int. J. Radiat. Oncol.
Bionl. Phys., 22, 791 - 754.



Wellner, V. P., Sekura, R., Meister, A., Larson, A. (1974): GSH-

synthetase deficiency, an inborn error of metabolism
invelving the “glutamyl cycle in palients with 5-
oxaprolineuria (Pyroglutamic acidurial)., PNAS, USA., 71,
2505.

Winkeistein, A., Craddock, P. G., Martyn, D. C., Libby, R. 1.,
Norman, A. and Sasaki, M. S. (1957): Sr -~ Y extracorporeal
irradiation in goats and man., Radial. Res., 31, 215 - 229.

{

Xu, B. H. and Singh, §. V. (1922a): Polentiation of mytomycin
cytotoxicity by GSH depletion in a multi-drug resistant
mouse leukemia cell line., Cancer Lell., &6, 49 — 53. N

Xu, B. H. and Singh, S. V. (1922b): Effect of BSO and mytomycin C
analogues BMY 25282 and BMY 25067., Cancer res., 52, &b666~-
6670.

Xu, B. H. and Singh, S. V. (1944a): Mitomycin C
sensilivity in human bladder cancer cells : possible role of
GSH and GST in resistance. Arch, Biochem. Biophys., 308, 164

- 170.

Yuhas, J. M., Spellman, J. M. and Culo, F. (1980): The role of
WR-2721 in radiotherapy and/or chemotherapy., Cancer Clin.
Trials, 3, 211 ~ 216.



SUMMARY

The study 1s basically infended (o establish a correlation between the intensity of

cellular radio and chemosensitivily measued by mewy of quanlitetion of different

cytogenetical end-points and the endogenous cellular tevel of reduced glutathione
(GSH), a sulphydiyl tripeptide known as radioprotector. The work has been carried oul
in mouse bone mariow cells as in vivo syslem and human peripheral blood
lymphocyles as in vitro system

The detail account of the work is being mentioned in term of the objective and the

interpretation/discussion is mentioned after brief description of the results.

Objective Measurement of endogenous glilathione (GSH) before or after BSO-
treatment

Quantitative analysis of GSH in mouse bone marrow cells and human blood has been

performed by UV-visible spectrophotomeler The reagef: (ithiobis or DTNB has been

usec; and OD of sémpfe has been measured el 412 nm relalive fo a blank containing

DTNB, bufTer and TCA At each point we have used a minimum of 6 mice and 5 human

donors for this measurement

Resulis

Following a single dose of 4 and 200 mg kg ' 8BS0, the GSH content of mouse
bone marrow cells were depleled significantly to a level of about 69 and 45% of
the BSO-untreated niuce respectively

The blood GSH concentration showed a range between 720 and 813 pmol mI”
with an average of 759 4 + 33 93 ymol ml' in the BSO-untreated human blood.

Significant depletion (70% of the conirol value) was achieved by 5mM BSO



Objectlve Evaluation of the influence of normal and modified level of endogenous
GSH in the induction of chromosome aberrations (CAs) induced by
radiation in mammalian cells both in vivo and in vitro.

Resuits -

« Lower concentration of buthionine sulfoximine (BSQO) showed protection with 1.5

and 2 Gy.

« BSO (4 and 200 mg kg ') sensitized the cells significantly against all the radiation
doses.

o The increment of the frequency of CAs is particularly prominent for chromatid
breaks and deletions, however, the frequency of rearrangements were either
reduced or not allered.

+ BSO also sensitized the cells against radiation in Cilyo and like in vivo the frequency
of exchanges were reduced in spite of increasing the frequency of deletions and

chromatid breaks.

GSH-depletion t;y BSO-treatment sensitized the cellular radiosensitivily both in vivo
and in vilro systems and in spite of increasing in the number of strand breaks the
frequency of exchanges were reduced significantly. This indicates the probable
involvement of endogenous-GSH in DNA repair / misrepair phenomenon.

L

Objective: To explore whether cellular-GSH plays any role in repair in irradiated cells.

GSH was added soon after irradiation fo normal and BSO-treated mouse. Human PBL
was treated with Y-radiation et 4°C and then GSH or GSH-ester has been added and
subsequently raised the temparature to 37°C. Cultures were set up and harvested

afler 48h of growth

ii



RESULTS:

¢ (GSH post—tre;tment in BSO + 2Gy samples increased the frequency of exchange
aberialions,

+ Reduced frequency of chromosomal exchanges and elevated frequency of
deletions were observed without any significant change in the frequency of
aberrant metaphases in the cells irradiated at 4°C

« Addition of etther reduced-GSH or GSH-ester at 4°C afler irradiation decreased the
frequency of aberrant metaphases and deletions and increased the frequency of
exchanges significantly.

The present results indicate the involvement of GSH either directly or indirectly in

cellular repaw/misrepair processes afler damages induced by irradistion. Since the

GSH increased the cellular repair ability, the frequency of misrepair has also been

increased simullapeously and therefore, there is an elevated frequency of exchanges

while the frequency of deletions and aberrant metaphases were dropped down.

Objective. Evaluale the influence of normeal and modified level of endogenous-GSH in
the induction of CAs induced by Bleomycin (BLM) in mammalian celis both
in vivo and in vitro.

Resuits

+ BLM (1010 80 mg kg'') did not induce any signiﬂca&)t‘ CAs in bone marrow cells of

mouse
o Cells treated with BSO (1 and 5 m M) reduce the effect of BLM with respect to all
kinds of CAs in human PBLs
« The polentiating effect of BLM was distinct when cells treated with GSH-ester 3h

before BLM-treatment It is not true when GSH was added in the same way.

it



In vivo effect of BLM supporis earlier observation made by Kimura et al (Cancer, 29,
58-60, 1972) that BLM shows little or no bone marrow toxicity. In vitro data implies that

endogenous GSH could act as reducing agent and mig'Ht be the cause for potentiation

of BLM-action.

Objective . Effect of reduced-GSH on sister chromatid exchanges (SCEs) and cell
cycle kinelics in normal and BSO-treated mouse.
Results :

GSH (400-800 mg kg'') induced delay in cell cycle kinelics and also increased the

.

frequency of SCEs significantiy in mouse bone marrow cells.

+ Presence of catalase reduced the ability of GSH to induce SCEs.

« Following a single dose of GSH (400 mg kg'') to BSO-treated mouse increased the
frequency of SCEs ; however, catalase failed to reduce the frequency of SCEs in
this circumstances

+ Presence of BSO (4 and 200 mg kg'') alone induced SCEs, however, 200 mg kg
BSO also induced chromosome aberrations mainly chromatid breaks.

Data suggest that the formation of H,O, due to autoxidation of reduced-GSH could be

the causative factor for SCE induction by GSH. Induction of SCEs in BSO-{reated

mouse indicates the imporiant role of endogenous-GSH In the cells against peroxides
and free radicals which are formed in normal metabolic pathways. Since catalase failed
to reduce GSH induced SCEs in BSO-treated mouse, it indicate the involvement of an
unknown route or direct action of GSH to chromatin cannot be ruled out in a small

fraction of SCEs induced by GSH in normal mice in vivo besides the major contribution

of HQO].



The present investigation has provided certain positive informations in the field of
Radiation Genetics and Mutagenesis and indicated the role of endogenous GSH in
defining cellular radio and chemosensitivity. The inducing ability of reduced GSH with
respect {o sister chromalid exchanges but not to chromosome aberrations supporting
the idea that the mechanisms of induction of SCEs and CAs are different. The
probable role of cellular endogenous GSH in cellular repair/misrepair phenomenon with
respect to cylogenetical parameters is an important contribution of this
invesligation The observation of decreasing effect of bleomycin in buthionine
sulfoxinune {reated cells implies that endogenous GSH could act as reducing agent and
might be the cause for the potentiation of BLM-action while GSH or GSH-ester is
added externally

Since the manipulation of GSH-levels as a means of modifying radio and chemothera-
peutic response has been given considerable attention(i{\‘ the field of cancer therapy
therefore, this findings may have some applications and implication in the field of

cancer biology



Mutation Research 327 (1995) 171177

IR

Fundamental and Mofecular
G ‘ Mechanisms of Mutagenesis

Effect of glutathione on sister-chromatid exchanges in normal
and buthionine sulfoximine-treated mice

A. Chatterjee ', A. Chattopadhyay, C.J.Z. Lawlor

Genetics Laboratory, Department of Zoologv, School of Life Sciences, North-Eastern fiull Umeersity. Umshung, Mawlai,
Stullong-793 022, India

Received 23 August 1994; revision received 16 November 1994; accepted 17 November 1994

Abstract

Based on their ability to induce sister-chromatid exchanges (SCEs) it is cvident that thiol-containing radioprotec-
tors can induce DNA damage. However. there were contradictory findings when reduced glutathione (GSH) was
tested using two celf tines. The present study demonstrated that GSH can inducc SCEs and also delay in cell
proliferation in mouse bone martow cetls in vivo, The presence of eatalase significantly reduced GSH-induced SCE
frequency down to catalase alone levels. An attempt was made to cevaluate the eifect of GSH treatment in
buthionine sulfoximine (BSO)-treated mice (GSH-depleted mice) and the data indicate that induction of SCEs takes
place without inducing a delay in cell proliferation or the generation of hydrogen peroxide. Probably, some unknown
route is involved by which GSH-degraded product(s) induce SCEs in BSO-treated mice. Therefore, the induction of
SCEs by GSH in normal mice may be largely due to hydrogen peroxide generation; however, the involvement of the
binding ability of GSH to chromatin and the probable (unknown) routec by which GSH-degraded product(s) may

causc smaller fraction of SCEs cannot be ruled out.

Keywords: Sister-chromatid exchange: Glutathione: Cell cycle delay; Buthionine sulfoximine

1. Introduction

Reduced glutathione (GSH), the major non-
protein thiol compound present in all cells
(Kosower, 1976). It possesses a wide range of
biochemical activitics and functions largely at-
tributablc to the particular feature of the thiol
group (I'ricdman, 1973; Kosower, 1976). Duce to
its reducing function, it reacts with fice radicals
and reduces the damage induced by ionizing radi-
ation (Bacqg, 1965; Sasaki and Matsubara, 1977).

* Corresponding author.

However, evidence also exists showing that thiol
compounds themselves cause chromosome aber-
rations and polyploidy and inhibit cell growth in
cultures (Eker and Phil, 1964; Najleti and
Spencer, 1969). We have observed in our earlier
study (Chatterjce and Jacob-Raman, 1986) that
1S mM of GSH reduced 2 Gy of X-ray-induced
cell cycle delay and chromosome aberrations sig-
nificantly in cultured cells, although such a treat-
ment to unirradiated cells cavsed a remarkable
delay in cell progression without inducing any
chromosome abcrrations. A similar observation
was also made with another thiol radioprotector,
L-cysteine (Chatterjee and Jacob-Raman, 1993).
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Mutagenicity of GSH and cysteine was also deter-
mincd in bacteria by the Ames test in the pres-
cnce of mammalian  subccllular  preparations
(Glatt ct al., 1983). )

Sister-chromatid exchanges (SCEs) arc consid-
ered to be a sensitive indicator of DNA damage.
McRace and Stich (1979), Speit ¢t al, (198t) and
Speit and Vogel (1982) demonstrated the induc-
tion of SCEs by thiol radioprotectors. However,
there were contradictory findings when reduced
GSH was tested using two closcly related ccll
lines of Chinese hamster (V79 and CHO) (Mc-
Rac and Stich, 1979; Speit ¢t al., 1980a). 1t was
proposed that the difference in the induction of
SCEs by GSH in these two cell tines was duc to
differences in the ability of the cells to degrade
hydrogen peroxide, which is generated in the
process of autoxidation of SH compounds (Fried-
man, 1973; Isscls ct al., 1984). In thc recent
report of the Gene-Tox program Tucker et al.
(1993) listed GSH in the category of chemicals
which failed to induce SCEs but were inade-
qualcly tested. Therefore, it is necessary to exam-
ine its SCE-inducing ability in mammalian cells,
particularly in an in vivo system.

Aminothiol radioprotectors, in general, have
been reported to bind with DNA and slow down
strand separation for replication (Brown, 1967).
Such inhibition of 'DNA synthesis is known to
lcad to SCE induction (Schneider ct al., 1978;
Natarajan and Mullenders, 1987). Therefore, in
the present investigation, we have analyzed both
ccll cycle kinctics and SCE frequency.

At present, much rescarch involves adding ex-
ogenous thiols or depleting intraccllular thiols in
biological models. Therefore, to deplete endoge-
nous GSH. we used buthionine sulfoximine
(BSO), which is a potent and sclective inhibitor of
GSH synthesis by inhibiting the action of y-
glutamyl cysteine synthetase (Griffith et al., 1979;
Griffith and Mcister. 1979), with the aim of see-
-ing the effect of exogenously added GSH on the
induction of SCEs in normal and GSH-depleted
mice. We hoped that this approach would help to
understand the role of cxogenously added GSH
in SCE induction.

Thiols arc known to produce hvdrogen perox-
ide and free radicals in the presence of oxygen

and metal catalysts (Hanaki and Kamids, 1971)
and also by its autoxidation (Friedman, 1973).
Therefore, an attempt was made to determine
the effect of catalase, an enzyme which catalyses
the decomposition of hydrogen peroxide, on SCE
induction in mouse exposed to GSH.

2. Materials and methods

Male BALB/c mice, aged 2-3 months and
weighing about 25-30 g (maintained in the labo-
ratory in community cages in a room under con-
trolled temperature (20°C + 2°C) and lighting (12
h light and 12 h dark) conditions) were used in all
experiments. Reduced glutathione (CAS No. 70-
18-8), buthionine sulfoximine and catalase (from
bovin€ljver) were obtained from Sigma Chemical
Company (USA). 5-Bromodeoxyuridine tablets
(50 mg) were obtained from Boehringer-Man-
nheim, Germany. The aqueous drug solutions
were freshly prepared and used.

Treatment of animals and isolation of bone mar-
row cells '

Reduced GSH of different concentrations (300,
400, 500 and 800 mg/kg body weight) was in-
jected intraperitoneally (i.p.) 45 min before sub-
cutaneous implantation of a BrdU tablet. BSO
(18 mM /kg) was dissolved in phosphate buffer
solution (pH 7.4) and 10 h after BSO treatment
(i.p.) reduced GSH (400 or 800 mg/kg) was in-
jected. When catalase (100 mg/kg) was used, it
was injected (i.p.) 30 min after BrdU tablet im-
plantation.

Cells were fixed at 17 or 20 h after GSH
treatment, each preceded by 2 h colchicine (15
mg/kg body weight) treatment. After the animals
were killed by cervical dislocation, the femurs
were dissected and the bone marrow cells were
obtained by injecting 2 m! of 0.075 M KCI (hypo-
tonic solution) into one end with a 26-gauge
ncedle.

Preparation of metaphases

A single-cell suspension was made in hypo-
tonic solution and incubated at 37°C for 15 min,
and centrifuged at 1200 rpm for 5 min. The cells
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Table |
Effects of GSH and BSO alonce o in combim tion on ¢l avede hincties and the trequeney of SCEs in mouse bone marrow cells
VIVO
Dose M M1 AGH ! Mo Clls SCE Zmetaiphase SCT /mctiphase /mouse
(mg/hg) (") (h) AG T scored (\ +SLM)
Fuaton at 17 h
GSH
0 02 49 a2 - B} 282 ~
160 RR) 08 13 1 280 -
937 266+ 010
300 137 54 1113 - 20 400 -
178 H 09 10 - 47 RIVA -
201 S0 1083 - " 10N -
10 1% I82+007 °
500 267 42 10 28 - S0 612 -
209 ({8 1198 - 47 668 -~
147 83 1388 - 16 630 -
248 Ry 1477 ~ - - -
1272 63%+013 °°
800 452 63 [ IRYY) - TRl s -
292 92 (491 - - - -
121 84 1400 - - - -
057 70 1250 - 1t 69N -
1332 S96+£ 066 °
Inanon ar 20 h
0 178 OR 08 SO L} RV -
()80 28 )9 92 - 15 277 -
156 24 )62 - 6S 28 -
130 29 09 62 - H 200 -
: 09 41 2004012
400 T 2 MK 12 Sy
24 R 1l bty 55 (1% -
218 61 (R - [ 612 -
tot} N (AR H3 172 -
oy "~ SOod £ 03 "
800 248 55 18 55 - 34 58S -
BSO
004 096 06 18 26 - 42 262 -
125 12 08 48 - 19 143 -
121 22 09 30 - 46 448 -
135 27 09 S8 - 42 181 -
08 90 359+033°
BSO + GSH
004 + 400 107 07 {8 48 - S8 521 -
117 10 08 40 - 48 819 -
072 06 08 26 - 30 507 -
095 22 09 39 - 36 628
08 63 619+062 °°
004 + 800 083 06 (18 S9 - R} 6 S8 4 ‘ -
107 13 08 76 - 48 0S8 -
115 21 0912 - 47 IR -
(R 82 5434+ 093 °°

TM total metaphases
Tp <00l 7T p <0001 compucd to the respocting control Studant s 7 st
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were fined i two changes of methanol acctic
actd (3 1) tor 0 nun and 10 min rospedtingy,
resuspended m 05 ml of fixative, and dropped
onto chifled shdes and flame dried

Differental stammng for sister chiomands

The method of Goto et al (1975) was fol-
lowed The shides were treated for 10 min with
Hocchst 33258 (50 pwg/mb) at room tempetature,
rinsed in distilled water and air dried  These
shdes were then mounted in 2 X SSC (pH 68)
and cxposcd to sunlight 1in moist condition for
0-40 nmuin dependimg on the mtensity of the
sunlight Shdes were ninsed twice i distilled wa-
ter and stained 1in 2% Giemsa (BDH Chemicals
Ltd UK) tor 3—-4 nun and mounted in DPX

iy

Scorme

1he shdes were coded and tandomized 25-85
metaphase cells with differentially staimed sister
chromatids trom cach mouse were studied for
evidence of SCEs For sconing cell cvele hinetices,
mctaphases were categonized as i fiest, second
ot suhscquent diviston cycde based on thonr dittcr-
entral stamng pattarn The cell cvele data were
presented as average generation time (AG1)
which s a ratio of BrdU duration (h) and replica-
tive index (R1) where RE=(1 X M1 4 2 X M2 ¢

I X M3)/number of cells The BrdU durations
wore 16025 hoand 1925 hfon the cedbs fned at 17
and 20 h respectively To analyze the distribution
of SCE among cells the dispersion coefficient was
analyzed based on responses in individual ani-
mals Data were subjected to parametric statisti-
cal analy 8

3. Results

It was possible to distinguish unequivocally the
numbeir of divistons in the presence of BidU, as
well as the number of SCEs in second replication
cycle cells Table I shows that GSH at all concen-
trations induced a significant level of SCEs 1n
bone marrow cells harvested at either 17 or 20 h
At the highest concentration of GSH (800 mg /kg)
not cnough cells were available for SCE analysis
at the 17 h fixation time duc to constderable
delav in cell prohteration However, cells fixed at
20 h gave more second cycle cells for SCE analy-
st Smmbar levels of SCEs were observed at 400
dand 8O mg kg of GSH The frequencies of SCEs
mm the untrcated controls did not difter sigmfi-
cantly from cach other at the two sample times
Mice treated with BSO also showed an increased
ficquency of SCEs per cell Treatment with GSH

Tabld 2
Etfcct of catilase on SCE induction by GSH treatment in normal and BSO treated muce in viva (20 k)
Dose Number of Cells SCE /metaphase /mouse SCE
(mg/kg) mice scared (X + SCM) - range
GSH
0 4 178 200+012 2137-290

400 4 am S04 03 472-6136
Catalase

100 4 N6 14+ 038 2 10-4 65
GSH 4 Catalase

100 1 100 O 120 1S+ 040 240-492
1350

11} 4 169 159 4 033 ° 262-4 48
BSO + GSH

0oy onn ! 172 L0062 " SO7-R8 19
BSO 0 GSEL O analase

004 -+ 4000 + 100 3 (BB SOY+ 017 ° 571-627

Tl 7T p 0008 Student s £test ! Compuad 1o GSHE
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Table 3 b

Distiibution of SCEs mcddis tecated with GSH done o i
combination with cither catalase or BSO (20 h)

Dose SCE SCE Cells  Dispersion

(mg/kg) mean £ SEM ' range ™ scored  coefhiaent ¢
GSH '
0 2374026 n-7 17 12
T290 4031 07 41 [ERY
238+023 0-¥% 0S 1 4s
' 2774029 0-8 5 1 06
400 S14+044 1-13 42 158 °
636+045 1-16 55 175 °
61324042 2-08 (1] 169
472403% 1-11 40 128
GSH e Catl 2521028 0o 25 156"
00110 202l 0 n 10 [IRY)
(MU BNINY) (LT3 68 V27
LS 1020 0o S0 [N
J921019 0 1s R 1Y
2751013 0-6 53 038
BSO
004 34341030 0-¥ iV 108
2624029 0-7 42 118
44840139 0-10 40 158 °
I8 04 11 42 2R
BSO +GSIH
004 +400 S21+£00 0~15 S8 118
8194051 I-~19 48 150 °
5071050 0~12 30 148
6284059 217 16 203 °

* Amimal mean SCE/cell frequency +standard error of the
mean among observed cells

" Range of SCL values

¢ Dispersion coefficient = variance /mean

* Significantly different at @ = 005 from Poisson distribution

of BSO-treated mice enhanced the frequency of
SCEs further and brought it to the same level
shown by GSH treatment of normal mice

Table 2 illustrates that the presence of cata-
lase reduces the ability of GSH (o induce SCEs.
Catalase treatment alone afso increased the fre-
quency of SCEs but the increase was statistically
non-significant with respect to control In con-
trast to GSH-treated normal mice, catalase abso-
lutely failed to reduce the frequency ot SCEs
induced by GSH 1n BSO-treated mice

Table 3 represents the distribution of SCEs
among cclls i varnous trcated samples In the
GSH-treated sample the dispersion coefficient
values are sigmficantly higher indicating the SCE
values are spread out considerably compared to

control When catalase was added, the range of
SCE values came down towatrds the control level
The higher values of the dispersion coefficient n
both BSO- and BSO + GSH-treated samples in-
dicated the greatest spread in number of SCEs
per cell

In additton to an analysis of SCE frequencies,
cell eycde kineties was also studied in GSH-treated
mice. lhe fluorescence plus Giemsa staining
technique facilitated the scoring of GSH-induced
ccll cycle delay in terms of reduction in the
trcquency of second  and  subscquent  division
metaphiases followmng GSH ticatment The per-
centage of frist cycle metaphases (M) was highet
mdicating o defay i ocetl progression i a dose-1e-
lated tashion Clable 1) Although the basic ccll
cycle progression varied considerably among indi-
viduals m cach group, the extent of delay by GSH
increased in a dose-dependent manner. The AGT
wis sigmbicantly increased m the groups treated
with 400, 500 and 800 mg/kg of GSH comparcd
to contiol  In contrast to the delay induction by
GSH m normal mice, BSO-treated mice did not
show any dclay in ccll prohteration atter GSH
treatment.

4. Discussion

SCEs have proved to be a scnsitive indicator
for DNA damage in many investigations (Latt et
al., 1980). Reports available on SCE induction by
GSH in in vitro systems are contradictory (Mc-
Rae and Stich, 1979; Speit et al., 1980a). To the
best of our knowledge, no study has been done
on the effect of GSH on SCE induction in vivo.
The preégnt in vivo study shows that exogenous
addition” o GSH induces SCEs significantly in
bone marrow cells of mice. The range of SCE
values per cell is increased significantly in GSH-
treated mice compared to untrcated controls.
McRac and Stich (1979) suggested that the for-
mation of hydrogen peroxide is the reason for
SCE induction by thiols This is supported by our
present i vivo study since in the presence of
catalase, the frequency of SCEs induced by GSH
1s reduced sigmficantly However, it is important
to note that catalase brings the GSH-induced
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SCE frequency down to the catalase atone level
Therefore, the entire ctfect exerted by GSHE on
SCE induction could be duc to hydrogen perox-
ide tormation.

A novel aspect of the present study is the
analysis of the influence of BSO on the induction
of SCEs. Treatment with BSO produces a rapid
decrease in the GSH Jevels of the various tissues
(Griftith and Mecister, 1979). 1t has been reported
{Lee etal, 1987 that alter a dase of 2.5 mM /kg
BSO. GSH nadirs were reached by approximately
5 h for the tiver and kidney, 8 h for lung and bone
martow. ‘The degree ol depletion was greatest for
the kidney (809), liver (74%6) and bone martow
(8370). 1o this investigation we injected 18 mM skg
BSO (4 mg/kg) for 10 h. ‘The concentration of
BSO we usced here was on the high side but was
bascd on our chromosome aberration study where
mice treated with 18 mM BSO /kg showed signifi-
cantly increcased sensitivity to ionizing radiation in
comparison to normal mice (unpublished results).
Therefore, in the present study BSO treatment
for 10 h should be able to reduce endogenous
GSH levels adequately and the induction of SCE
by GSH depletion suggests the important protec-
tive role of endogenous GSH in the cell against
peroxides and free radicals which arc formed by
normal metabolic pathways (Mcister, 1979).

The demonstration of clevated frequency of
SCEs after exposing BSO-treated mice to GSH
and the failure of catalase to reduce this suggest
the non-involvement of hy‘drugcn peroxide in SCIL:
induction in BSO-trcated mice. It appcars that
the exogenous addition of GSH after BSO treat-
ment could not have increcased the endogenous
GSH level due to impairment of GSH svnthesis
by the single BSO treatment. This impression is
further consolidated by the cell proliferation data
where GSH could not induce any delay in cell
kinetics in BSO-trcated mice. Wardman et al.
(1992) demonstrated that intracellular cysteine
levels are enhanced atter exposing BSO-treated
cclls to GSH. Lee ct al: (1987) showed that the
recovery ratc of GSH to pretreatment values fol-
lowing a single dose of BSO was 72 h for bone
marrow. Theretore, addition of GSH after 10 h of
BSO trcatment could not negate the inhibitory
cffect of BSO on GSH synthesis However, the

increased frequency of SCEs induced by GSH in
this case is difficult to interpret. It could be that
GSH-degraded product(s) might be involved in
this induction. It is clear from the results that
neither the generation of hydrogen peroxide and
nor the binding ability of GSH to chromatin was
the factor responsible for such SCE induction.

GSH induces a delay in cel) cycle kinetics in a
dose-related fashion, which is in agreement with
our carlicr in vitro tindings (Chatterjee and Ja-
cob-Raman, 1986). 'The cticcet of GSH on the ccll
cycle has also been obscrved by Speit et al. (1980a)
while studying the clfect of GSH on SCE forma-
tion. ‘They mentioned that GSH at concentrations
greater than 5 mM inhibits cell cycle progression
in V79 Chinese hamster cells. In general,
aminothiol radioprotectors arc thought to bind
with DNA and slow down strand scparation for
replication (Brown, 1967). Therefore, the cell cy-
cle delay cffect of GSH observed in the present
in vivo study may involve the binding of the
chemical to chromatin.

Reduced GSH, a naturally occurring cellular
component, can inducc genetic damage if SCEs
are taken as a measure of DNA damage. This
induction of SCEs is largely due to generation of
hvdrogen peroxide after autoxidation of GSH
sincc catalase brings down the GSH-induced
SCEs to the catalase alone level. However, the
induction of SClis by GSH in BSO-treated mice
indicated the involvement of an unknown route
by which the degraded products of cxogenously
added GSIC, might induce SCEs. Therefore, the
involvement of an unknown route or direct action
of GSH to chromatin cannot be ruled out in a
small fraction of SCEs induced by GSH in normal
nnice in vivo besides the major contribution of
hvdrogen peroxide.

The findings presented here indicate that the
mechanism resulting in SCE formation by GSH
may not be simple and more study is needed to
develop a comprehensive hypothesis.
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