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IHTRODUCTIOll 

The journey of (he 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 

inactlvation by X-rays. In 1948, Laterjit and Epharti reported that bacteriophages were 

effectively protected against radiation damage by Ihioglycolic acid, glutathione, 

cysteine and cysteine. In 1949, Barron ef al. provided evidence that radiation induced 

inactlvation of some SH-containing enzymes could be inhibited by glutathione(GSH). 

However, the first in vivo study of radloprotection 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 tlissues, 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 chemotherapeutic agents as 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-

^damageswere 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 

radlosensifivity (Revesz ef al. 1963). II has been demonstrated that GSH plays an 

important role in cellular detoxification processes (Revesz and Modig 1965, see Revesz 

et al. 1984), regulates various enzymatic pathways by acting as a cofactor (see Meister 

and Anderson 1983) and it is involved in cell growth and replication process (Mazia 

1961; Holmgreen 1979). Several reports suggest that increased radiation sensitivity is 

associated with defective GSH-metabolism. Various diseases like catarit of lens 

(Beutler and Srivastava 1974), 5- oxoprolinuria (Larson 1081), leukemia and anaemia 

(Sabine 1964; Macdougall 1968) have been reported to be associated with defective 

GSH metabolism 



Data available on the protective effect of GSH on radiation induced chromosome 

aberrations (CAs) are limited to deletion in Tradescantia root lips (Mlkaelsen1952), 

anaphase bridges in grasshopper (Chaudhuri 1968) and Hordeum root tips (Reddy 

1971) and sex linked lethals in Dmsophila (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 

lymphocytes. 

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 Ilio et al. 1988; Volm et al. 1991). GSH 

was also found to provide resistance to several anticancer drugs. These include 

alkylating agents (nitrogen mustards, nitrosourea-s), redox-cycling agents (adriamycin) 

and also to vinca alkaloids and epipodophilotoxins (Black and Wolf 1991). Mytomicin C 

(MMC) toxicity was found to 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 radiomimetic 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 

radiosensitivity have been observed with both GSH-deflcient 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 (SSbs), and clonogenic survlvality 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 (Hittelman 

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 

to asses the radio and chemosensitivity in normal and GSH-depleted cells. 



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

(HPBLs) is considered to be an well established in v/Vo 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 V-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 action 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 investigation is presented on the basis of each objective. Therefore, total 

five separate chapters 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 

chemosensitivity 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 I 

Measurement of cellular glutathione level 



LITERATURE REVIEW 

Thiols have long been thought to afTecl the sensitivity of cells to 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, at least in pari, 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-synfhetase 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 satisfactoiy approach to the production of expetimental GSH deficiency. 

Buthionine Sulfoximine (BSO) was developed in Meister's laboratory (Griffith and 

Meister 1979; Griffith et al 1979) as a potent and selectve inhibitor of T-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 treattt 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 cells grown in tissue culture (Dethmers and Meister 

1981) and in erythrocytes in suspension (Griffith 1982) also decline rapidly in the 

presence of BSO. In vitro studies, using human tumour teell 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 

tissues Consequently additional information on the in vivo use of BSO would greatly 



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 

chernoseiisilivily both in vivo and in vitro in mammalian cells. In order to deplete the 

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

proposed by Beutler et 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 efforts to prepare selective inhibitors 

of T- glutamyl cysteine synthetase. 

2. 5,5'-dithiobis (2-nitro) benjoic acid (Ellman 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 aceiic acid (TCA) (Merck), Mefaphosphoric acid (MPA) (Merck), Sodium 

Chloride (NaCI) (Merck), Ethyl diamine tefraacefic acid (EDTA) (Merck), Di-Sodium 

hydrogen phosphate (Na? HPO4) (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 libitum . Bone marrow cells (BMCs) were isolated from femur bones. 

In vitro experiments were carried out using human peripheral blood lymph cytes 

(HPBLs), collected from healthy young (25 -30 yrs of age ) donors, mostly males. The 

method of collection of blood and further teatments 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 l<g^ 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 5mM of BSO was added into the 1ml aliquot of whole blood for 3h prior to 

estimation. 

b. Measurement of CSH in mouse BMCs 

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

described below: 

Solutions: 

1. NaCI - EDTA: 4.2g of NaCI + 0.3684g EDTA were dissolved in 500ml of distilled 

water. 

2. 0.3 M Phosphate buffer: 4.2588g Na2HP04 was dissolved in 100ml of distilled 

water. 

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. vortexed and kept at 4"C for 20 min. It was centrifuged for 15 min at 5000 

rpm at 4"C 1ml of supernatant was added to 6ml of 0.3M phosphate buffer and then 

1ml of DTNB was added and vortexed. The optical density 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 

jiMto400 iifVl). 



The concentialion of GSH was calcnialed using the formula: 

Spedophotometric concentration 
GSH concenltation (nrnol / 10'' cells)= X 2(dilution-

Number of cells (x 10 )̂ factor) 

c.Measutement of GSH in whole blood of human 

Solutions: 

1. Precipitating solution; 

Glacial MPA - 1 67g ; EDTA - 0 2g; NaCI - 30g Dissolved in 100ml of distilled wafer. 

2. 0.3M Phosphate solution: 

4.2588g NapHPO* was dissolved in lOOrnl of distilled water. 

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

at4"Cindark). 

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 filtered, using Whatman (No. 1) filter 

paper. 

1ml of filtrate was mixed with 6ml of phosphate solution and Imi of DTNB. A blank 

sample was made using 6 ml of phosphate solution and 1 ml of diluted precipitating 

solution (3 precipitating solution : 2 distilled water) and 1ml of DTNB was added to it. 

All the solutions were vortexed and the optical density was measured at 412 nm. 

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

\iM - 400 uM). The concentration of GSH was calculated by multiplying the 

specfrophotometric concentration with 10. 

The concentration was expressed as pmol ml ' of blood. 

Sfafisficaf clulation 

Data are presented as Mean + SD. The results were analysed with the Student's t-fest. 

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 (his experiment. The 

GSH concentrations showed a rather marked range varying from 1 to 3 p/nol 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 imo\ 10 ̂  cells (69% and 45% of ttie BSO untreated mice) was achieved 

after treatiing the mouse with 4 and 200 mg kg ' BSO for lOh. The data clearly 

indicate that depletion of endogenous GSH is BSO dose dependent. However, the total 

depletion of GSH may differ from mouse to 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 )imol ml ' with an average of 759.4 + 33.93 jjinol mf^ 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. 



Table 1.1 (iSlI lonrentnition in liSO treated and untreated mouse bonemairow 
rHIv 

BSC) U O i l s 

(nig kg"') (xlO*) 

00 32 
31 
19 
36 
18 
32 
32 
25 
35 
35 
38 
36 

n 35 
33 
25 
35 
30 
30 
38 

M 35 
34 
33 
33 
51 
39 
29 
32 
29 
35 

00 43 
54 
46 
52 
48 

Spectrophotoinetiic 
AhKorb. 

0.024 
0.029 
0.020 
0.024 
0.015 
0.016 
0.020 
0.016 
0.023 
0.030 
0.021 
0.034 

0.021 
0.029 
0.027 
0.036 
0.032 
0.026 
0.015 

0.021 
0.020 
0.006 
0.004 
0.120 
0.025 
0.018 
0.021 
0.024 
0.022 

0.021 
0.025 
0.024 
0.023 
0.024 

Cone. 

28.77 
18.19 
10.02 
43.90 
27.50 
31.00 
16.00 
19.83 
28.12 
39.86 
29.16 
18.37 

25.70 
33.73 
16.47 
24.21 
20.99 
32.12 
18.97 

25.70 
24.52 
18.00 
28.00 
27.00 
30.69 
21.83 
11.31 
13.68 
12.60 

30.03 
34.66 
09.48 
08.45 
09.69 

GSH 
Ounol lOr* 

1.80 
1.17 
1.05 
2.40 
3.00 
1.90 
1.00 
1.58 
1.60 
2.27 
1.53 
1.02 

1.47 
2.04 
1.31 
1.38 
1.39 
2.14 
1.00 

1.47 
1.44 
1.09 
1.20 
1.06 
1.57 
1.50 
0.71 
0.95 
0.72 

1.39 
1.32 
0.41 
0.32 
0.40 

_GSH 
cells) X + S.D. 

1.693 + 0.62' 

1.533 + 0.41 

(90%) 

1.17 + 0.32* 

(69%) 

0.768 + 0.54' 

(45%) 

fjSIl conceiilifilioii as percent of luitrealed conbol is given in parentheses, 
b-a p<O.OV c-a p'O.OI Student's 1-test. 



Table 1.2 Ksliniation of C>SII-levcl in RSO ticnted nnd untreated human 
peripheral blood . 

BSO Spectiophotometric GSH _GSH 
(niM) Absorb Cone. (jiniol ml') X + S.D. 

00 0 OS8 
0 054 
0 055 
0.057 
0.049 

05 0.031 
0.042 
0 041 
0.042 
0.037 

GSII concentration as percent of untjejited control is given in parentheses, 
b-a p< 0.001 Student's t-test. 

81.32 
76 23 
71 96 

75 53 
74.65 

45.11 
60.35 
51 31 
52.39 
56.77 

813 
762 
720 
755 
747 

451 
603 
513 
523 
567 

759.4 + 33.93' 

531.4 + 57.59̂  

(70 % ) 



DISCUSSION 

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

GSH content and cellular radio and chemosensitivity with respect lo cytogenetical 

parameters Since mouse bone marrow cells were used in vivo and human peripheral 

blood lymphocytes 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 /caking of endogenous thiols from cells. 

The wide spread distribution of GSH and its apparent involvement in various biological 

functions (Meister 1983) have generated a continual interest in methods of analysis of 

this cellular component ever since its discovery and isolation in early thirties. Although 

this tripeptide can exist in both reduced (sulphydryl) and oxidised (disulfide) form, If Is 

maintained in vivo predominantly in the former state, through the action of the equally 
a 

ubiquitous enzyme glutathione reductse (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 

tissue 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-thiobenzolc add. possesses a molar 

absorbtion at 412 nm. 

For this reason and in conjunction with the use of double beam speclrophotomelry, 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 ml^ of assay mixture, a 

level of sensitivity which 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-rly 1 and 4 

mg kg ' was extremely low concentrations. Neverthefless, 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 Ihe 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 thai 

followmo n sinfjlc (IOMO of f)f)f> m\} k( j ' inJO, \UP GUI I c.oMconliotions of various noimal 

tissues were depleted in a time dependent manner (Lee ef 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 vVae 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 lOh in all studies according (o 

Lee et al. (1987). The doses of exposure time of BSO administered in the present 

studies showed no toxicity 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 separate studies, BSO was treated in mice for as long as 14 

days, wittiout 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 chemosensilivity was assessed in peripheral blood 

lymphocytes, however, for the measurement of endogenous GSH level, the whole 

blood was considered. It has been demonstrated 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 leas! 

depletion occurred in RBCs. If this is the case, then perhaps, the level of depletion in 

lymphocytes was much higher. 

It is a matter of debate as to whether it is a) the absolute GSH concentration following 

depletion or b) the percent depletion of the initial GSH content, which is Ihe 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 parameters 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 et 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 data are explained on the basis of 

endogenous GSH level, which was observed in this section. 

10 



CHAPTER II 

Endogenous glutathione level and its effect 
on cellular radiosensitivlty 



LITERATURE REVIEW 

The abilily of GSH to proteci 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 radiosensltivity. Ohara and Terashima (1970) established the cyclic variation of 

cellular NPSH content during the cell cycle of HeLa 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 exogenously. It 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 

Drosophile. Chafterjee 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 cells were irradiated with 3 and 4Gy. They also 

demonstfated 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 to have this information, an 

approach was taken to manipulate Intracellular thiol concentrations by treating with several 

chemical compounds. 

The radiosensltivity 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 



chemically blocking GSH biosynthesis using BSO (Bump el al. 1982; Griffith and Meister 

1979) It has also been shown that the application of DEM and BSO enhanced the 

radiosensitizing effect of misonidazole (MISO) in mammalian cells in vitro (Bump et al. 

1984; Hodgkiss and Middlelon 1983; Clark et al. 1984). However, a similar gain in the 

radlosensilizing 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 artificial 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 activity 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 different 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 radiosensitivity by oxygen is probably determined by competition 

between oxygen and cellular thiols for radiation induced radicals in key targets (Howard-

Flanders 1960). GSH-deficienf (GSH) cells are a useful biological material for 

experimental tests of this competition hypothesis. Several tests 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 to exist between oxygen enhancement ratio 

(OER) and GSH-content. The enhancement of sensitivity being critically dependent on the 

GSH-availability. They also demonstrated that GSH is specific for determining the 

enhancement of radiosensitivity by oxygen and the role of other cellular aminothiols may 

be insignificant. 

Attempts were also made to change the sensitivity of GSI-Tcells afler treating the cells with 

different radioprotective thiols (Edgren et al. 1983). The OER of the treated ceils was 

determined after exposure to radiation under hypoxic and oxic condition. It was found that 

the OER for the thiol substituted GSH~cells do not reach the values calculated for GSH"̂  



cells treated in a similar manner. This suggests that, none of the added exogenous thiols 

can fully replace 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 data are accumulating wtiich suggest that, DNA dsbs may be the primary 

lesions leading to CAs (Natarajan 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 - irradiation 

MATERIALS AND METHODS 

Materlats 

1. Bulhionine Sulfoximine (BSO; Sigma. (JSA); This is used as a potent inhibitor of GSH-

synthesis. Details about it has already been described in Chapter I. 

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 

6ngm l ' . 

3. Radiation: Gamma irradiation was performed, with a ^Co source, with dose rates 18.6 

Gy min ' and 14.4 Gy min V 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 I). 



Methods 

Experimental ptocedure 

0) Treatment with BSO 

BSO with different concentrations (1-300 mg kg ' body weight) were prepared in 

phosptiate buffer solution (pH 7.4) and injected intraperitoneally (i.p), lOfi prior to 

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

For in vitro experiments. 1 and 5 mfVI of BSO was added into 1ml aliquot of blood for 5h 

prior to irradiation. 

b) Irradiation 

Mouse was kept inside tfiin glass bottle and irradiated wfiole body in tfie "^Co Gamma 

chamber. The radiation doses used were, 0 5, 1.5, 2.0 and 3.0 Gy. 13h after irradiation the 

BIWCs were fixed. 

In case of HPBLs, 1ml aliquot of whole blood for each T -ray dose was taken in a sterilized 

small flat bottom 25 ml glass beaker. The lymphocytes were exposed to 1.0, 1.5. 2.0 and 

2.5 Gy of T- irradiation at room temperature. After 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. 

c) Culture procedure 

Cultures were set up in medium containing 10ml of RPMI 1640 (GIbco, USA) with 

antibiotics (200 lU of penicillin and 100 ;ig of streptomycin per m\) and supplemented with 

1ml of heat inactivated Foetal-calf serum (Biological Industry Ltd.. Israel). In each culture, 

the amount of blood was 1ml. In order lo stimulate the lymphocytes for entering in cell 

division, 0.3 ml of phytohemagglutinin M (PHA) (Gibco, USA) was added In each culture. 

BUdR (6 Jig 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 animals were sacrificed 13h after irradiation by cervical dislocation with 2h colchicine 

treatment prior to If. The femur bones were dissected and the BMCs were obtained by 

injecting 2ml of 0.075M KCI (hypotonic solution) into one end with a 26 gauge needle. A 

single cell suspension was made in hypotonic solution and incubated for 15min at 37°C. 



They were centiifiiged at 1200 rpm for 5min and fixed in two ctianges in fixative (metlianol 

: acetic acid 3:1) for 30 min and 10 min respectively, tesuspended In 0.5 ml of fixative and 

dropped onto chilled slides and flame dried 

In whole blood cultures, colcemid was added at a concentration of 0.01 ug m l ' , 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 unirradiated 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 )xg m l ^ Sigma. USA) at room 

temperature in dark, rinsed in distilled water, mounted in 2 X SSC (NaCI-Na-citrate, pH 

6.8) and kept in sunlight for 30-40min, depending upon the intensity of sunlight. Afler 

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 interstitial 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 tlie pooled data using Microcal Origin (version 3.5) 

program linplenrented on a Toshiba T2100 computer. 

Calculation and Statistics 

a. To verify the signiricance of the protective and synergistic effect of the chemical 

measured In terms of reduction and enhancement in aberrant metaphases, 2 X 2 

contingency Cfiisquare ( x ) formula was applied on the experimental and positive control 

data 

n { (ad - be) n/2}' 
7 _ ^ _ 

(a + b) (c + d) (a + c) (b + 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 (dO = 1 

b. To verify the significance of the protective and synergistic effect of the chemical 

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

Chisquare (x") test has been used. 

RESULTS 

The influence of endogenous GSH on CAs Induced by y- irrBdiation in mouse BMCs 

Initially few experiments were performed to see the cell cycle pattern of unirradiated BMCs 

by fixing them at 13. 17 and 20h after BUdR-tablet implantation. The data (table 2.1) 

showed that the frequency of cells in first cycle metaphase (Mi) is very high (96.5%) at 

13h fixation lime. Since the M1 cells should be considered for chromosome aberration 

study, all the subsequent in vivo experiments were earned out by fixing the cells at 13h, 

considering the delay induced by T-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 represented individually in table 2.2a, 2.2b 

and 2.4 I he pooled data are presented in table 2 3 and 2.5. The negative control value Is 

presented from 3 mice Mice were treated with 0, 0 5, 1 5, 2 and 3 Gy of T- irradiation. In 



BSO treated mice. difTetent concenfiations of BSO (1, 3, 4, 200 and 300 mg kg") were 

selected. A minimum of 3 mice were used in each point. 
I. 

the whole expfMimenI was conducted in 2 sets ttini leicloie two dllleient dose late liad to 

use. In the first set of experiments, the dose rate was 18.6 Qy min^ and in the second set 

14.4 Gy niin ' was used Mean percentage of aberrant 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 - I) Exchanges (exch): All inter changes 

involving two or more different chromosomes, ii) Sister chromatid union (SCU). Kind of 

intra arm interchanges, taking place between lesions within a chromosome Hi) 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 to 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 to 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 T-irradiafion In the first set of 

experiment (table 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). All 

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 sensitivity 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 



not 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 

senslK^Htion I IH ; miiximuin sensllL'Htion in tlie tiequency ot abeuant inelaptrases 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 2.6 ). 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 

after BSO treatment Graphs plotted from the pooled data showed that the frequency of 

exchanges reduced in BSO treated sample than untreated one (Fig 2.4 and 2.6). 

It is worth noting, that mice treated with extremely low concentrations 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 aOer 200 mg kg"' BSO treatment 

(Chapter V). 

Therefore, as a whole, mice treated in vivo with BSO (4 and 200 mg kg ' ) showed higher 

sensitivity to T-irradiation than BSO untreated mice. This increased sensitivity of mice to 

irradiation was reflected by significant 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 T -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 level on CAs induced by T-irrediation in HPBLs 

Gamma ray induced CAs have been studied in HPBLs as positive control to 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 treated with 0, 1.0, 1.5 and 2 OGy of T -irradiation. In one case 2.5 Gy was also 

used. BSO 1 and 5 mM were used. Aberrations were scored from Ml (Fig 2.7). The 

scored aberrations were: i) Exchanges including dicentrics and rings (both with or without 

fra9men\s> V,) cie\e\ions (mc^vî mg bo\h lermmat an^ m\ers\rtra )̂ and w) ChroTna\Ki breaks 

(Chd. bks). Translocations were not scored Microphotographs representing aberrations 

are presented in Fig 2.8a. The frequency of total rearrangements (dicentrlc+rings), 

deletions and aberrant metaphases induced by T-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 after BSO treatment (table 2.7 and 2.8). The frequency of radiation 

induced learrangements 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 to 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. 

10 



10 11 

BSO 

I'lXSltlOl) 

2H 

_/-- ^ 

d 

MetaphaKe 

i> IT) <!E> /pj © > 

/A' r/;r> 

III II 

ll.l'F 
'11 

EXPERIMENIAl. PROTOCOL 

IN ] ITRO 

V 

3H 
BSO 

I, i i i ' i 
• V - i a v |i I 

I H 

• 1 ^ 
-> 

('i/tliiie 
se( up 

(\>lceiui(l 

V 
l < I 

1 111 

4^ \{ 

iMXiilion 

1 ^ 

o 

Meta|>liaf!e 
spiead 

U 



lable 2.1 Ihe lii-qucncy of liist tvcle metnphases (Ml) in mouse bone marrow 
cells fixed at different hours 
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2.0 CiV 

.1.0 Gy 

0 

1 

4 

0 

1 

.1 

-1 

0 

1 

.1 

1 

0 

1 

.1 

1 

0 

'1 

().? + 0.01 

o^ +0.0) 

0<1 f 0.02 

53 + 2.66 

60 i 0.58 

72 ( 2.29' 

72 i 1 00" 

74 12 .47 

7| +.^ 56 

78 17 .1 

87 1 4 8* 

9 0 1 1.21 

8J 13.50* 

80 1.1 18' 

8 8 1 . 1 1 0 

87 1_2.96 

92 1.128 

TM 

00 

.M2 

184 

(2) 
.166 

(3) 

662 

(5) 
470 

(3) 
470 

('1) 
436 

(4) 

661 
(5) 
514 

(4) 
640 
(5) 
285 
(3) 

509 

(5) 
432 

(4) 
325 

628 
(6) 

262 

(3) 
312 

(3) 

Ivxdi 

0.00 

0.00 

0.00 

0.04 1 0.01 

0.10 + 0 03 

0 08 1 0.02 

0 09 + 001 

0 .1610 .04 

0.14 i 0 03 

0 . 1 5 1 '> f*2 

0 1 5 1 '^ "'* 

0.24 1 0 03 

0.18 + 0.04 

0.16 10.02* 

0.101.0.04* 

0.37 + 0.10 

0 28 10.06* 

Abenations/ccll d. SEM 
lsoChd,„bk. 

O.OI + 0.006 

0.01 1 0.005 

0.02 + 0.007 

0.17 + 0.03 

0.22 + 0.01. 

0 .2510 .11 

0 43 ( 0.17** 

0.66 1 0.09 

0.55 + 0,15* 

0 7 '7l0.14* 

1.94 + 0 35** 

0 .5610 .03 

0.50 + 0.11 

0.44 + 0.14* 

0.80 + 0.08** 

0.87 + 0.10 

0.85 iO. lO 

d i d . bk. 

0,02 + 0.004 

0.02 + 0.003 

0.03 + 0.005 

1.21+0.15 

1.35 + 0.14 

2.07 1 0.39** 

2.40 + 0.14** 

2.19 + 0.13 

1.98 + 0.27* 

2.70 + 0.04** 

5.26 f 0.37** 

2.87 + 0.27 

2.74 + 0.21 

2.73 10 .28 

3.79 ± 0.32** 

2.79 + 0.21 

3..53 + 0.22** 

X ^ 
ŜT!̂  * 

scu '^ 

0.00 

0.00 

0.00 

0.03 + 0.01 

0.04 + 0.02 

0.07 10 .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 - uuitibei ol animals. SCI'- sislci clnomalid unioiu TM- total inctaphases 
t P'O.OOI 2 X 2 contiiificncv X'-lesI ; *p-'0.t)5, ** p-O.OOl X"-test at df^2 
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I able 2.4 Ktfcti of HSO Irraliiiriit on <lir«>iiiotoiiir »l>riT;«(ioiiK iiidiKCti by (Camilla 
irr»<lia(i<ui in iiioiur lioiir marrow rriit. 

dose(G'y) mv. Î f"' 
AUl M I M 

l<;xch. 
AIH'U lit ions/cell 

Isoclicl. bk. Chd. bk. SCU 

Dose rale: 14.4 (>v/iiiiii. 

2.0 

200 

.100 

3.0 

200 

60 
65 
57 

67 
6-1 

78 
59 
90 
81 

75 
64 
67 

7.1 
71 
8.1 
79 

90 
81 
87 

90 
92 
83 

127 
115 
105 

113 
119 

093 
107 
087 
101 

077 
090 
116 

111 
108 
121 
III 

105 
067 
120 

111 
126 
091 

0.12 

0.18 
0.20 

0.08 
0.07 

0.07 

0.04 

0.05 

0.09 

0.04 

0.03 
0 07 

0.28 
0.24 
0.39 
0 4? 

0 40 

0 27 

0.20 

0.32 

0.43 

0 26 

0.30 

0.18 

0.23 

0.34 

0.30 

0.52 

0.30 

0.33 

0.36 

0.49 
0.32 
0.40 

0.82 
0.43 

0 56 
0 16 

0 81 
0.54 

I 05 

0.69 

0.98 

0.91 

2.08 

1.90 
1.73 

2.23 

2.36 

2.94 

2.06 

3.88 

3.93 

2.47 

1.92 
2.84 

3.11 
2.86 

3.46 
3.29 

3.81 

2.28 

3.10 

5.21 

5.38 

4.81 

0.08 

0.04 

0.05 

0.03 

0.03 

0.05 

0.00 

0.01 

0.01 

0.12 
0.04 

0.01 

0.18 

0.16 
0.14 
0()9 

0.20 

0.15 

0.28 

0.11 

0.08 

0.06 
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TaMe 2.5 Kffotf of RSO (rradiKait on rhroniosonic alxrraHons induced by Gaiuma 
inadiatioii in mouse bonr marrow cells in vivo 

R;i<lil M.'U) .'M>( M ("..) IM 
(lose HIP kpr' t^l'-M (ii) Kxtli. 

Dose Rale: 14.4 (iy / min 

(» (,iy 0 0.111.00 .142 0 
(3) 

1 04 t<>'1<) 166 0 

200 04 11.0.1 156 0 

/\l)cii;ili()iis'ccll i .SI.IM 
Isoclid. bk Chd.bk 

O.ol ^ O.(K).'̂  

0.01 + 0.00.1 

SCU 

0.02 + 0.007 0 

0.01 4 0.007 0.02 + 0.006 0 

0.02 + 0.006 0 

2Cfy 0 

4 

200 

.100 

.1 CJy 0 

4 

61 + 2.1.1 147 0.16+0.02 0.24i0.01 1.90 + 0.10 0.05 + 0.01 
(3) 

6.')+l..'iO 232 0.07 t<^ 01* 0.12 10.02* 2.29 + 0.06* 0.03+0.01 
(2) 

77 16.52^ 188 0.06 + 0.01* 0.37_f O.O.-i* 3.20 + 0.44** 0.02 + 0.01 

('0 
69 + 3.28 281 0.05 + 0.01* 0.40iO.O.'^* 2.41 ±0.27* 0.06±0.03 

(3) 

7612,75 451 0 33+0.04 0.54(0,10 
('D 

86 f 2.64* 292 0.29 + 0.06 0.80 + 0.10* 

0) 
20(.> 8812.72^ 331 0.3310.05 0.86 + 0.09 

0) 

3.18 + 0.12 0.14 + 0.02 

3.06 + 0.40 0.21+0.04 

5.13 + 0.17** 0.08 + 0.01 

n - number of miiiiials; StT)-sister clirornatid union; 'I'M-total nietaphases 
+ p<0.0()1 2 X 2 contingency X'-lest ; *p'-0.0.5, **p<0.O0l X^-test at df=2 
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I'ahle 2.6 lii(iiu-finii of rhroinosoiiir aliriTHfioiis hy CTaninia irradiation in BSO-treated 
(5 iiifl k^ ) iiioiisr itoiie iiii«iT<nv veils for different time periods. 

BSO-tJcaC. Radial. I'M All. M Abenatioiis/cell 
period (h) dose ( % ) lixch Isochd. bk. Clid. bk. SCU 

12.T 
108 
196 
113 
121 

129 
ni 
097 

118 
109 

106 
111 

80 
70 
69 
80 
71 

81 
8.1 
90 

82 
88 

95 
80 

0.26 
0,08 
0.10 
0.24 
012 

0.25 
0.10 
0.07 

0.08 
0.08 

0.16 
OH) 

0.80 
0.6A 
0.83 

0.72 

0.32 

l.H 
1.70 
078 

0.90 

1.70 

1.08 

1.06 

Kadiatfiiii Dttse Kate: 18.6 C>y/iiiiii 

1.5 123 80 0.26 0.80 1.88 0.04 
2.07 0.02 
2.32 0.06 
2.65 0.05 
2.03 0.10 

10 1.5 129 81 0.25 l.H 3.70 0.08 
4.60 0.03 
4.04 0.02 

15 1.5 118 82 0.08 0.90 3.40 0.02 
4.50 0.01 

18 1.5 106 95 0.16 1.08 3.96 0.01 
3.50 0.01 



1 able 2.7 EflVil of BSO Irfalnifiil on rJironiosoine abrrralions uiduced by (>aiiiina 
irradiaiioii in iiiiiiiaii |irri|iiirial bioo<I lYiiiphocYfrs iii vi(ro. 

Dose BSO Abt. M TM Aberrations/cell 
(Gy) (mM) (%) Dicen. Deln. CM. bk. Riiig 

KailiaUoii l)i»sr Katr: \1.1$('.y/nun 

0 0 

5 

1.0 

1.5 

2 0 

02 

02 

03 

02 

37 

41 

61 

68 

51 

53 

61 

69 

69 

73 

77 

69 

1 f 

81 

85 

91 

92 

101 

102 

113 

no 
096 

103 

102 

JIl 

108 
101 

121 
107 

113 
116 

109 

091 

093 

111 

089 

106 

093 

0 

0 

0 

0 

0.08 

0.09 

0.08 

0.06 

0 10 

0.13 

0.09 
0 07 

0.08 
0 05 

0 15 

on 
0.16 

0 10 

0 13 

0 IS 

0 13 

0.(M)5 

0.005 

0 010 

0.010 

0.450 

0.390 

0.740 

0.690 

0.480 

0.540 

0 670 
0 700 

0.760 
0.810 

0.740 

0.700 

0.780 

1 300 

1.390 

1 980 

1 790 

0.01 

0.01 

0.02 

0.02 

0.01 

0.02 

0.04 

0.06 

0.04 

0.04 

0.04 

0.04 

0.06 
0.07 

0.05 

0.05 

0.03 

0.07 

0.09 

0 20 

0 16 

0 

0 

0 

0 

0.02 

0.01 

0.01 

0.00 

om 
0.01 

0.02 

0.00 

0.01 

0.01 

0.05 

0.02 

0.03 

0.04 

0.02 

0.03 

0.02 

2.5 0 .̂ 3 108 0 45 0 670 0.05 0.06 

1 

5 

76 

78 

075 

105 

0 40 

0 25 

1.04 

1 14 

0.29 

0 09 

0.03 

0 07 

19 



I;ililc2.f< I'lnVd (»l ItSO (loiihiinif on (liioiiiosoitir .ihrii^ilMtiu iiKliicfd l»v (>;iiiiiiM 
i l l iiiii»(M*ii III l i i i i i i i i i i | i r i i |>l ir i ,il I * I I M H I l>iii|>iii>i >f r i in v i l i i i . 

Riicliat. mo Abl M •»;. TM Abenations/cell + SEM 
dose iiiM +SF,M (n) I) + R Oeletion Chd.bk. 

OCi>' 

0 CJy 

I.OCfy 

1.5 C?>-

2.0 Ciy 

2.5 Cly 

0 

') 

0 

5 

0 

I 

s 

0 

1 

5 

0 

1 

5 

2 ( M O 

2 5 + 0 S 

19 + 2 

64 try 5" 

^2 ^ 1 

6*5 + '!' 

71 ± 2 

7.1 ±.1 

8.1 + 2 

91 +0 .5* 

53 

76 

78 

20.1 
(2,1 

221 
(2> 

199 

(2) 
213 

(2) 

209 

(2) 
228 
(2) 

229 
(2) 

293 

(3) 
203 

(2) 
199 

(2) 

108 

(1) 
075 

(1) 
105 

(1) 

0 

0 

0,10 +0,00 

0 0 7 + 0 . 0 1 

0 12 + 0 01 

0 09 + 0 02 

0 0 7 + 0 01 

0.18 1 0.01 

0 I4+:0(K) 

0 .16+0.01 

0.51 

0 43 

0.32* 

0 005 + 0 (X) 

0 01 +.0.00 

0 '12 + 0.005 

0.71 + 0 . 0 1 " 

0 51 iO(K) 

0 68 i 0.00* 

0 78 + 0 005** 

0 7-1 + 0.006 

1.34 + 0.0!** 

1.80 + 0.02** 

0 67 

1.04** 

1.14** 

0 01 +0.00 

0.02 + 0.00 

0.01 + 0.00 

0.05 + 0.01 

0.04 + 0.00 

0.04 t 0.00 

0.06 t 0.00 

0.04 1 0.01 

0.08 + 0.01 

0.18 + 0.02 

0.05 

0.29 

0.09 

+ p<-0.00l 2 X 2 contingency X'^-lest : * p -0 05, ** p<0.00t X^-test at df=2 
TM Total iVfetaplia.se: n niunber of sfuiiple; D^R Diceiibic + Rinji 
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Fig 2.1: Hoechst- Sunlight- Gimnsa staining pattern of chronosorrn'S 

of mouse bone marrow cells grown in presence of HJdR. 

a, one division cell cycle; b,c,twD division cycles; 

5GE, Sister Chrcmatid Exchanges. 





Fig 2.2: Microphotographs showing Gamna irradiation induced 
chromosonnB aberrations in first cycle metaphases of 
mouse bone marrow cells. C, Chromatid break; IC, Iso-
chrcmatid break; X, Exchange; SGU, Sister Chromatid 
Union. 
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Fig 2.7: Hoechst- Sunlight- Gi«TBa staning pattern of 

chrcrTDSomes of hirran peripheral blood l̂ irphocytes 

grown in presence of EMJdR. A, one division cycle; 

B and C, two division cycles. 
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Fig 2 . 8 : Microphotographs slKT.vipg A, Gatifa i r r a d i a t i o ! ) 

induced; B and C, [Me^sifycin induced chrcsroscvfr-i 

a b e r r a t i o n s in f i r s t c y c l e metaphases of luinsn 

p e r i p h e r a l blood l>nph.ocytes. d, d i c e n t r i c ; 

d l , d e l e t i o n ; t , t r j c « - n t r i c ; R, r i n g . 
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DISCUSSION 

Historically, stiuiies on the radiosensiUzing effect of oxygen directed attention towards 

cellular thiok. as a major deleiiiiinfitit of the radiation response of the cells. The well known 

competition theory was introduced in 1955 ()y Alexander and Charlesby, the major feature 

of whicti was the assijniplion of competition between damage restituting and damage fixing 

reactants for radiation induced tadicals in key target molecules (Alper 1979; Edgren et al. 

1985). The restituting species is identified as cellular thiols, which repair the damaged 

target by hydrogen donation. 

IVlany experimental observations 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 reactions, 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 evidence that, sulphydryl and oxygen can compete in the way 

suggested by the competition model was provided in pulse radiolysis experiments (Adam 

et al. 1968) In view of the participation of GSH in a great number of diverse metabolic 

functions in the cell (Kosower and Kosower 1978), it is conceivable that it will also take 

part in some ladiation 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). DNASSbs and DNAbase damage have also been 

suggested as DNA - lesions, giving rise to indirectly induced DNA dsbs with subsequent 

formation of CAs (Preston 1980, 1982). BSD was used to study the effect of GSH 

depletion on radiosensitization of BMCs in vivo and HPRl. s in vitro. The rationale for BSO 

treatment is based on the premise that GSH serves as a major endogenous cellular 
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ladioproteclo? (Meistei 1903) ond that GSH depletion itself may lead to significant 

(adiosensili^alion. 

In order (o scote CAs, it is advisable to use the BUdR difTerential method to determine the 

most suitable tiarvesting time to have an optimum number of cells in M1 (Bianchi et al. 

1982). Therefore, initially one experiment was carried out to select suitable fixation time for 

mouse BMCs IVIaxirrium number (95'«.) of M l cells were observed at 13h fixation time and 

since ioni?ing radiation Induces delay in cell cycle kinetics (Lloyd et al. 1977). therefore, in 

all in vivo experiments, cells were fixed at 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 to Y-irradiation. The observed data clearly indicate that BSO-incubation 

period for 10. 15 and 18h increased the radiosensilivity to a same degree. It was reported 

that intermediate rates of depletion were seen in BMCs of mouse with nadirs at 8-12h 

(Lee et al 1987). The present results indicate, thai maximum level of GSH depletion could 

be achieved at lOh 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 to BSO 

concentrations. In this study (in vivo), extremely low ( 1 , ^ mg kg^) and moderately high 

concentration (200. 300 mg kg ' ) of BSO was used Out of three extremely low 

concentrations used, 4 mg k g ' is the one. which is effective to all the radiation doses, 

except 3Gy, where the degree of increment was very less. Both 1 and 3 mg kg ' is also 

effective at 0 5 and 15 Gy of T-irradiation but not at higher doses. It is clear that BSO 200 

mg kg ' is more efficient to increase the cellular radiosensitivity than 4 mg kg '. This could 

be due to better depletion of endogenous GSH by 200 mg kg ' than 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 However, the reason is not quite clear. Very recently there is 

a report regarding a protective effect of BSO in rnicronuclei induction by radiation in mouse 

BMCs( Sarmaet al 1996). 

In this study, of all the abeitalions scored in rtiouse BMCs, Chd bks. are the most fiequent 

one and showed consistent sensitization in BSO treated cells. The second major group is 

the Iso-chd bks which also showed siniilar 'sensiti.-ration after BSO treatment. However, 
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the other important group, exchanges and rearrangements did not increase at all. This 

shows Ihal Chd. bks and Iso-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 ladiosensitivity with respect to DNA SSbs in GSH depleted cells by 

BSO under aerobic conditions (Edgren el al 1985), Others have also found, little or no 

sensitization of aerated cells by depleting cultures of GSH (Bump et al. 1982; Clark et al. 

1984). However, equal sensitization of aerated and hypoxic cells using similar in vitro 

systems has also been reported (Koch et al. 1984; Mitchell 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. (1985). 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 also studied by measuring 

DNA 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, thai the SSbs Induced In GSH deficient cells under oxic 

condition was repaired much slower and remained incomplete afler 2h. 

In all studies, DNA SSbs were chosen as the end point, determined shortly after exposure 

of the cells, 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 reactions 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 not allow direct 

measurement of chiomosome damage immediately after irradiation, therefore. Interference 

of biochemical processes following irradiation could occur. It is wellknown that, primary 

lesions induced in DNA are subjected to cellular repair Unrepaired or misrepaired lesions 
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()ivye iisj? !o ('As (NHiaiaiHii fjiul /.vHiuMibutcj 1902) fheipfore, in this investigation, the 

increased ladiosensilivily of the HG'J tiealed cells with 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 strand breal<s in GSH depleted cells 

can not l)e niied out tor the observed higher radiosensrtivity. 

It is conceivable, th^l GSII only in clor-.e proximity to tl>e critical DNA target can function in 

the radical competition processes In this stiidy, the GSH measurement has been 

performed in whole cells, which may not reflect the change in the amount of GSH at 

locations where it could be of importance in treatment. Edgren (1987), reported 

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 deFrency 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 G S H * * strain was 13.5 + 0.7 nmol per 

mg protein About 10% of this amount was located in the nuclei. After BSO treatment, the 

GSI^l content in the whole human fibroblast cells of the GSH' ' strain was decreased to 

aboiil 5%. whereas, in the nuclei it was about Sf̂ K. of tlie normal Therefore, it could be, in 

the present study, that BSO treatment both in vivo and in vitro, deplete cytoplasmic 

content more eficiently than nucleai P.SH content, and if it is so. then the initial number of 

free radical induced UNA lesions may not varv with great degree between BSO treated 

and uritrealed cells While extranucleat GSH. may not play any major role to save DtvlA 

from radical reactions, are involved in the numerous post-irradiation biochemical repair 

processes the data presented tiere. support this interpretation because exchange and 

rearrangement type of aberrations failed to increase, which needs association and 

rejoining of radiation induced DNA strand breaks in BSO treated cells. It implies that, 

presence of GSH may be in)poi1ant for rejoining of strand breaks Induced by radiation. 

Uoie increased radiosensifivity by ?00 mg kg ' than 4 mg kg ' BSO in cells could be 

attributed due to better degree of GSI I depletion in both the compartment of cell by the 

former concentration of BSO 1 herefore, 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 Ko chd bks in BSO treated cells 

2'» 



CHAPTER ill 

DOES GLUTATHIONE INVOLVE IN DNA REPAIR? 



LfTERATURE REVIEW 

Endogenous thiols, especially Ihe IripeptJde GSH. play an imporlant 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 at different levels of the process leading from 

the primaiy lesions to the final cell damages, eg 

1 GSH may intetfeie 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-Flandecs 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 fibroblast and lymphoblastoid cells, the role of GSH, in the 

initiation of damage leading to DNA breakage has been demonstrated (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 to repair a considerable pari 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 et a l , 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 a cofactor Therefore, they interpreted these 

observations a'; an involvement of repair systerii in the rejoining of oxically induced S.'̂ bs. 

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



clearly dependent on GSH In Ihiol substituted (GSH, MPG or DTT) GSH"cells had the 

capacity to rejoin radiation induced SSbs to a fairly normal extent has also been 

demonstrated (Fdqien et BI 1981) ruillier suppoit for the concept that the presence of 

GSH is essential for the rejoining of the particular aerobically induced srj) was obtained in 

experiments in which the irradiated GSH"cells admixed with unirradiated 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 contrast, 

admixed GSH' cells 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 imporlance of thiols in the repair mechanisms 

of DNA containing 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'-0H and 5-PO4 ends But the excision of an AP-site requires another clevage 

3'- to the damage. AP-endonuclease I breaks the phosphodiester bond 3' to AP sites 

leaving 5' PO4 bonds (Mosbaugh and Linn 1980), are not endonuclease but seems to be 

p- elimination catalysts (Bailly and Verly 1984) p -elimination acting as an AP site in DNA 

leaves a 3' terminal <t , p- unsaturated 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 it has beet» observed that addition of thiols to the double 

bond of the 3'-terminal sugar resulting from [Velimination prevents a subsequent 6-

ellmination (Bailly and Verly 1988). 

An exchange aberration is thought to arise after lateral association between partially 

denatured DNA regions 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, shorl lived DNA breaks 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 complex (Holmberg and Gumausker 1986). 

In the present study, we have made an attempt to resolve the role of GSH in exchange 

aberration formation (due to misrepair) Since DNA dsbs are responsible for CAs 

formations (Natarajan and Obe 1978; Nafarajan et al. 1980), therefore In this study, data 

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

irradiation 

MATERIALS AND METHODS 

Mateilals 

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 fripeptlde, though not derived 

from protein. Glutamic acid, cysteine and glycine are bound together to form GSH (L-T-

glulamyl-l csleinyl- glycine). The glutamic acid residue joined unusually with its T-COOH, 

rather than the (x -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. Concentration of GSH was used 400 mg kg ' in mice for in vivo studies and for in 



vitro studies ?0 rriM was used in UPBl s n»e solution was prepared frestily in sterile 

distilled water and was used. 

2. Glutaltiione ethyl ester ( T-glutamyl-cysteinyl-glycyl ettiyl ester; Sigma, USA): 

This is a derivative of GSH. It can enter cells more easily than GSH and is readily 

converled to GSH after transport Ttie conversion of GSH from GSH-ester does not 

require energy and the levels of cellular GSH achieved is not inhibited by feed back 

inhibition II is also reported as a radioprotecfor and can elevate the level of GSH much 

higher than its normal status (Puri and Meister 1983; Anderson and IVIeister 1989). 

The concentration used in in vitro studies was 20 mM The solution was prepared fresh in 

sterilized distilled water prior to use. 

3. Buthionine Sulfoximine (BSO; Sigma, USA): It has already been described in the 

Materials and Methods section of Chapter I. In this experiment, BSO was used only in in 

vivo study and the concentration was 4 mg kg '. 

4. Radiation: Described In Materials and Methods section of Chapter II. 

Experimental system 

Similar as described in Materials and Methods section of Chapter I. 

Methods 

Experimental procedure 

a. Treatment of GSH 

It was injected/added just after T -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 selling up of culture. 

c. Irradiation 

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

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



aliquot of blood was taken in a steiilized small ?5 ml flat bottom glass beaker. The 

lymphocyles were exposed to ? and 3 Gy of T-irradiation eitfier at room temperature or in 

ice Samples whicti were iirfldialed it» ice were kept in ice for 30 min before irradiation. 

Blood samples, which were irradiated at room temperature were kept in 37"C and those 

irradiated on ice, were kept at 4"C for Ih after irradiation 

d. Culture procedure 

The methodology for collection of blood and setting up of culture was similar as described 

in Chapter II 

e. Chromosome preparation, staining and scormg 

Similar as described In Chapter II. 

f Calculation and Statistics 

The ruethod of calculation and forrrrulae applied for statistics are desribed in Chapter II. 

RESULTS 

GSH-postlreatmenI after T -irradiation to BSO treated and untreated mice 

T-rays induced CAs have been studied in mouse BMCs as positive control to GSH 

posltrealed samples in each experiment GSH post treatment has also been performed 

after T-irradiation in BSO treated mice All their results 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 Individunl data of each type of aberrations and aberrant 

mefaphases 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 melaphases. 

GSH posttreatment to BSO treated 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 melaphases (table 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 posttreotment to r-irradiated lymphocytes in vitro 

Two difTerenI sets of experiments were performed, one witti 2Gy and tfie other with 3Gy of 

irradiation Since, these experiments were performed separately, therefore two different 

dose rates liad 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 irradiation 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 data 

presented in table 3.2 and 3.3 showed that there was a signlfrcant 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 rearrangements 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. 
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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 detoxificalion processes (Revesz and Modig 1965; Revesz at al. 1984), 

regulates various enzymatic pathways by acting as a cofactor (see Meister and Anderson 

1983) and it is involved in cell grov/th and replication process (Mazia 1961; Holmgren 

1979) may be relevent to the parlicipation of GSH in repair. 

Many different biochemical repair reactions are likely to occur, after the initial radical 

reactions but little is known about 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 SSbs was determined upto 1h after exposure. These observations 

indicate that the repair system 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 II is clearly exhibiting the increased frequency of Chd. and Iso-chd. bks. or 

deletions without increasing the frequency of rearrangements in GSH-depleled cells which 

prompted 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-posttreatment just after T-

irradiation to BSO treated and untreated mice and secondly, GSH or GSH-ester 

posttreatmet to HPBLs, 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 afler irradiation is poorly effective In reducing the frequency of Chd. 

and Iso chd bks induced by 2Gy of irradiation and the frequency of exchanges Is not 

altered As Ims been outlined in the section of Introduction and Literature Review of 
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Chapter II. that reports are available on the protective elTect of GSH-prelreatmenl on 

radiation induced CAs In diffefenl systems. Generally all radioprotectors protect cells 

effectively, if it is treated before iiradiation (Bacq 1965; Edgren 1970). However, present 

mild protective effect observed in GSH-posffreated 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 respectively. However, similar 

increase in the frequency of exchangs by GSH posttreatment to BSO untreated sample 

was not observed. It is important to note that GSH posttreatment to the sample irradiated 

at 4"C increased the frequency of exchanges. It seems that, in the present study, 

exogenous addition 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 to assess the Influence 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 afler irradiation. 

In order to see the role of endogenous GSH on totat repair of T-lrradiated cells, the 

second approach has led to studies, in which, HPBLs were Irradiated on Ice, to eliminate 

enzymatic repair processes. Both GSH or GSH ester was added soon after irradiation and 

cells were kept at 4"C for 3 hours to allow these chemicals to enter Into the cells. It is 

accepted that, GSH-ester is readily transported into the cells and is hydrolyzed 

infracellulerly This leads to greatly increased cellular levels of GSH (Wellner et al. 1984; 

Purl and Meisler 1903) Thus, in addition to GSH, we have also used GSH-ester for 3h to 

increase the intracellular GSH level. Data in this study show that exposure of cells to 

irradiation on ice decreased the frequency of exchange types of aberrations in contrast to 
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cells irradiated at room temperature. Ttiis could be attributed due to less repair activity In 

cells at 4"C. 

When GSH or GSH-ester was added soon after irradiation, there is increase in repair and 

misrepair phenomena and thereby the frequency of exchanges is elevated and 

simultaneously 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 afler addition of GSH or GSH-ester may 

not specifically due to increased endogenous GSH level, rather it could be due to 

increased endogenous thiol levelt including GSH. It is most likely that, the level of 

endogenous GSH may be less in GSH postfrealed cultures than GSH-ester posttreated 

cultures since ester of GSH is very effectively transported Into cells than GSH itself and is 

readily converted to GSH afler 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 G S H ' ^ ' cells (Edgren et al. 1981; Revesz and Edgren 1982). The defective rejoining 

obseived with GSH'' cells when irradiated aerobically was restored to normal if the cells 

were treated immediately after irradiation with GSH, dithiothreitol (DTT) or 

mercaptopropionyl glycine (IMPG). 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 

intracellular cysteine concentration after GSH treatment (Wardman et al. 1991). Almost 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 treatment 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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inliocellulor GJjII, howevei. elevation o( inlracellulor cysteine could lake place (Wardman 

el 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 initially 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 irradiation, albeit at a much slower rate than that observed immediately after 

irradiation Therefore, it is most likely that endogenous enhancement of thiols mainly 

affecting 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 participate more directly as cofactors of repair enzymes. Therefore, in this 

study, GSH and other NPSH may participate in both ways in the biochemical repair 

piocesses after irradiation. 

I'f 



CHAPTER IV 

CELLULAR GSH-LEVEL AND ITS EFFECT ON 

BLM ACTION 



LITERATURE REVIEW 

The role of ginlathione (GSf I) on celliillnr metflbolism has been well 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-platin and adriamycin, have increased cellular GSH 

concentration (Green el a(. 1984; Hamilton et a(. 1985). For these reasons, much (nferest 

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-synthesls. has 

removed much of these uncertainities caused due to unwanted side effects, that were 

associated with GSH-depleting 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 variety of anticancer drugs (Green et al. 1984; Crook et al. 

1986; Lee et 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 sensifilive to MMC toxicity, exhibiting significant cross resistance to MMC (Xu et al. 

1922 a,b) Similar observations were made by Ono and Shrieve (1986) in EMT6 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 et al. 1986). 

However, it is not clear, whether therapeutic benifit can be obtained by selectively 

depleting tumour GSH contents while partly 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 cytotoxic agents did not adversely 

affect normal tissue toxicity For example Russo et al (1986) showd no effect of BSO on 



CPUs survival and peripheral WBC counts following melphalan treatment. No detectable 

efTecl on lung toxicity of cyclophosphamide WAS foHnd^when mftflsiirpd by brefithing rnte 

(Leeelal imil) 

Evidence so for 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 combination therapy. 

In this investigation bleomycin (BLM) was selected as a radiomimetic agent, an antitumour 

antibiotic The aim of the study is to establish a relationship between BLIVI-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; Chatterjee 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 el al 1984; Takeshita et al. 1978). Russo et al. (1984) reported that 

depletion of cellular GSH concentration enhanced the cytotoxicity 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 (Gebharl 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 reactivating 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 HeLa or E. coli (Suzuki et al. 1969). Sausville et 

at.(1978) interpreted the enhanced degradation of DNA, when treated with BLM in 

presence of MEA, as due to the letters role as a reducing agent in the redox cycling of the 

Fe(lll).BLM allowing further radical production Ekimolo et al.(1980) studied the kinetics of 



Ihe reaction of 8LM-Fe(ll).07 with DNA in Ihe absence or presence of 2-mercaptoethanol 

(2ME). The lotal 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 BLIVI.Fe(ll). produced by the reduction 

of BLM Fe(lll) with 2-ME In another study (Nagai et al 1969), involving the measurement 

of the melting temperature of isolated DNA. treated with BLIVI alone or pretreated with MEA 

or DTT. it was found that the presence of these reducing agents decreased the melting 

temperature; the author suggested an alternative hypothesis that BLM can bind better to a 

DtvlA-helix destabilized by reducing agents Dose dependent potentiation by cationic thiol 

radioprotector WR-1065 in the induction of micronuclel by BLM in Go lymphocytes is also 

reported (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 to see the effect of 

BLM on the cells having low level of GSH, since depletion of cellular GSH made tumour 

cells more susceptible to irradiation and certain chemotherapeutic agents (Melster and 

Griffith 1979) 

MATERIALS AND METHODS 

Materials 

1. Bleomycin (BLM. Nippon Kyaku Co. Ltd, Japan): This is a glycopeptide, an antitumour 

antibiotic. Umezawa et al (1966) discovered it, which was isolated from the microorganism 

Streptomycis verticellus. 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 fliis study, cotaining 15 mg potency of BLM-

hydrochloride Stock solution (3 mg ml') 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 ng ml') was prepared and three concentrations (15. 45 and 60 ug 

ml') were used 

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

Materials and Methods section of Chapter I 



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 already been described in 

the Materials and Methods section of Chapter III. 

Experimental Systems 

Both in vivo mouse bone marow cells (BMCs) and in vitro human peripheral blood 

lymphocytes (HPBLs) were used in this study. The detail description of the systems are 

given in the Materials and Methods section of Chapter II. 

Methods 

Experimental procedure 

e) Tfsetment of BSO 

In in 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 |ig ml') was added and incubated at 37°C for 2h in both BSO-treated 

and untreated blood. In BSO treated sample BLM was added 3h alter BSO-treatment. 

Two hours after BLM-lreatment, blood sample was washed off twice with culture medium. 

For in vivo study 10-80 mg kg ' BLM was injected intraperitoneally. 

c) Culture Procedure 

Similar as discussed in Materials amd Methods section of Chapter II. Cultures were 

terminated at 48h. 

d) Chrorrmsome 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 II. 

e) Calculation and Statistics 

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

chapter II 

RESULTS 

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

induction m mouse BMCs 



In in vitro studies BLM-induced CAs were studied in HPBLs as positive control to BSO 

treated in each experiment and their lesulfs are represented in table 4.1. The data arc also 

plotted in Graph (Fig 4 1) The negative control value is presented from 2 cultures. A 

minimum of 2 samples were used per point Similar to T-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 11) Deletions 

(including both terminal and interstitial) and iii) Chromatid brealcs. The microphotographs 

of these aberrations are shown in Fig 2.8 b and c. Translocations were not scored. The 

frquencies of exchanges (dicentrics and rings) at 15, 45 and 60 pg ml ' 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 reduction 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 after BSO-treatment, although there was an 

indication of reduction in their frequency at 45 ^g ml ^ of BLM. However, it is worth noting 

that one out of four samples with 45 ;ig ml ' 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 (lOmM) and GSH-esfer (10mM) as 

pretreatmeni to BLM (60 mM) at Go stages of HPBLs Results of individual experiments 

are presented in fable 4.2 GSH-esfer freafment 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-esfer 

pretreafment potentiated fhe frequency of BLM-induced CAs much more efficiently than 

GSH-pretreatment. 
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DISCUSSION 

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

Kadolani 1970; see Vig and Lewis 1978) and the cellular target for CAs induction by BLM 

is DNA (Evans 1977) At equal levels of deletions and rearrangements induced by 40 M9 

ml ' BLM and 2 Gy X-rays in munljac lymphocytes the frequency of aberrant metaphases 

and the delay in cell cycle kinetics are lesser in BLM-trealed cultures than In the Irradiated 

one (Chatterjee and Jacob-Raman 1988) As outlined in the Introduction that this study 

was carried out to check the effect of endogenous GSH-level on the DNA-dameging 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 elevated. However, there have been no studies on 

the effect of GSH-depletion on the claslogenic 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 (Promchalnnant 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 T-rays may be 

different and therefore their involvement in interaction may also differ since the frequency 

of exchanges induced by Trays are higher than BLM. 

The present results show that depletion of cellular GSH by BSO (30% or less depletion In 

blood GSH level) 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 significant alteration of the frequency of aberrant metaphages. 

deletion^nd chromatid breaks. It implies that GSH depletion by BSO minimize the action 

of BLM at the cellular site. 

10 



Potentiation of BLM action by GSH and GSH-ester pretreatment is observed in this study. 

Potentiation is more pronounced in cultures witti GSH-ester than GSH. GSH is generally 

not considered to 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 salte of true comparison with GSH-ester treatment. GSH-

ester and BLM was washed off 2h after BLM-treatment which means total period for GSH-

ester treatment was 5h. It was evident that synergistic effect of BLM-action with GSH was 

signifiicant when GSH was added 30 min before or after BLM treatment (Chatlerjee 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 

activity and is capable of binding with Fe(ll) to yield an oxygen sensitive complex 

FedD.BLM (Sausville et al. 1976). The oxidation of this complex to Fe(lll).BLM yields a 

radical which is responsible for DNA damage. Employing electron spin resonance 

technique, it has been confirmed that BLM FedOOj. system generates superoxide and 

hydroxy radicals (Sugiura and Kikuchi, 1978) Generation of O f has also been confirmed 

by using diethyldithiocarbamate, inhibitor of Superoxide dismutase, which greatly 

increases the susceptibility of the cells to BLM-cylotoxicity (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 (Chatterjee et al 1989, Chatterjee 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 deletion 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 



eniciei)lly that) chromatid breaks this could he due to less occurrence of clustering of 

several single strand lesions in DSO treated 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 effective in these 

two types of aberrations. It Is also of interest to 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 

ai. 1989). If H is truely interstitial in nature, this indicates that, the BLM molecule bound to 

the DNA helix causes strand scissions at physically ctbie 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 lymphocytes where the frequency of exchanges was increased signiflcantly 

(Chatterjee et al 1989) Therefore, what 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 prefreatment with GSH, therefore potentiation effect is 

less. 

In case of in vivo studies, BLM treatment, 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 activity, 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 nontargef 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 



(Chalferiee ef al 1989: I illlefield and flotfinan 1993). Enhancement of damage in 

nontatget tissues may pose a lisl^, if thiol compounds are used in combined therapy with 

HiM llxMctoie, tl̂ e rKlalive concenlialion o( 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 CY&HE KINETICS AND 
SISTER CHROMATID EXCHANGES 



LITERATURE REVIEW 

Reduced glulalhione (GSH), the major tionprotein thiol compound is present in all cells 

(Kosower 1976). It possess a wide range of biochemical activities and functions, largely 

attributable to 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 ioni.':ing 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 culture (Eker and Phil 1964; Najleti 

and Spencer 1969). It has been obsetved that 15mM of GSH reduced 2Gy of X-ray 

induced cell cycle delay and chromosome aberialions significantly in cultured cells, 

although such a treatment to unirradiated cells caused a remarkable delay in cell 

progression without inducing any CAs (Chatterjee 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 cysteine 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 cytotoxicity pattern for 

cysteamine, WR-1065 and related SH-compounds. TheCSiH-compounds 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 H7O?, which 

in turn reacts via Ih'e metal catalyzed Fenton reaction to produce the ultimate toxin. OH 

radicals (Held and Melder 1987). 

Sister Chromalid exchanges (SCEs) are considered to be a sensititive indiclor of DNA 

damage. McRae and Stich (1979) Speit et al. (1980a),and Speit and Vogel (1982) 

demonstrated tlie induction of SCEs by thiol radioprotectors. However, there are 

contradictor-y findings, when reduced GSH was tested using two closely related cell 

lines of Chinese hamster ( V79 & CHO) (McRae and Stich 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 HjO? , which is 

generated in the process of autoxidation of SH-compounds (Friedman 1973; Issels el 

al. 1984). In the report of the Gene-Tox pregramme Tucker el al. (1993). listed GSH in 

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



Therefore, it is necessary to examine its SCE-inducing ability in mammalian cells, 

parlicuiatly in an in vivo system. 

Aminothiol ladioprolectors, 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 

Icinetics and SCE frequency. 

At present much research involves adding exogenous thiols or depleting intracellular 

thiols in biological models Therefore, in order to deplete endogenous GSH, we have 

used bufhionine sulfoximine (BSO), a potent inhibitor of GSH-synfhesis by inhibiting the 

action of y-glutamyl cysteine synthetase (Griffith et al. 1979; GrifTlth and FVleisfer 1979) 

with the aim to see the the effect of exogenously added GSH on the induction of SCEs 

in normal and GSH-delpleled mice. This approach would help to understand the role of 

exogenously added GSH in SCE induction. 

Thiols are known to produce H^Oo 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 HzOx , on SCE induction in mouse exposed to 

GSH. 

MATERIALS AND METHODS 

MATERIALS 

1. Reduced Glutathione (GSH; Sigma; USA); As described in Materials and Methods 

sections of cliapter III. 

2. Buthionine Sulfoximine (BSO; Sigma; USA): Described in Materials and Methods 

section of chapter I. 

3 Catalase (from Bovine liver; Sigma; USA): It is an enzyme, which catalyzes the 

divalent reduction of H7O;. to H^O using H7O7 as an electron donor. 

Catalase 
H2O? + H2O2 J. 2H2O + O2 

4. 5 - bromo- 2- deoxyuridine tablet (BUdR - tablet; Boeringer Mannheim; Germany): 

Paraffin coated tablets, 50mg in weight was implaritfed subcutaneously. 



bxpenmenlal systems 

This study lias been earned out in mouse bofie tiiarrow cells (BMCs) in vivo. Details 

ate mentioned in cliaptei I 

Methods 

Experimental Procedure 

a Treatment of animals and isolation of bone marrow cells 

Reduced GSH of different concentrations (300,400;'^0 and 800 mg kg ' body weight) 
G 

was injected mtrapentoneally (i p) 45 mm 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 ml ' concentration and 10h after BSO-

treatment (i p ) reduced GSH (400 or 800 mg kg ') was injected. When catalase was 

used, it was injected (i p ) 30 mm aflei BUdR tablet implantation 

Cells weie fixed al 17 oi 20h after GSfH treatment, each preceded by 2h colchicine 

(15 mg kg ') treatment After the animals were killed by cervical dislocation, the femurs 

were dissected out and the bone marrow cells were obtained by injecting 2ml of 

prewarnied (37"C) 0 075M KCL (hypotonic solution) into one end with 26 gauge 

needle 

b Prepatation of metaphases and differential staining 

Similar to that descnbed in Matenais and Methods section of chapter II. 

c Scoring 

The slides were coded and randomized 25 - 85 cells with differentially stained sister 

chromatids from each mouse were studied for SCEs For scoring cell cycle kinetics, 

metaphases weie categorised as in Tirst, second and subsequent division cycle based 

on their differential staining pattern 

d Calculation end Statistics 

The cell cycle data are presented as average generation time (AGT), which is a ratio of 

BUdR duiation(h) and replication index (Rl), where 

Rl = (1 X Ml + 2 X M2 + 3X M3) / number of cells 

The BUdR durations were 16 25h and 19 25h for the cells fixed at 17h and 20h 

respectively To analyze the distribution of SCEs among cells. The dispersion 

coefficient wns analyzed, based on responses in individual animals 

The SCE frequencies and AGTs in different groups were compared using Student's t-

test (paiQineliic slolistical analysis) 



RESULTS 

GSH and BSO induced SCEs and their effect on normal cell cycle kinetics have been 

studied in mouse bone marrow cells and their results are presented in table 5.1. 

Microphotographs representing diffeterit cell cycle metaphases and sister chromatid 

exchanges are presented in Fig.2 1. 

If was possible to distinguish unequivocally the number of divisions in the presence of 

BUdR. as well as the number of SCEs in second replication cycles. Table 5.1 shows 

that GSH, at all concentrations induced a signincani 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 time 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 (Fig. 

5.1). The frequencies of SCEs in the untreated contiols 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 to 

BSO- tiented mice enhanced the tiequency 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 catalase reduces the ability of GSH to induce 

SCEs. Catalase treatment alone also increased the frequencies of SCEs, but it was not 

statistically significant with lespect 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 pl\3S"iGiemsa staining technique 

facilitated 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 (Ml) 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 after GSH treatment. 

?̂ 



Table 5 4 repiesenis the induclior) of CAs iii BSO heated mice. Although both 4 and 

200 mg kg ' of BSO itiduced same degtees of SCEs/Tvl (Table 5.1), but 200 mg kg ' 

induced signiricant aniounl of aberrations in chromosomes than 4 mg kg ' of BSO. 



lable 5.1 L'iTorls (if (.JSIl and BSO Hlrnii! n r In combinat ion on cell cycle k inet ics and tlie 
frequency of SCEs In moii"!e bnne m a r r o w cells In vivo. 
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Table 5.2 KITecl of Calalase on SCE-ui(ludioii by GSB-lreatinenl in nonnal and BSO-
Irraif*! mice in vivo (20 h) 

Dose 

iiif^kg' 

GSII 
0 

400 

Calaiaiiir 
100 

GSIJ 1 
Cafalase 

BSO 
00-1 

BSO f 

Gsn 

HSO t 
CSil 1 
Calalase 

TM 
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IK) 

M9 
2."tl 
2IH 
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1')} 
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116 ' 
071 ' 
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Ml 
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08 
28 
24 
29 

23 
43 
61 
38 

20 
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19 
05 

55 
26 
20 
09 
20 
16 

06 
12 
22 
27 

07 
10 
18 
04 

(»4 
05 
03 

Cells scored 
for S(:i£ 

37 
35 
65 
41 

42 
55 
60 
46 

68 
55 
47 
40 

25 
60 
84 
51 
40 
60 

42 
39 
46 
42 

58 
48 
36 
30 

51 
62 
31 

SCL'M 

2.37 
2.77 
2.38 
2.90 

5.14 
6.36 
6.32 
4.72 

3.39 
4.65 
2.10 
2.43 

2.52 
4.08 
4.92 
4.33 
2.40 
2.43 

2.62 " 
3.43 
4.48 
3.81 

5.21 
8.19 
6.60 
5.07 

5.82 
6.27 
5.71 

SCbVM/Moiise 
X ± SEM 

2.6U + 0.12 

5.64 + 0 3 6 " 

3.14 + 0.38 

3.45 + 0.46" ' 

, 

3.59 + 0 .33" 

6.19 + 0.62* 

5.93 + 0.17* 

|KO.i)l: |K-0.0()1 Students t-tesl ; a Between GSH and GSH+ Catalase. 



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

Dose 
mg kg' 

GSH 
0 

400 

Catl 
100 

GSH+Cati 
400 100 

BSO 
004 

BSO+GSH 

BSO+GSH 
+ Catl 

Cells 
Scored 

37 
41 
65 
35 

42 
55 
60 
46 

68 
55 
23 
40 

25 
40 
68 
50 
84 
53 

39 
42 
46 
42 

58 
48 
30 
36 

51 
62 
31 

SCE 
perM 

2.37 
2.90 
2.38 
2.77 

5.14 
6.36 
6.32 
4.72 

3.39 
4.65 
2.10 
2.43 

2.52 
2.40 
3.39 
4.65 
4.92 
2.75 

3.43 
2.62 
4.48 
3.81 

5.21 
8.19 
5.07 
6.28 

5.82 
6.27 
5.71 

X±SEM 

2.60 + 0.12 

5.64 + 0.36 

3.14 + 0.38 

3.45 + 0.46**' 

3.59 ±0.33* 

6.19 + 0.62* 

5.93 ±0.17* 

SCE 
Range* 

0-7 
0-7 
0-8 
0-8 

1-13 
1-16 
2--18 
1-11 

0-10 
0-11 
0-05 
0-06 

0-9 
0-6 
0-10 
0-11 
0-15 
0-6 

0-8 
0-7 
0-10 
0-11 

0--15 
1-19 
0-12 
2-17 

0-13 
0-19 
0-20 

Dispersion 
coefficient *" 

1.21 
1.34 
1.45 
1.06 

1.58'' 
1.75'' 
1.69^ 
1.28^ 

1.59"̂  
1.37 
1.27 
1.12 
1.90"̂  
0.35 

1.05 
1.38 
1.58"̂  
2.18^ 

1.18 
1.50"̂  
1.48 
2.03* 

Range of SCE values 
'' Disperson coefficient = Variance/mean 

Significantly different at a = 0.05 from Poison distribution 
* p<0.01; ** p<0.001 Student's t-test c Between GSH and GSH+CataJase 



luhie 5.4 Eficif of BSO alone on chiuinosonie ahennfion in mouse hone 
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DISCUSSION 

SCEs have proved to be a sensititive indicator for DNA damage in many investigations 

(Latt el 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 addifi6n of 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 untreated controls. McRae 

and StIch (1979) suggested that the formation of H^O? 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, it is 

important to note that catalase brings the GSH induced SCE frequency down to the 

catalase alone level Therefore, the entire effect ex-er̂ ed by GSH on SCE induction 

could be due to H7O7 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 afier a dose of 2 5 mmol kg ' BSO, GSH nadirs 

were obtained by approximately 5h for the liver and kidney, 8h for bone marrow and 

lungs The degree of depletion was greatest for the kidney (80%), liver (74%) and bone 

marrow {Q3%) 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 but was based on our CAs study 

where mice treated 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 I that 200mg kg ' BSO could deplete 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 

cytoplasmic as well as nuclear compartment of the cell II is worlh noting that 200 mg 

kg ' also induced CAs, mostly chromatid breaks, which was not seen by 4 mg k g \ 

Therefore, present results suggest an important protective role of endogenous GSH in 

Ihe cells against pei oxides and fiee ladicals which aie formed by normal metabolic 

pathways (Griffith and Meister 1979) The demonstration of elevated frequency of SCEs 

alter exposing BSO treated mice to GSH and Ihe failure of catalase to reduce this 

12 



suggest the non involvement of HjOj m SCE induction in BSO treated mice It appears 

that the exogenous addition of GSH in BSO tieated mice could not have increased the 

eiutogenoiis GSH level due to impaiiinenl of GSH synthesis by tlie single BSO 

treatment This impression is 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 cells to GSH Lee et al (1987) showed that the recovery rate of GSH to 

pretreatment values following a singlp dose of BSO was 72h for bone marrow 

Therefore addition of GSH after 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 is difHculf to inferpreat 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 HjO,. nor the binding ability of GSH to chromatin was responsible 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 studying the effect of GSH on SCE induction They mentioned that 

GSH at concentrations greater than 5mM inhibits cell cycle progression m V79 Chinese 

Hamster cells In general ammo thiol radioprotectors are thought to bind with DNA and 

slow down strand separation for replication (Brown-si967) Therefore, the cell cycle 

delay effect 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 induce genetic damage if 

SCEs are taken as a measure of DNA damage This induction of SCEs is largely due 

to generation of H^O? afler autoxidation of GSH, since catalase bnngs down the GSH -

induced SCEs to catalase alone level However, the induction of SCEs by GSH in BSO 

treated mice indicated the involvement of an unknown route by which the degraded 

products of pxogenously 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 m normal mice in vivo besides the major 

contribution of H,0;.. The findings presented here indicate that the mechanism 

resulting in SCE formation by GSH may not be simple and more study is needed to 

develof) a compiehensive hypothesis 

If 
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S U M M A R Y 

The study is basically inlended lo establish a correlalion between the intensify of 

cclliiiflr indio mid cheniosensitivity niensuied by metny of quantitation of dIfTerent 

cytogenetical end-points and the endogenous cellular level of reduced glutathione 

(GSH), a sulphydryl tripeptide known as radioprolector. The work has been carried out 

in mouse bone niariow cells as in vivo syslefii and human peripheral blood 

lymphocytes as in vitro system 

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

inteipietalion/discussion is mentioned afler brief description of the results. 

Objocl lvo Measurement of endogenous gliilnlhione (GSH) before or afler BSO-

tieatment 

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

performed by UV-visible spectrophotometer The reage/r;^ithiobis or DTNB has been 

used and OD of sample has been measured at 412 nm relative fo a blank containing 

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

donors for this measutement 

Results 

• Following a single dose of 4 and 200 mg kg ' BSO, the GSH content of mouse 

bone maiiow ceils were depleted significantly to a level of about 69 and 45% of 

the HSO-unhenlcd mice ic<5pectivply 

• The blood GSH concentration showed a range between 720 and 813 ^mol ml'^ 

with an average of 759 4 +_33 93 )imol ml ' in the BSO-untreafed human blood. 

Significant depletion (70'Xi of the control value) was achieved by 5mM BSO 



Objective Evaluation of the influence of normal and modiried level of endogenous 

GSH in the induction of chromosome aberrations (CAs) Induced by 

radiation in mammalian cells both in vivo and In vitro. 

Results 

• Lower concentration of buthionine sulfoximine (BSO) showed protection with 1.5 

and 2 Gy. 

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

doses. 

• 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 altered. 

• BSO also sensitized the cells against radiation in Qt/̂ o and like in vivo the frequency 

of exchanges were reduced in spite of increasing the frequency of deletions and 

chromatid breaks. 

GSH-depletion by BSO-freafment sensitized the cellular radiosensitivify both In vivo 

and in vitro 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. 

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

GSH was added soon afler irradiation to normal and BSO-treated mouse. Human PBL 

was treated with T-radiafion at 4°C and then GSH or GSH-ester has been added and 

subsequently raised the temparature to SZ^C. Cultures were set up and harvested 

afler 48h of growth 

l i 



RESULTS: 

• GSH post-treatmeni in BSO + 2Gy samples increased the frequency of exchange 

aberralions, 

• Reduced frequency of chromosomal exchanges and elevated frequency of 

deletions were obsen/ed without any significant change in the frequency of 

aberrant metaphases in the celts irradiated at 4°C 

• Addition of either reduced-GSH or GSH-ester at 4"C after 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 repair/misrepair processes after damages induced by irradiation. Since the 

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

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

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

Objective; Evaluate the influence of normal and modified level of endogenous-GSH in 

the induction of CAs induced by Bleomycin (BLM) in mammalian cells both 

in vivo and in vitro. 

Results 

• BLM (10 to 80 mg kg'^) did not induce any significE^t CAs in bone marrow cells of 

mouse 

• 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 potentiating etTect of BLM was distinct when cells treated with GSH-ester 3h 

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

id 



In vivo effect of BLM supports 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 migrft be the cause for potentiation 

of BLM-action. 

Objective : Effect of reduced-GSH on sister chromatid exchanges (SCEs) and cell 

cycle kinetics in normal and BSO-treated mouse. 

Results : 

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

frequency of SCEs significantly 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-treated 

mouse indicates the important 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 

o fH jO j . 
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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 chemosensifivity. The inducing ability of reduced GSH with 

respect to sister chromatid 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 cytogenetical parameters is an important contribution of this 

investigation The observation of decreasing effect of bleomycin in buthionine 

sulfoximine treated 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^in the field of cancer therapy 

therefore, this findings may have some applications and implication in the field of 

cancer biology 
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Ahstnicl 

Based on their ability to induce sister-chromatid exchanges (SCEs) it is evident that thioi-containing radioprotec-
tors can induce DNA damage. However, there were contradictor)' findings when reduced glutathione (GSH) was 
tested using two cell lines. The present study demonstrated that GSM can induce SCEs and also delay in cell 
proliferation in mouse Imnc niaiiow cells in vivo. I lie presence ol catalase significantly rcdvieeil ClSll-induccd SCB 
frequency down to catalase alone levels. An attempt was made to evaluate the clfect of GSH treatment in 
buthionine sulfoximine (BSO)-lrcalcd mice (GSH-deplctcd mice) and the data indicate that induction of SCEs takes 
place without inducing a delay in cell proliferation or the generation of hydrogen peroxide. I'rohably, some unknown 
route is involved by which GSH-degraded product(s) induce SCEs in BSO-trcatcd 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) route by which GSH-degraded product(s) may 
cause smaller fraction of SCEs cannot be ruled out. 

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

1. Introduction 

Reduced g lu ta th ione ' (GSH) , the major non­
protein thiol compound present in all cells 
(Kosower, 1976). It possesses a wide range of 
biochemical activities and functions largely at­
tributable to the partictilar Icaturc ol the thiol 
group d'Yiedman, 197.1; Kosower. 1976). Due to 
its reducing function, it reacts with l ice radicals 
and reduces the damage induced by ionizing radi­
ation (Bacq, 1965; Sasaki and Matsubara, 1977). 

Corresponding author. 

However, evidence also exists showing that thiol 
compounds thcm.selves cause chromosome aber­
rations ;ind polyploidy and inhibit cell growth in 
cultures (Eker and Phil, 1964; Najleti and 
Spencer, 1969). We have observed in our earlier 
study (Chatterjee and Jacob-Raman, 1986) that 
15 niM of GSH reduced 2 Gy of X-ray-induced 
cell cycle delay and chromosome aberrat ions sig­
nificantly in cultured cells, although such a treat­
ment to unirradiated cells caused a remarkable 
delay in cell progression without inducing any 
chromosome aberrat ions. A similar observation 
was also made with another thiol radioiirotcctor, 
i.-cyslcine (Chatterjee and Jacob-Raman, 1993). 

nil27-.'iin7/9.S/$(iq.S() (TI IW.S P.lscvicr .Science M.V All rijihls rcscncd 
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Mutagenicity of GSH and cysteine was also cleter-
minccl in bacteria hy the Ames test in the pres­
ence of' mammalian subcellular preparations 
(Glatt ct al., 1983). 

Sister-chromatic! exchanges (SCEs) are consid­
ered to be a sensitive indicator of DNA damage. 
McKac and .Slicli (IM7')), Spcil cl al. (l'W(la) anil 
Speil and Vogcl (I9<S2) tiemonstraled the induc­
tion of SCiis by thiol radioprotectors. However, 
there were contradictory findings when reduced 
GSH was tested using two closely related cell 
lines ol Chinese hamster (V7') and CIlO) (Mc-
Rae and Stich, 1979; Speit et al., l9SUa). It was 
proposed that the difference in the induction of 
SCEs by GSH in these two cell lines was due 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 et al., 1984). In the 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
quately tested, riiercfore, it is necessary to exam­
ine its SCE-inducing ability in mammalian cells, 
particularly in an in vivo system. 

Amincithiol 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 
lead to SCE induction (Schneider ct al., 1978: 
Nalarajan and MuHcnders, 1987). 'therefore, in 
the present investigation, we have analyzed both 
ceil cycle kinetics and SCE frequency. 

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

Thiols arc known lo prt)ducc hydrogen perox­
ide and free radicals in the presence of oxygen 

and metal catalysts (Hanaki and Kamids, 1971) 
and al.so by its autoxidation (Friedman, J973). 
Therefore, an attempt was made to determine 
the effect of catalase, an enzyme which catalyses 
the dccompo.sition oi 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 
bovinc-'lfver) 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 niM/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 ml of 0.075 M KCI (hypo­
tonic solution) into one end with a 26-gauge 
needle. 

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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wcic fixed 111 Iwd ch.inpcs (if niclh.indl .icctic 
,Hul [\ I) 1(11 Ml Mini ,iml III iniM U S I K I I I M K , 

rcsuspcncicd in 0 S ml (it fixative, and dropped 
onlo chilled slides and fl.imc dried 

DiJjcicniKil siainiufi Joi sislvi chionuiluls 
The method of Goto ct a! (1975) was fol­

lowed The slides were treated for 10 min with 
Hocchst '̂ '̂ 258 (50 /ig/nil) at room tempciaturc, 
rinsed in disdlled w.itcr and air dried I hese 
slides were then mounted m 2 x SSC (pH 6 8) 
and exposed to sunlight in moist condition for 
'<0-4(l mill depciKiiiiB on the mlciisitv ol the 
suiili{;ht Slides weie rinsed twice in distilled wa­
ter and stained in 2% Gicmsa (BDH Chemicals 
Ltd UK) tor "5-4 mm and mounted in DI'X 

1 he slides weic codetl .iiid i.iiulomi/ed 2'^-85 
metaphase cells wilh ililterenli.illv stained sisiei 
cliiomadds from c.ich niotisc were suidied (or 
evidence of SCEs I or scoring cell cvcic kinetics, 
metaph.ises weie c.ilegoii/etl as in first, second 
(II siilisc(|uetil (livtsion LVCIC hased on (licii dilfci-
Liilial si.immj; p.illcin I he cell tvcic data weie 
piesenled .is <iverage generation time (A( i l ) 
which IS a lalio of BrdU duration (li) ,{nd rcplica-
live index (1^1) wlieie Rl =(1 X M M 2 x M2 ( 

1 X M'<)/numher of cells The BrdU durations 
WI.U l(. : s h MH\ I'l 2*̂  h loi the cells lixed ill 17 
and 20 h respectively To analyze the distribution 
of SCE among cells the dispersion coefficient was 
analyzed based on responses in individual ani-
m.ils D.ila were subjected to parametric statisti­
cal anal^sA 

3. Results 

I( w,(s possible (o di'itingiii'ih iineqiiivocaUy the 
luimbei ol divisions in the picscnce ol BidU, îs 
well as the number of SCEs in second replication 
cycle cells 'Iable I shows that GSH at all concen­
trations induced a significant level of SCEs in 
bone marrow cells harvested at either 17 or 20 h 
At the highest concentration of GSH (800 mg/kg) 
not enough cells were available for SCE analysis 
at the 17 h lix.ition time due to considerable 
dclav III cell proliferation However, cells fixed at 
20 h gave more second cycle cells for SCE analy­
sis Similai levels of SCEs were observed at 400 
,Hi(l SOU mn/kn of (iSII I lie fiec|(ieiicics of SCEs 
ill the unlic.iled coiiliols did mil dillci sig'nili-
c.intlv Irom c.icli other at the two sample times 
Mice treated with BSO also showed an increased 
fiei|ueiKv of SCEs per cell 1 reatmcnt with GSH 

I .ihk 2 
C/ftcl (i( c.il il.ist (III s e c incliK-lidti h> CiSII Irt.ilnitril in norm.il .irnJ I3SO Ire.iled mice in vivo (20 h) 
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mean among observed cells 

Range of SCL v.iliics 
Dispersion coefficient = variance/mean 
Significantly different at n - (105 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 norma! mice 

Table 2 illustrates that the presence of cata-
lase reduces the ability of GSH to induce SCEs. 
Catalase treatment alone also increased the fre­
quency of SCEs but the increase was statistically 
non-significant with respect to control In con­
trast to GSH-trcatcd normal mice, catalase abso­
lutely tailed to reduce the frequency ol SCEs 
induced by GSH in BSO-treated mice 

Table 3 represents the distribution of SCEs 
among cells in various (tc.itcd samples In the 
GSH-trcatcd sample the dispersion coefficient 
values arc significantly higher indicating the SCE 
values are spread out considerably compared to 

Lonlrol When catalase was added, the range of 
SCE values came down towatds the control level 
I he higher values of the dispersion coefficient in 
both BSO- and BSD + GSH-treated samples in­
dicated the greatest spread in number of SCEs 
pet cell 

In aildition lo an analysis of SCE frequencies, 
cell (.ycle kinetics was also studied in GSH-trcatcd 
mice, I he lluorescence plus Giemsa staining 
technique facilitated the scoring of GSH-induced 
cell cycle delay in terms of reduction in the 
lict|iicncy ()( second and subscc|uent division 
mc(a|iliases (ollowtng GSII tiealmeni The per-
ccnlagc ol Inst cycle melaphascs (M I) was highei 
indicalin(i a ilelay m cell pioiiiession m a dose-ie-
latcil lashion ( I able I) Allhough the basic cell 
cycle ptogtession varied considerably among indi­
viduals in each group, the extent ol delay by GSH 
increased in a dose-dependent manner. The AGP 
was significantly increased in the gioups treated 
with 400, 500 and «0() mg/kg ol GSH compared 
lo conliol In contrast to the delay induction by 
GSH m normal mice, BSO-treated mice did not 
show any delay in cell proliferation alter GSH 
treatment. 

4. Discussion 

SCEs have proved to be a sensitive 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 present in vivo study shows that exogenous 
addition \A 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 untreated controls. 
McRac and Stich (1979) suggested that the lor-
mation of hydrogen pero.xide is the reason for 
SCE induction by thiols This is supported by our 
piesciit in vivo study since in the piesencc of 
catalase, the frequency of SCEs induced by GSH 
IS reduced significantly However, it is important 
to note that catalase brings the GSH-induced 
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SCE frcciiiency cidwn to the catalasc alone level, 
riicrcrorc, Ihc entire elleet e.xerleil liv CiSlI on 

s e l l induelion eould he clue to hydrogen perox­
ide lormalion. 

A novel aspcet of the present study is the 
tinaiysis of the influence of I3SO on the iiuluction 
of SCEs. rreatnient with ISSO produces a rapid 
ilecrease in (he (iSII levels of Ihc vaiiotis tissues 
(Cirillitli and Meister. IM7'M. It has been reported 
(Lee el al., I<W7) llial alter a dose of 2.5 niM/kg 
BSO, GSH nadirs were reached by approximately 
5 h for the liver aiul kitlney, K h for hint; and hone 
niariow. 1 he degree ol depletion was gieatcst lor 
the kidney (SIK>̂ .), liver {14''/o) ami bone niariow 
tX3%). In this investigation we injected IS niM/kg 
F3S0 (4 mg/kg) for 10 h. I he concentration ol 
nSO we used here was on the high side but was 
based on our chromosome aberration study where 
mice treated with IX mM BSO/kg showed signifi­
cantly increased 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 adcciualely and the induction of SCE 
by GSII tieiiletio'n suggests the important protec­
tive role of endogenous GSH in the cell against 
peroxides and free radicals which are formed by 
normal metabolic pathways (Mcisler, 1^79). 

The demonstration of elevated frequency of 
SCEs after exposing liSO-treated mice to GSH 
and the failure of catalase to reduce this suggest 
the non-involvement ol hydrogen peioxide in S(.!E 
induction in BSO-trcated mice. It appears that 
the exogenous addition of GSH after BSO treat­
ment could not have increased the endogenous 
GSH level due to impairment of GSH synthesis 
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-treatcd mice. Wardman et al. 
(1992) demonstrated that intracellular cysteine 
levels are enhanced alter exposing BSO-lrealcd 
cells to GSH. Lee et al.(1987) showed that the 
recovery rate of GSH to prctreatment values fol­
lowing a single dose of BSO was 72 h for bone 
marrow. Therelore, addition of GSH after 10 h of 
BSO treatment could not negate the inhibitorN' 
effect 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 pioduct(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 cell cycle kinetics in a 
dose-related fashion, which is in agreement with 
our earlier in vitro lindings (Challcrjec and Ja­
cob-Raman, 1986). The cftccl of GSH on tiie cell 
cycle has also been observed by Spcit ct al. (I98()a) 
while stutlying the effect of GSII on SCE forma­
tion. They mentioned that GSH at concentrations 
greater than 5 niM inhibits cell cycle progression 
in V79 Chinese hamster cells. In general, 
aminolhiol radioproleclors arc thought to bind 
with DNA and slow down strand separation for 
replication (Brown, 1967). Therefore, the cell cy­
cle delay effect 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 induce genetic damage if SCEs 
are taken as a measure of DNA damage. This 
induction of SCEs is largely due to generation of 
hydrogen peroxide after autoxidation of GSH 
since catalase brings down the GSH-induced 
SCEs to the catalase alone level. However, the 
induction of SCEs by GSH in BSO-trcated nticc 
indicated the involvement of an unknown route 
by which the degraded products of cxogcnously 
added GSIC, plight induce SCEs. I'herefore, 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 
hydrogen 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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